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ABSTRACT

Developments in nanotechnology in the last 30 years have provided the increasing usage of
nanostructured particles in many applications. Boron nanomaterials (BNMs) are a good
example of such nanoparticles. The uniqueness of boron nanomaterials set it apart from other
similar nanomaterials. It has a wide field of promising applications ranging from quantum
computing to materials science and medicine. Quasi-one-dimensional nanomaterials like
nanowires, nanotubes, bamboo-like — nanotubes, nanosheets, nanoribbons, and nanorods are
of great interest in fundamental research as well as their potential uses in many technological
applications, such as field emitters, electronics, pharmaceutical, and novel circuitry elements,

sensor devices and after appropriate functionalization in biomedical due to their applications.

In this dissertation, the laser furnace technique was utilized to study the synthesis of boron
nanomaterials. In the study, we achieved the synthesis of single-walled boron nanotubes and
among other nanostructured materials of boron such as bamboo like — nanotubes, nanowires,
and nanorods. These kinds of nanomaterials were synthesized through the use of the dual
pulsed laser ablation technique. Experiments were conducted in a tube furnace. The boron
composite target was ablated by sequential 1064 and 532 nm laser pulses at a furnace
temperature of 1000 °C or 1100 °C in argon/nitrogen gas using different pressure and flow

rates.

The investigation involved varying the parameters such as gas pressure, gas flow rate, and
furnace temperature. We observed the effect of varying these parameters on the synthesis of
boron nanomaterials. To verify these effects, the as — prepared boron nanomaterials were
characterized by scanning electron microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), X-ray diffraction (XRD), Raman spectroscopy (RS), ultraviolet-visible
(UV- VIS), photoluminescence (PL) and vibration sample magnetometer (VSM). It was found
that the variation of the argon/nitrogen pressure and flow rate influence the quantity, quality
and type of the as-prepared boron nanomaterials, since these parameters affected the plasma
dynamics. The low flow rate and low pressure reduced the cross section for a collision between
the plasma constituents, in particular, between the boron atoms and the metal catalysts which

affected the probability of nucleation and growth of boron nanomaterials.



The temperature was found to be the critical process parameter in the nucleation and the growth
of boron nanomaterials. It was found that as the synthesis temperature increased to 1100 °C,
there is also an increase in the nucleation and the growth of boron nanomaterials. It was
discovered that an argon/nitrogen pressure of 400 Torr, the flow rate of 200 sccm and
temperature of 1100 °C produced more boron nanomaterials at a rate of 100 mg/h with the
highest quality of single-walled boron nanotubes (SWBNTSs) with diameters ranging from 0.4
to 2.0 nm and 2.0 microns in length.

The density gradient ultracentrifugation was carried out on boron as — prepared nanomaterials
which resulted in the separation into different diameters of single-walled boron nanotubes. It
was discovered that SWBNTSs with smallest diameters of about 1.43 nm were found at the
lower density, while the SWBNTSs with larger diameters of 2.05 nm were obtained at higher
density. These diameters were obtained by HRTEM analyses and the length up to one
micrometer was also observed. The lattice fringes of 0.34 nm were found by HRTEM imaging
in bamboo like-nanotubes, nanowires and nanorods. The lattices spacing from the fringes is
consistent with the recent theoretical calculations of bulk boron of 0.35 nm. SEM analyses
revealed the tubular and spherical structures of SWBNTSs synthesized. XRD results showed
that o, — boron and § — boron were the solid phases formed in the products. It was observed that
the crystallinity and size of the materials increased with an increase in furnace temperature.
Raman analyses showed certain peaks below 500 cm, which is attributed to tubular structures
similar to the peaks observed in a single-walled carbon nanotube. Raman peaks attributed to a
— boron cluster was also observed at 788, 878 and 965 cm*, confirming that SWBNTSs formed
from most stable sheets of a — boron. The statistical analyses of width distributions of the
synthesized SWBNTSs revealed variations in their diameters obtained according to each sample
layer. The strong exciton absorption peak SWBNTSs around 279 nm was revealed by UV-VIS
results, while the Iluminescence of SWBNTs was found around 332 nm with
photoluminescence analyses. Ferromagnetic properties of SWBNTs materials at room
temperature were determined through VSM measurements. Finally, a simple model of vapour
liquid solid (VLS) mechanism process has been developed to describe the formation of the
SWBNTs.
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Chapter 1

1.Introduction

1.1 Boron and Applications of Boron

Boron, the 5™ element of the Periodic table, is a non-metallic hard material with a high melting
point of 2075 °C and boiling temperature of 4000 °C. In its powder form it is black-greyish or
dark-brown in colour. At ambient conditions, boron is known as a weak semiconductor and its
electric conductivity rapidly increases with temperature, so that at 600 °C it is 100 times higher
than at room temperature [1]. Boron has two naturally occurring and stable isotopes, *'B and
198 [2]. 1B has high neutron capture cross-section, high heat-resistance, and nontoxicity so it
is used as a material for the control rods of nuclear reactors, for radiation shielding, and for a
neutron counting detector as well as in medicine as in boron neutron capture therapy [3-7]. For
producing a distinctive green colour, amorphous boron is used in pyrotechnic flares as well as
in rocket fuel igniters [8]. Use of amorphous boron as a gasket material in high-pressure
experiments improves hydrostatic conditions and quality of X-ray diffraction patterns [9]. High
hardness, exceptional chemical stability in crystalline form, the formation of electron-deficient
bonds, pressure-induced metallization, and superconductivity and partially unknown phase
diagram still make elemental boron very attractive to scientists [10-16]. Boron is not found in
nature as an elemental material, but it forms compounds, which due to a variety of their physical
and chemical properties play an important role in human activities since antiquity [17]. They
are widely used as superhard materials, superconductors, dielectrics, and B-doped
semiconductors as well as reinforcing chemical additives. Composites on the base of boron are
characterized by extreme strength and lightweight used as filaments for advanced aerospace
structures and in personal security as bullet-proof vests [18]. Boron forms several commercially
important compounds. One of them is boron oxide. It is used as a fluxing agent in ceramics and
glassmaking. It makes glass tough and heat-resistant. In the production of borosilicate glasses
and glass fibres boron oxide plays an important role alongside with borax (Na2B4O7 ¢ 10 H20).
The borosilicate glass is non-conducting and used as insulator layers in the semiconductor
industry. The chemical stability of borosilicate glasses allows their use as materials for
chemical tools. Borax is also used as a cleansing fluid, a water softener, insecticide, herbicide,

and disinfectant.



Metal borides are also hard and durable materials and are employed as mechanical parts
exposed to high strain like turbine and rotor blades, sports equipment [19, 20]. Due to their
high electrical conductivity metal borides serve as electrode materials, for example, as high
energy batteries [20, 21]. MgB: is a superconductor at 39 K and used in form of wires for
tomographs [13, 22]. LaBs along with being a superconductor with a relatively low transition
temperature of 0.45 K has a low work function which allows it to be used in transmission
electron microscopy and electron beam lithography [22]. Hafnium boride has a high melting
point at 3543 K and low thermal expansion coefficient that leads to its successful use in thermal
shock experiments [23, 24]. The most interesting of boron compounds are boron nitride and
boron carbide. Boron nitride is the second hardest material superseded only by diamond,
Vickers with hardness is 49-54 GPa [25, 26]. Its remarkable chemical and thermal stability
allows its use in high-temperature equipment. Boron nitride nanotubes are like carbon
nanotubes, but more thermally and chemically stable. Unlike carbon nanotubes, boron nitride
nanotubes are electrical insulators. Boron carbide is one of the most widely used hard
materials, surpassed only by diamond and boron nitride. Due to its high melting point and
thermal stability, high abrasion resistance, extreme hardness, and low density, boron carbide is
used for manufacturing shielding powders and coatings, applied as energy absorbers for
dynamic protection. Mechanical properties of boron carbide and limits of its stability under
loading are thus of both scientific and practical interest for ballistic applications. Theoreticians

predicted a phase transition in boron carbide at 25 GPa, [27].

1.2 Boron allotropes
Currently boron has five allotropes namely a-B, f-B, y-B, 6-B, and &-B [14], and all of the
allotropes have a similar structural feature. B12 icosahedron as a major building block. Each

allotrope possesses a unique Raman spectrum [15, 28].

1.2.1. o - Boron

Since first crystallization of pure boron in 1909 and some successful synthesis in the 1950s and
1960s, there was a long time of the absence of any references of synthesis of the a-boron single
crystal [14, 29-33].



Recently a methodology of reproducible synthesis was developed using high pressure and high
temperature as the main force of transformation [34, 35]. Rhombohedral a-B with space group
R3m has the simplest structure among all of the boron phases: it consists of B1» icosahedra
located at the corners of its rhombohedral unit cell [34-39]. Figure 1.1a represents structure of
B12 icosahedra with 12 atoms.

Figure 1.1a: Structure of B1» icosahedra [11]

Unit cell parameters are refined from single crystal X-ray diffraction: a = 4.9179(5) A, ¢ =
12.5805(16) A in hexagonal settings [34, 39]. Its structure was established long ago in Figure.
1.1 (b) and (c), the bonding situation in a-B at ambient pressure was clarified by Mondal et al in
2013, only recently due to the analysis of the electron-density in a-B based on experimental single-
crystal X-ray diffraction data [11]. It was found that icosahedra form “close-packed” layers and
between them, there are 2e2c (two-electron two-centre) B1-B1 inter cluster bonds of similar nature
as the 2e2c bonds in y-B in Figure. 1.1(b) [12] . While within the same layer in Figure. 1.1 (c),

icosahedra are held together by electron deficient 2e3c (two-electron three-centre) B2-B2-B2 bonds

3



which are different from the 2e3c bond in y-B [11]. a-B is extremely hard Vickers hardness on
polycrystalline aggregates is 382 GPa, with density of 2.46 g/cm?, thermally and chemically
mert [40]. It has a direct band gap semiconductor of 2.0 to 2.4 eV [31, 40, 41].
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Figure 1.1: The crystal structure of a-B (b) along the y-direction, showing the six intercluster
2e2c bonds for the central B2 cluster. (c) along the c axis, the crystallographically independent
atoms B1 and B2 are indicated with six inter-icosahedral 2e3c bonds of the central B1» cluster
[41].

Raman spectroscopy investigations of a-B were first started by Richter and Ploog in 1964 [42].
Since that time, along with theoretical calculations and assignment of the Raman modes at
ambient conditions as shown in Figure 1.2, a number of high-pressure experiments have been
performed [36, 43-48]. Raman spectroscopy measurements at room temperature to 80 GPa on
polycrystalline samples and on single crystals up to 30 GPa and 71 GPa did not show any phase
transitions in a-B in according with powder X-ray diffraction experiments up to 106 GPa and
200 GPa [36, 47-49].



IR spectroscopy studies were performed experimentally on powder samples at ambient
conditions and theoretically in numerous works [45, 46, 50-53]. The bands were identified in

the Raman spectrum in the range from 400 to 1300 cm™.
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Figure I.2: Raman spectrum of a single crystal of a-B [46].

It is more than 100 years since o-boron was obtammed in a crystalline form for the first time, but
many problems remain. Accurate determination of atomic coordinates and thermal parameters
of 0-B is required. High-pressure IR spectroscopy can recognize metallization of o-B
theoretically predicted at about 50 GPa, however, no reference was found so far. Structural

stability at pressures higher than 100 GPa needs to be verified.

1.2.2 B-Boron

When heated up to 1473 K at ambient pressure, o-B transforms mto p-B. B-B is the most
common phase and the one commercially available [36]. It can be crystallized from the melt at
ambient pressure as well as synthesized by the chemical vapor deposition technique. -B was
the first pure boron phase discovered [54, 55]. The structure was solved several years later. -
boron crystallizes in form of crystals with a rhombohedral structure of space group R3m with

the unit cell parameters ¢ = 10.9321 A, ¢ = 23.8183 A in a hexagonal setting [56-59]. The
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modern view on the structure is based on single-crystal X-ray diffraction experiment
suggesting 320 atoms per a hexagonal unit cell distributed over 20 crystallographically
mdependent positions [59]. The crystal structure contains B1> icosahedra, B2s—B—Bog fragments
and interstitial B atoms as shown in Figure 1.3(a) and (b). Bag fragments consist of 3B1»
icosahedra sharing their faces. B1s icosahedra form 3-dimensional framework with Bos—B-Bog
fragments inside the voids. The main feature of B-B that makes its structure the most complex
among all known boron allotropes is the presence of voids and partially occupied positions
[45]. Availability of B-boron leads to a lot of studies on optical, electrical and mechanical
properties [60-62]. In a conductivity measurement, a transformation of -B from a wide band
gap semiconductor to a superconductor at 160 GPa was found which agrees with previous

theoretical predictions [13, 63].

a «—» )

\J
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(b)

Figure 1.3: Structure of p-B, (a)in hexagonal settings, (b)in rhombohedral settings[64]

Due to its complexity, the structure of B-B is poorly understood. The determination of the
equation of state is an important tool to progress in the understanding of boron. The equation
of state of B-B was measured in the ranges of 0-10 GPa by means of neutron powder
diffraction, in the ranges of 0—30 GPa at different temperatures by powder X-ray diffraction
and in the ranges of 2-97 GPa using powder and single-crystal X-ray diffraction [65-67]. The
B-B 1s found to be more compressible with bulk modulus K = 185-210 GPa, in comparison



with a-B of bulk modulus K = 213-224 GPa [47, 65, 66]. There was a transition to T-192
which is known as tetragonal-II phase, it wasn’t reproduced, this was detected upon double-
sided laser heating of the sample at pressures above 10 GPa [66]. This transition wasn’t
observed where the pressure-induced amorphization at about 100 GPa was observed [67].

Further mvestigations of B-B at high pressures are required for this reason.

1.2.3 y-Boron

The existence of a high-pressure boron phase was reported for the first time in 1965 as a
powder, y-B is a reddish-coloured [68]. Its orthorthombic structure has a Pnnm space group
[68]. Unit cell parameters, a = 5.05634 A, b =5.61265 A and ¢ = 6.97107 A were refined from
single crystal X-ray diffraction data [68, 69]. The structure of y-B consists of B12 icosahedra
and B> dumbbells covalently bonded with each other [12, 69-71], as shown in Figure 1.4.

Figure 1.4: Structure of y-boron: B> icosahedra are connected by B> dumbbells [69]



The Raman spectrum is unique for the high-pressure high-temperature modification of boron

as shown in Figure 1.5.
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Figure 1.5. Raman spectrum of a single crystal of y -boron [72].

v-B was experimentally demonstrated to be stable up to 30 GPa and 2000 K [69]. It 1s
theoretically predicted to be stable in the pressure range from 19 GPa to 78 GPa, to 89 GPa or
to 93 GPa [69, 73, 74]. Experimental charge density studies revealed covalent polycenter
bonds in Bi» icosahedron, the electron-deficient le2c bond between two neighbouring
polyhedral and a unique polar-covalent 2e3c bond between a pair of atoms of one B> group
and one atom of the dumbbell [12]. This unique bond explains the observed charge separation
mn y-B [12]. v-B is extremely hard the Vickers microhardness being 58 GPa and very dense
with X-ray density 2.541 g/cm® [69, 75]. It is optically transparent with an optical absorption
edge of 2.1 eV, a poor electrical conductor with resistivity on the order of 10° Q-cm at ambient
conditions. Resistivity decreases with increasing temperature, indicating semiconductor
behaviour of y-boron [72]. At about 40 GPa y-B undergoes an isostructural phase
transformation, probably due to reducing of the polarity of covalent bonds visualized by
discontinuous behaviour in the mode Grueneisen parameter and splitting of several Raman
peaks [75-77].
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1.2.4, 6-Boron

The tetragonal phase of boron, T-50 or 6-B, was a matter of serious discussion since its
discovery in 1943 by Labengayer [ 78]. Theoretical calculations predicted instability of Bso due
to its electronic configuration and that it can be stabilized by small amounts of foreign atoms
such as carbon, nitrogen or transition elements [79, 80]. Only recently this phase was
synthesized in the presence of other boron allotropes [28]. 6-B crystallizes as needle-shaped
grey-reddish semi-transparent crystals. The structure refined by means of single crystal X-ray
diffraction is tetragonal of P42/nnm space group with the unit cell parameters a = 8.7089 A, ¢
=5.0751 A [28]. The unit cell of 5-B consists of 50 boron atoms. They form four icosahedra,

and two atoms localize in the mtericosahedral space [81], as shown in Figure 1.6.

Figure 1.6: Structure of T-50 (6-B) [28].
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Raman spectrum of 8-B is drastically distinct from those of other boron polymorphs. It has one

dominating intense Raman peak at 491 cm™, as shown in Figure 1.7
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Figure 1.7: Raman spectrum of a single crystal of -boron [28].

According to the experimental studies, 5-B crystals appeared at pressures above 9 GPa in the field
of stability of y-B and always in the presence of other boron polymorphs, which points towards
metastability of this boron phase [28].

1.2.5, e-boron

In a relatively narrow pressure-temperature field, at pressures of 8-9 GPa and temperatures of
1873 — 2073 K, yellow-reddish-orange, transparent, plate-shaped crystals of e-B were found
[28]. This boron phase has the rhombohedral structure of space group R ~3m with unit cell
parameters a = 5.59407 A, ¢ = 12.075616 A with the hexagonal setting. The arrangement of
B2 icosahedra is like that in the o-B structure. In the intericosahedral space, there are tree-
atomic linear groups consisting of boron atoms oriented along the main body-diagonal of the
unit cell as revealed in Figure 1.8. The structure resembles the stoichiometric B13C, with C-B-

C linear groups instead of B-B-B groups of e-B [10, 28, 68].
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Figure 1.8: Structure of e-B in hexagonal settings [28].

The Raman spectrum of e-B is different from the spectra of any other boron polymorphs, but
alike to that of boron carbide B13C, with a small shift of about 5 cm™ [28], as shown in Figure
1.9. Considering that the crystals appeared only in the presence of the other boron phases and
upon heating at high pressure they transformed to f-B or y-B depending on the stability fields,
this phase is metastable.
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Figure 1.9: Raman spectrum of a single crystal of e-boron [28].

Microhardness of e-boron from 55-60 GPa which is higher compared to boron carbide 38 GPa
despite the similarities in the structure [28]. &-B is as hard as y-B at 60 GPa but harder than
other boron allotropes [28, 68, 81].

1.3 Nanomaterials

In materials science, a nanomaterial is a material that measures between 1 and 100 nm i at
least one dimension [82]. Different types of nanomaterials have been identified from simple
nanoparticles to complex structures that self-assemble to form structures that look similar [83].
Due to the small size of nanomaterials, physics that govern the behaviour of materials changes
[84]. Because of this, nanomaterials became very important materials to study. Nanomaterials
provide a means to study how material properties such as electric transport, field emission, and
Young’s modulus, vary when their nanoscale properties are compared to their properties in
bulk materials [85-87]. Applications of nanomaterials have been successfully fulfilled in many
technological fields [84]. For example, semiconductor nanowires junctions have been used to
fabricate logic gates and also have been shown to be capable of basic computation [88]. A
few descriptions of nanomaterials are explained below. A nanowire is one of the nanomaterials
with a structure that is restricted to the nanoscale in two dimensions and has a diameter of
nanometres [82]. Nanowires are of particular interest to those interested in building small scale

nanodevices because they may potentially be used as building blocks [89]. Nanotubes and
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nanowires are similar, but nanotubes are attributed to hollow core structures. They were usually
synthesized with smaller diameters compared to nanowires [90]. Other nanomaterials were
listed as follows, nanoplatelets, nanosheet, nanoribbon, and nanobelt [91-97]. These were
synthesized to be nanoscale in a single direction. Due to the way they were synthesized, it

makes them long, wide and thin like a belt [84].

1.3.1 Properties of boron nanomaterials (BNMs)

We considered the properties of boron nanowires (BNWs) as one of the boron nanomaterials
(BNMs). The crystalline BNWs were studied with mechanical resonance technique and tensile
testing was done under mechanical response [98]. According to simple beam theory, the
mechanical resonance of BNWs was excited and their frequencies were used to obtain Young’s
modulus of the nanowires [99]. In Figure 1.10 (a) and (b), the individual BNWs synthesized
were distinguished as p-type semiconductors with low carrier mobility through electrical
transport studies [100, 101]. There are six stable configurations of BN Ws obtained by growing
along different base vectors from the unit cell of the bulk o — rhombohedral boron (o - B) and

B — rhombohedral (p - B) [102].
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Figures 1.10 (a) and (b): Show the I-V curves response of the BNWs with Ni/Au electrodes.
The bottom inset of Figure 1.10 (a) contains the current versus gate-voltage data biased at 10
V, demonstrating that the BNW is a p-type semiconductor [101].
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Theoretical studies about the electronics and magnetic properties revealed that for o — boron
and the B — boron-based nanowires, the magnetic property was dependent on the growth
direction [83]. When the boron nanowires grew along the base vector [001], they exhibited
ferromagnetism with magnetic moments of 1.98 and 2.62 g for a — ¢ [001] and B — ¢ [001]
directions respectively. Electronically, BNWs exhibits semiconducting properties with a band
gap of 0.19 eV when grown along the a — ¢ [001] directions [83]. BNWs possessed the unique
direction dependence of the magnetic and semiconducting behaviours, that was quietly
different from that of bulk boron materials. From theoretical investigations, these would bring
BNWs to many promising applications [103, 104]. Sun et @/, studied the high pressure-induced
superconductivity in BNWs through rhombohedral boron crystal structure [105]. In Figure
1.11, BNWs superconductivity properties were found with temperature and pressure at 1.5 K
and 84 GPa, respectively [106, 107], while bulk B- rhombohedral boron was still a

semiconductor at the same pressure and temperature [83].
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Figure 1.11: Electrical resistance (R) versus temperature (T) of superconducting BNWs at 84
GPa measured at different magnetic fields in the low T range. The inset is the R-T curve in the
temperature range of 0.08—300 K under zero magnetic field [107] .
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In Figure 1.12, good field emission characteristics were found with BNWs films according to
some theoretical reports. The turn-on field of BNWs was 9.0 V/um and threshold field was 14
V/pm [108].
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Figure 1.12: Field emission J-E curve of the boron nanowires; the inset is the corresponding

F-N plot [108].

The value of the turn-on field of BNWs is suitable than that of GaN nanowires and In,O3
nanowires, but greater than that of CNTs with the turn-on electric field of 2-3V/m and graphene
has a turn-on electric field of 0.7 V/m, which is less than that of BNWs [109, 110]. In addition
to the properties mentioned, BNMs with special properties such as mechanical, magnetic,

conductive and optical properties, have been reported.

1.3.2 Applications of Boron nanomaterials.

Boron nanomaterials (BNMs) are applicable in different areas, such as abrasive compounds,
semiconductors, flat plane display, electron emission nanodevices and high-hardness [86, 111].
The electrical-transport studies on individual boron nanowires (BNWs) established them as p-

type semiconductors with low carrier mobility [112]. It was also known that BNWs with both
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a - and B - rhombohedral crystal structures could serve as superconductors [105]. BNWs are
also applicable in the field emission, such as flat plane display and electron emission
nanodevices [106]. The bulk boron materials have been used in various fields like bleaching
agents, insecticides, magnets, high hardness, and abrasive compounds, shielding in nuclear
reactors and fields of glass, ceramics, detergent formulations [113]. Some applications of the
BNMs have been mentioned and more applications need to be investigated by learning from
well-developed applications of bulk boron materials such as for those researchers in the fields
of glass, ceramics, magnets, high hardness, abrasive, and shielding in nuclear reactors for future

purposes.

1.3.3 Boron nanomaterials

In 2006 Gao et al synthesized a crystalline BNWs with a diameter close to 10 nm and length
of several microns observed by using Si (100) as a substrate and a simple radio-frequency
magnetron sputtering process under argon (Ar) gas with gold (Au) catalyst [103]. The product
was influenced by sputtering parameters, such as substrate temperature, pressure and time.
This technique required the vacuum at 5.0 x107° Torr and highly pure argon (Ar) gas of purity
99.99% for sputtering deposition growth. Guo et al, investigated amorphous boron-rich

nanowires obtained on Zirconium diboride (ZrB>) particles using diborane as the gas precursor

in a chemical vapor deposition (CVD) process under 20 Torr pressure and at 900 °C
temperature [114]. The diborane gas used as a precursor is toxic and harmful to the
environment. Vapor-liquid-solid (VLS) of boron nanowires were carried out either using a
bottom-up or top-down growth mode [104]. Tian et al studied the pattern BNWSs on the
substrate of silicon (100) wafer by the thermo-reduction technique [86]. Three factors are
associated with this thermo-reduction technique, such as the concentration of the nanoparticles
solution, the dosage of the solution and the temperature of the wafer. Considering these factors,
Tian etal [111], also synthesized flexible boron nanowires through thermo-reduction technique
in boron-oxygen compound. The feather-like BNWs with large-scale arrays were synthesized
by utilizing a magnetron sputtering technique with a target of pure boron and a mixture of
boron oxide as a binder [115]. The branched boron nanofibers always nucleated and grew on
the same sidewall of the backbone nanowire. Yang et al [116], synthesized aligned single
crystal BNWSs by utilising nanochannel Al.O3 as a substrate and a CVD technique. Using
pulsed laser ablation (PLA) technique at different temperatures, a crystalline BWNs had been
reported to have formed Pt-coated sapphire substrate under pressure of 50 Pa [117].
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For the PLA technique, the growth depends on the synthesis temperature, the intensity of laser
beams and the type of metal catalysts used [118]. Zhang et al, used boron powder as boron
source and silicon and nickel as catalysts to synthesize BNWs [119]. For BNWs to nucleate
and grow in this technique, silicon and nickel were critical in the synthesis. There was a
significant improvement on the BNWs synthesized when silicon as a catalyst was added. All
the techniques mentioned above have been utilized to synthesize BNMs. Ciuparu et al,
synthesized single-walled boron nanotubes (SWBNTS) with a small diameter of about 3 nm
for the first time by CVD technique [120]. Liu et al synthesized huge amounts of BNTSs six
years later, BNTs are multi-layered nanotubes with the spacing between two adjacent layers
about 3.2 A [121]. Their conductivity and field emission properties were confirmed and
compared to that of those CNTs. A modified CVD method similar to the CVD technique used
by Ciuparu et al for the first time was used successfully by Liu and Igbal to synthesize double-
walled BNTs and boron nanofibers (BNFs) with a narrow diameter of about 10 nm [122]. In
addition, various techniques, for example, CVD which has been extensively discussed above
and other methods mentioned, had been successfully used to synthesize BNTs, BNWs and
BNFs. The recent dual pulsed laser ablation (DPLA) technique introduced in this research is to
make effort aimed to experimentally verify the presence of such tubes and if possible the
prediction about their electrical properties. Also, to optimize and control the diameter
distribution in the single-walled boron nanotubes (SWBNTS), by considering the synthesis
procedures which call for more serious attention. Of all the techniques discussed above so far,
there was a lack of product purity because of the carbon contamination contained in the product.
In this research, a dual pulse laser ablation (DPLA) technique will be adopted for the synthesis
of BNMs precisely boron nanotubes. The parameters such as synthesis temperature, the
composition of the targets and gas flow rate are systematically controlled and considered.
Argon (Ar) and nitrogen (Ni) gases utilized as the precursor gases are not toxic or harmful to
the environment and society at large. Therefore, this tends to make the DPLA technique more
useful, as a technique to synthesize BNMs. This technique remains a great challenge when
compared to other methods because is very easy, highly cost-effective, highly productive, but

also an environment-friendly technique for BNMs.
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1.4 Boron nanotubes as an alternative to carbon nanotubes

To understand why we should study boron nanotubes (BNTSs), we may first make some
reference to the already existent and well-known carbon nanotubes (CNTSs) and then justify
why it could be advantageous to use crystalline boron-based tubes. Since their discovery in
1991 by S. lijima, carbon nanotubes have been regarded as potential elements to revolutionize
a variety of technologies ranging from electronics (further miniaturization of circuits and novel
transistors) to microscopy techniques (filled with iron to be used in Magnetic Force
Microscopy) and even medical applications (functionalized to deliver drugs with high targeting
specificity) [123]. Their wide range of potential applications is fuelled by several remarkable
properties, such as their enormous chemical stability, high aspect ratio ( greater than 1000%)
[83], their great mechanical strength (as high as 1000 GPa around 5 times that of steel) and
their stunning electrical and field emission properties (capable of ballistic transport emitting
current densities up to 10 mA/cm?) [124]. Their integration on a wide range of devices has
been thoroughly pursued with different degrees of success depending on the specific feature
needed for each application.

Despite their proven capacity to carry huge density currents, there is an outstanding issue: the
electrical properties of a single-walled carbon nanotube depend strongly on its crystalline
structure, its chirality, and the problem of producing tubes of a determined chirality is not yet
resolved. Neither are there are efficient methods that can be applied at the industrial scale to
separate tubes of certain chirality from a mixture of tubes. We can think about at least three
ways to circumvent this obstacle:

(a) A new synthesis method has to be developed in order to produce tubes with a certain desired
chirality.

(b) A new efficient and cheap separation method has to be developed in order to be considered
for industrial production pathways.

(c) An alternative to carbon nanotubes whose electrical properties do not depend on chirality
issues must be sought, that is a (ideally) tubular structure made of a different material that
presents comparable or higher current density capacities than that of carbon nanotubes.

When carbon nanotubes are produced by any known method we have a mixture of metallic and
semiconducting tubes that are not easily separable. The latter issue has been one of the major
obstacles to fully integrate carbon nanotubes as electrical components of a commercial device.
In the context of point (c) boron appears as an increasingly interesting alternative in the search

of alternatives to noncarbon-based nanotubular structure to work as electrical components.
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1.5 Objectives of research

The goal of the present work is to achieve the growth of one-dimensional boron nanostructures.
The experimental guidelines for the synthesis of boron nanotubes (BNTs) will be followed.
We set as a secondary objective to attempt optimization of their procedure by trying to
comprehend the underlying dynamical growth process associated with the catalyst-assisted
DPLA. Within the frame of optimization, we explored the use of catalysts (Ni and Co) for the
synthesis of BNTSs.

The third aspect of this research is to perform density gradient ultracentrifugation (DGU) for
samples, by separating it into different diameters, lengths and characterize each layer observed
after the centrifugation.

Fourthly, all the synthesized nanomaterials will be characterized, with the help of instruments,
such as scanning electron microscopy (SEM), high resolution transmission electron
microscopy (HRTEM), energy dispersive x-ray spectroscopy (EDS), x-ray diffraction (XRD),
ultra-violent visible (UV- VIS), photoluminescence (PL), vibration sample magnetometer
(VSM) and Raman spectroscopy (RS). All these characterizations enable us to determine their
chemical composition, elemental composition, and morphology as well as their preferred

crystalline phases and growth direction.

Lastly, we will set the guidelines for future work on research concerning with further
optimization, especially regarding the selectivity of the grown structures by carefully defining

the relevant experimental conditions.

1.6  Motivation for the Dissertation

Techniques for synthesizing one-dimensional nanostructures are highly valued since these
nanostructures have a great potential to be integrated into novel devices. The applicability of
such structures is dictated by their chemical composition since their electrical, optical and field
emission properties depend upon it. Boron appears as an increasingly interesting material to
synthesize such structures since it possesses a unique set of properties. Highly pure boron is
not found in nature, pure boron is a rather complicated business because of its unusually high
reactivity, therefore, to turn boron-based one-dimensional nanostructures into an attractive
viable component of manufactured devices it is essential to develop a highly efficient and

selective technique for their synthesis.
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Boron nanotubes (BNTSs) are nanostructures of great interest within the scientific community
for several reasons. BNTSs possess a large phase coherence length, it is relatively easy to reach
the one-dimensional regime in boron-based nanostructures. This feature makes BNTs ideal
candidates to study phenomena such as superconductivity or the so-called “quantum phase
slip” in one dimension. Boron nanotubes are also considered as potential candidates to form
part in novel circuitry elements. The experimental reports on the synthesis of BNTSs are rather
scarce. For these reasons, it is interesting to explore new synthesis procedures. Dual Pulsed
Laser Ablation (DPLA) is a synthesis technique [125], that has been successfully tested for the
synthesis of carbon nanotubes (CNTs) and carbon structures of other morphologies, this
success and its relative simplicity made the DPLA techniques a natural candidate to be applied
in order to synthesize boron nanostructures. The results obtained by the DPLA method varied
based on different precursors and parameters [120, 126, 127]. There is still a lot of work to do
concerning the selectivity of such experiments as well as to obtain a deeper understanding of
the growth process of such structures and how this could affect the selectivity. On the other
hand, we have not found reports on the synthesis of BNTs via DPLA. Therefore, it would be
of major interest in the development of a DPLA protocol which could synthesize such BNTs

in large amounts.

1.7 Research Questions

The questions in current BNMs research is to explain how they grow, when they grow or
nucleate and how we can control their growth. In this dissertation, an investigation of these
questions is pursued to achieve a better understanding of the problem and to contribute to the
body of knowledge that would eventually unravel the mysteries surrounding the controlled
growth of BNMs. To do this, the dual pulsed laser ablation (DPLA) technique to synthesize
BNMs has been employed [125]. Hexagonal boron nitride and boron targets containing a small
percentage of transition metal catalysts have been used. These two targets were ablated. The
ablated as-prepared BNMs formed during the time of the plasma plume later condensed at the
back of the cooler region of the quartz tube. In this region, as-prepared nanomaterials collected
is purely rich in BNMs. A parametric investigation was established to formulate a picture of
how BNMs is grown, and which type of BNMs is grown. All these involved changing of
furnace temperature, the pressure, the flow rate of nitrogen/argon gas used in the synthesis
experiments. With all these conditions, it is observed that different BNMs were synthesized.
These were characterized by applying Raman spectroscopy (RS), X-ray diffraction (XRD),
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Ultraviolet-visible (UV-VIS) spectroscopy, Scanning electron microscopy (SEM),
Transmission electron microscopy (TEM), Energy dispersive x-ray spectroscopy (EDS),
Photoluminescence (PL) spectroscopy, and the Vibration sample magnetometer (VSM).

1.8 Outline of the Dissertation

Chapter 1 includes the basic background of boron material, BNMs, literature survey on BNMs,
objectives of research, the motivation for the dissertation, a motivation for research questions
speculated as a result of the lack of better understanding relating to the synthesis of BNMs.

In chapter 2, boron and boron nanostructures are discussed, including boron as an element,
different polymorphs of boron, synthesis of BNMs, theoretical studies of BNMs and
purification and centrifugation of BNMs. It also includes methods of characterizing BNMs,
while there are many analytical techniques employed to investigate BNMs. In this dissertation,
the focus was on applying, Raman spectroscopy (RS), X-ray diffraction (XRD), Ultraviolet-
visible (UV-VIS) spectroscopy, Field emission scanning electron microscopy (FESEM), High
resolution transmission electron microscopy (HRTEM), Energy Dispersive X-Ray (EDS)
spectroscopy and Photoluminescence (PL) spectroscopy. These techniques have been widely
utilized to distinguish between BNMs. The details on these analytical techniques to distinguish

between BNMs are extensively discussed.

In chapter 3, the laser synthesis of BNMs is discussed, including the background information
on laser and interaction between the laser — materials, the description of the experimental
technique and experimental design utilized to synthesize BNMs. This chapter also includes the

target preparations and experimental conditions used during the period of synthesis.

In chapter 4, results and discussions of the experiment of synthesized BNMs from hexagonal
boron nitride are presented. The main focus of this chapter is the results obtained and
discussions of the characterization of the materials synthesized by utilizing Raman
spectroscopy (RS), X-ray diffraction (XRD) spectroscopy, Ultraviolet-visible (UV-VIS)
spectroscopy, Scanning electron microscopy (SEM), Transmission electron microscopy
(TEM), Energy Dispersive X-Ray (EDS) and Photoluminescence (PL) spectroscopy on the as-

prepared products.
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In chapter 5, results and discussion on SWBNTSs synthesized using the boron target are
presented. This chapter focuses on the results acquired and discussions of the characterization
of the materials synthesized using, Raman spectroscopy (RS), X-ray diffraction (XRD)
spectroscopy, Ultraviolet-visible (UV-VIS) spectroscopy, Scanning electron microscopy
(SEM), Transmission electron microscopy (TEM), Energy Dispersive X-Ray (EDS),
Photoluminescence (PL) spectroscopy and vibration sample magnetometer (VSM) on the as-
prepared SWBNTSs.

In chapter 6, results and discussion on density gradient ultracentrifugation of single-walled
boron nanotubes are presented. The chapter focussed on the results obtained from each layer
and discussions of the characterization of the layers produced. Using Raman spectroscopy
(RS), field emission scanning electron microscopy (FESEM), high-resolution transmission
electron microscopy (HRTEM) and energy dispersive x-ray spectroscopy (EDS) on the
SWBNTSs results were obtained from each layer. Image analyses on the HRTEM and SEM

images of boron nanotubes were also analyzed.

In chapter 7, a brief conclusion is presented on the results and proposed future research that

could extend the scope of the present study.
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Chapter 2

2.1 Elemental Boron

Boron is the fifth element in the periodic table and just one place before carbon. Boron is the
only non-metallic element of group 111 [90]. Boron is a so-called electron deficient element,
which means that it has fewer valence electrons (three) than available orbitals (four), therefore,
conventional 2 electron - 2 center bonds are insufficient to solve the problem of electron
deficiency. Instead, a complex mixture of two — center bond and multicentre electronic bonds
is formed in elemental boron [83]. These bonds are of the covalent kind [83]. Pure elemental
boron is not found in nature, but it can be extracted from minerals like ulexite
(NaCaBs06(OH)s.5H20) and borax (Na2B407.10H,0) to get boron that is highly purified in
nature [83].

2.1.1 Different polymorphous of boron

Boron has three recognized crystalline allotropes a.— rhombohedral, B — rhombohedral and § —
tetragonal [83], of which the B — rhombohedral lattice with 106.7 atoms per unit cell is the
most stable [102]. These crystalline phases are composed by arrangements of icosahedral
clusters Bio strongly bonded together by covalent bonds. This crystalline packing provides
boron with an extremely high hardness, great chemical stability as well as a high melting point
of approximately 2300 °C [83]. All crystalline boron phases are known to be semiconductors
in their bulk state, in particular, the p — rhombohedral boron in ambient conditions presents a
semiconductor behaviour with a band gap of approximate 1.5 eV [128]. At high pressures of
250 GPa and a critical temperature of 11K boron turns out to be superconductors [13]. In the
crystalline phases mentioned, an elemental a — tetragonal boron allotrope containing 50 atoms
per unit cell has been reported [128]. There is strong evidence suggesting that such a lattice
should incorporate small amounts of foreign elements in order to be stable since T-50 does not

have enough electrons to provide chemical stability [129].

2.1.2 Boron nanotubes

The chemistry of boron is rather versatile and complex and so B12 cannot be safely regarded as

the only building block of boron crystalline structures. This issue was first questioned by
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Boustani and Quandt [130], who proposed a so-called Aufbau principle that allows the
construction of structures such as nanotubes by assembling and bending of novel quasi-planar
boron clusters [131]. This conception has fuelled a series of theoretical and experimental
works on the search for new boron crystalline phases in two and one — dimensional
arrangements. The theoretical work on the viability of boron nanotube (BNTs) by Boustani
and Quandt has served as a cornerstone which set in motion the pursuit for an experimental
method to synthesize BNTs, and this search diversified into synthesis of all kinds of boron
nanostructures such as nanowires, nanoribbons, nanobelts, nanosheets, nanofibers, nanowebs,
nanotubes, nanorods, nanocones, and bamboo-like nanotubes [131]. The considerable efforts
to experimentally synthesize boron nanotubes arose because of their predicted structural
stability. Boustani et al calculated that the strain energy of such nanotubes, which is defined
as the energetical difference between an atom in the tube and that of the same atom forming
part of an infinite flat sheet [130].

Figure 2.1: Shows the different chemical compositions of strain energy for armchair
nanotubes [30].
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For boron nanotubes with a certain stable lattice structure and a certain diameter, the strain
energy can be lower than that of carbon nanotubes (CNTs) and comparable to that of
compounds such as BN and BC3 as was shown in Figure 2.1. Chemical stability is not the only
reason why the pursuit for the successful synthesis of BNTs that has been consistently become
a serious topic within the scientific researchers. Apart from structural viability, BNTs of all
proposed lattice structures are predicted to have a strong conductive behaviour independent of
diameter, if one assumes smooth nanotubes, that is without superficial buckling and chirality
matters, in order words, they are all predicted to be metallic in contrast to the case of CNTs
whose conductive properties depend on their chirality [131-134]. BNTSs has been successfully
synthesized and documented through the CVVD method by some group of researchers [120].

2.2 Introduction to Boron Nanostructures

Boron is a unique element both in the solar system as well as in the earth’s crust. Boron is
produced by cosmic ray spallation and since the geochemical processes have greatly
concentrated boron, it is not considered as a rare element from the perspectives of commercial
availability. One of the earliest accounts of the use of boron has been found in the Chinese
civilization in the form of borax glazes since AD300. Boron was first partially isolated in 1808
by French chemist Joseph L. Gay-Lussac and L. J. Thenard by reducing boric acid at high
temperature [135] and independently by Sir Humphry Davy utilising electrolysis [136]. Boron
occurs in two naturally occurring isotopes, Bio and B11. The Bi1 isotope forms the major chunk
of the naturally existing isotopes, the existence of the B1o isotope is of considerable significance
due to its large cross-section for thermal neutron capture. The boron atom has five electrons
and its electronic configuration in the ground state can be represented in Figure 2.2(a) and (b)

below.

(a)

(b)
Figure 2.2: (a) Shows the boron atom at the ground state with five electrons and its electronic
configuration, (b) Revealed boron in its most stable state by promoting an electron from the 2s

to the 2p orbital.
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The singlet state can be observed in borylene (B-H). In terms of electron orbitals, this six-
electron molecule has a core-shell (1), a bonding pair (20), and a lone pair of electrons (30)
on the boron atoms [137]. Boron in the most stable compounds exhibits an oxidation state of
+3, which is achieved by promoting an electron from the 2s to the 2p orbital as shown in Figure
2.2(b) above [138]. This causes strong electron acceptor properties of boron compounds and
due to the very high ionization potentials, boron (I11) does not show the chemistry of B3+ ions
but that of covalent boron (l1I) compounds. The tetra-coordinated boron compounds,
depending on the ligands, are found to be observed in negative, neutral, and positive charge
states. The conventional localized bond between two atoms uses an atomic orbital from each
atom and is filled by two electrons [139]. This does not hold true for electron deficient
compounds such as that of boron. The bonding in these compounds has been described by
Eberhardt, Crawford, and Lipscomb by utilising a three-center localized molecular orbital
employing three orbitals but a single electron pair. The two-electron, three-centered bonding
in boron has been able to provide insights into the structural and electronic properties of boron
nanostructures [140]. The chapter explains different boron nanostructures such as nanoclusters,
nanosheets, nanotubes, and nanowires that have been experimentally realized or theoretically

investigated.

2.2.1 Boron Nanowires

Nanowires are simple to visualize, they are thin and very elongated solid rods, not hollow as
in the case of nanotubes, with a cross section not surpassing a few hundreds of nanometres.
The nanowire can be amorphous or crystalline. Nanowires are of great interest to the scientific
researchers since a good number of applications can be predicted for such nanostructures,
especially if they are metallic or semiconductor type. Nanowires are the most investigated
boron nanostructures experimentally [141]. They have been synthesized both in crystalline
and amorphous forms [120, 142, 143], using different growth techniques such as chemical
vapor deposition, magnetic sputtering techniques, and laser ablation of targets using pulsed
lasers [141, 144, 145] as shown in Figure 2.3(a) and (b) below.
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Figure 2.3: Show HRTEM images (a) Amorphous BNWs synthesized by laser ablation (LA)
technique.[146], (b) Crystalline BNWs synthesized via CVD method[147].

Experimental results indicate that the presence of catalytic elements is one of the most crucial
conditions for the growth of crystalline boron nanowires [101, 148]. Crystalline boron
nanowires are understood to be semiconducting near room temperatures [101]. The
conductivities of these nanowires is robust and does not change even on application of large
strain, indicating that these nanostructures are highly resilient [149], even under highly strained
conditions [145, 150]. These nanostructures also exhibit excellent field emission properties
[150].

2.2.2 Boron Nanosheets

The experimental discovery of boron nanotubes has motivated the investigation of the
structural properties of monolayer boron sheets [120]. Weir et al reported the monoatomic
layer of boron nanosheets growth on a silicon (100) substrate [151]. It is observed that %2
monolayer coverage forms an ordered 2x1 structure and can be distinguished using a low-
energy electron diffraction (LEED) pattern. The LEED pattern for pristine silicon shows (1/2,
0) as the most intense half order, whereas (1, 1/2) forms the most intense %2-order spot in the

diffraction pattern from a boron-covered surface [152], as revealed in Figure 2.4 (a) and (b).
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Figure 2.4: Reveal LEED patterns for (a) The pristine silicon (100) and (b) silicon (100) with
a % monolayer of boron [152].

Investigation of the local structure using scanning tunnelling microscopy along with tunnelling
spectroscopy suggests that the principal structural subunit is an ordered arrangement of four
boron atoms at substitutional sites in the first bulk silicon-like layer [153], which is then capped
with an ordered arrangement of silicon dimmers and dimmer vacancies as shown in Figure

2.5 below.

Figure 2.5: Show high-resolution images of boron induces reconstructions on a Si (001)
surface and where A and B denote the structural subunits of reconstructions. (a)
Reconstructions and region of clean Si (001) outlined (b) A high-resolution image of occupied
surface electronics states, (c) Unoccupied electronics states [154].

These ordered surface reconstructions are stable under vacuum and can be preserved as

metastable states at the solid-solid interfaces [154]. A lot of effort has been made to synthesize
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and study the structural properties of monolayer boron sheets; however, no experimental
verification of stabilized monolayer boron sheets under normal conditions has been reported.
Different atomic models of monolayer boron sheets such as the idealized and buckled triangular
(1212) reconstructed (1221), and hexagonal sheets have been proposed using computational
methods [155-157], as shown in Figure 2.6.

.

Figure 2.6: Atomic structure of proposed idealized triangular and reconstructed monolayer
boron sheet [155].

One of these models, particularly the hexagonal monolayer boron sheet, has been inspired by
the atomic model of graphene sheets. First-principles calculations have recently indicated the
a-boron sheets to be the most stable ground structure of monolayer boron sheets [158], as

shown in Figure 2.7.

Figure 2.7: Atomic structure of a proposed a-boron sheet using density functional
calculations [159].
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These sheets form precursors to Bgo clusters and conduct only by means of out-of-plane Pz
orbitals [158, 159]. The holes in the a-boron sheets are understood to serve as scavengers of

extra electrons from the adjacent filled hexagons [158, 160].

2.2.3 Boron Nanoribbons

Nanoribbons can be synthesized using either top-down or bottom approaches [95]. Carbon
nanoribbons are the most explored quasi-2D nanostructures and have been synthesized by
controlled unzipping single-walled carbon nanotubes, lithography, and wet chemical methods
[161, 162]. Xu et al utilized catalyst-free pyrolysis of diborane at 630 °C-750 °C at low pressure
to synthesise single crystalline a-boron nanoribbons [95]. Nanoribbons synthesized using this
technique have been investigated for thermal transport properties. The thermal conductivity of
bundled boron nanoribbons is higher than that of a single nanoribbon [142], and their thermal
transport properties can be reversibly modified by wetting the van der Waals interface between
nanoribbons and various solutions. The properties of boron nanowires have been reported using
first-principles density functional theory. These nanoribbons were derived by cutting a-boron
sheets along different directions, producing linear and armchair-edged nanoribbons as shown

m Figure 2.8.

@) Linear edge BNR ) Armchair edge BNR
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‘a-sheet’ BNR [N(E) = 1.85 states/unit cell] {1221} sheet BNR [N(E) = 2.78 states/unit cell]

Figure 2.8: Shows atomic structure of nanoribbons derived from an a-boron sheet (a) linear
and (b) armchair edge. The electron localization function (ELF) plot for nanoribbons derived
Jfrom (c) a stable a-boron sheet and (d) a reconstructed boron sheet [143].
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A comparative study of the electron localization function shows that the delocalization of = -
electrons orbitals occurs more in nanoribbons derived from o-boron sheets than in those
derived from other precursors [143]. These preliminary reports on boron nanoribbons using
ab initio methods and experimental investigations suggest that nanodevices capable of thermal

management can be invented using these nanostructures

2.2.4 Boron Nanoclusters

Anderson and Hanley rediscovered of the Bis+ nanocluster [163]. Both theoretical and
experimental reports have been surfaced for investigating their interactions, structures, and
stability [164-166]. Theoretical investigations based on ab initio quantum chemical techniques
by Boustani [130] that have been predicted the ground-state structural configurations of small

boron nanoclusters are found to be planar [166], as shown in Figure 2.9.
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Figure 2.9: Ground-state structures along with structural symmetry of neutral boron
nanoclusters obtained using the 3-21G basis set [166].

This elemental set comprises of boron clusters B, where n = 2-8 [167]. The symmetries of
different elemental clusters are Cay, for Bs, Bs, and B7, Csy for Bs, D7n for Bs, D2n, for B4 and
planar Be nanoribbons clusters. This set of clusters forms the structural basis for larger

nanoclusters [168]. The set of quasi-planar and convex clusters is mainly composed of units
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of hexagonal pyramids which belong to this elemental set of clusters. The Be clusters are found
to exist in planar hexagonal and pentagonal pyramid conformations [130], and form the most
stable elements of this set  [169]. Larger nanoclusters of boron acquire quasi-planar and very
compact 3D structures, as shown in Figure 2.9 above [168]. Quasi-planar boron nanoclusters
can be constructed from hexagonal pyramidal subunits by dovetailing each other and forming
axial bonds [168], also, when the out-of-plane apices of these subunits either lie above the
plane of peripheral atoms, such nanoclusters are known as convex clusters. Quasi-planar boron
nanostructures are obtained when the apices of subunits lie alternately above and below the
plane containing peripheral atoms [170].

B14 B7

Figure 2.10: Shows representative quasi-planar and 3D nanoclusters of boron respectively
[166].

The structures of 3D nanoclusters are similar to well-known a- and f-rhombohedral boron
crystals [168], as shown in Figure 2.10 above. The 3D nanoclusters can be classified into
compact 3D and open 3D nanoclusters. The very compact 3D clusters consist of trigonal,
square, pentagonal, hexagonal, and heptagonal bipyramids [171]. The open 3D structures have
low point group symmetries [172]. Ab initio calculations at the Hartree — Fock self-consistent
field (HF-SCF) level [173], have suggested that the energies of 3D nanoclusters are higher
than those of convex or quasi-planar clusters. The insight into the structure of boron
nanoclusters is expected to pin down the atomic structure of higher-dimensional boron

nanostructures [174].

2.2.5 Boron Nanotubes

Boron nanotubes are a new class of nanomaterials that have been theoretically predicted to
exist in stable form, the exact atomic structure and hence their electronic properties are a subject
of discussion. Theoretically, a nanotube is formed by rolling up the boron nanosheet joining
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the two ends of the chiral vector [175]. Variation of the tube diameter and chiral angles control
the properties of the various nanotubes formed [176]. Single-walled boron nanotubes
(SWBNTSs) are semiconducting or metallic depending on the variation of chiral angle and tube
diameter that has been confirmed experimentally [177]. It is predictable that if boron
nanotubes can be synthesized, their electrical properties are, also controlled by variation of
chiral angle and tube diameter [178, 179]. BNTSs is going to create great interest more than
boron nitride nanotubes (BNNTSs) and carbon nanotubes (CNTS) in the future. Ciuparu et al
first reported the synthesis of SWBNTSs with a diameter of 3 nm [120], using a technique called
catalyst template assisted growth [120]. BNTs samples were investigated using Raman
spectroscopy and showed phonon modes to suggest their tubular structures [120]. The presence
of vibration modes below 500 cm™ in the Raman spectra has been understood due to the
presence of radial breathing modes in BNT samples. The electron energy loss spectra suggest
the presence of B K-edge, indicating its origin from the boron tubular nanostructures, as shown
in Figure 2.11 (a) and (b).
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Figure 2.11: (a) Raman spectra of a boron nanotube. The inset shows the micrograph of the
boron nanotube. (b) The Electron energy loss spectrum of a boron nanotube on a SiO>
substrate [120].

Double - walled boron nanotubes (DWBNTSs) and multi-walled boron nanotubes (MWBNTS)
mixed with boron nanofibers (BNFs) were also prepared with a diameter range of 10 to 30 nm

[180]. Szwacki et al predicted that the boron buckyball Bso would have a stable hollow cage,
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which is symmetrically similar to the icosahedral structure of Ceo [181]. A flat stable boron
sheet has been predicted which is composed of a hybrid of triangular and hexagonal
configurations [182]. By first principle calculations, the vibrational frequencies, free energy,
and heat capacity of the flat hybridized sheet and buckled triangular sheet are compared to
verify the thermodynamic stability of the boron sheet [183, 184]. Amongst the earliest
investigations, idealized triangular, hexagonal, and reconstructed (1221) boron sheets were
considered as precursors to boron nanotubes [155, 159, 162]. With the recent predictions of a-
boron sheets as being the most stable monolayer sheets, the properties of boron nanotubes
formed by rolling these sheets have been investigated [159]. Ab initio investigations suggest
that the radial breathing modes of nanotubes formed by rolling an a-boron sheet depend
strongly upon the chirality [159]. In Table 2.1, the chiral indices, diameters and radial breathing

modes of each boron nanotubes were shown below.

Table 2.1: Shown the chiral indices, diameters and radial breathing modes of each boron

nanotubes
Nanotubes Diameters (A) | frem (cm™)
chiral indices
5,5 8.13 238.9
9,0 8.63 224.8
6,6 9.93 195.5
12,0 11.31 170.6
7,7 11.37 173.7
8,8 13.13 150.2
18,0 16.50 119.2

The frequency of 210 cm™ observed from the experiment reported by Ciuparu et al is in close

range with calculated frequencies [120].

2.2.5.1 Properties of Boron Nanotubes
2.2.5.1.1 BNTSs Surface Electron affinity and Work function

In field emission, BNTs as one of the boron nanostructures was found as potential materials,
that has been considered as best. The most important factors about the BNTSs are the affinity of
their surface electrons that strongly affect field emission properties [126]. To measure the work

function or electron affinity of any nanostructures effectively. The ultraviolet photoemission
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spectroscopy (UPS) is the best instrument to be utilized, for semiconductor nanostructures
which is actually based on the energy band gap of the semiconductor materials [185]. The work
function or electron affinity of the nanostructures is defined as the energy difference between
the vacuum level and the bottom of the conduction band [186]. To confirm the surface electron
affinity of boron nanostructures, Liu et al compared two samples [126]. The first sample is a
mixture of film of BNTs and BNWSs, while the second one is the pure BNWs film using silicon
as the substrate. These two samples have similar densities and characteristics, as shown in the
UPS spectra in Figure 2.12.

Figure 2.12: The UPS spectra of the pure BNWs film and a mixture of BNTs and BNWs film,
[126].

The spectral width of each sample was established by using a linear extrapolating method, the
width (W spectra) Obtained with this method was found to be 15.9 eV and 16.4 eV for pure BNWs
film and a mixture of BNTs and BNWs film respectively. A relation was deduced to determine
the surface electron affinity X of the two samples [126].
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X:hy 'Eg 'Wspectra (2.1

Given that, Eg is the energy band gap. This energy band gap of boron nanostructures was
assumed to be the same as that of bulk boron which is 1.56 eV [150, 187]. The radiation energy
of the Helium I line, hy is 21.2 eV. The surface electron affinity of the two samples was
estimated to be 2.74 eV and 3.24 eV for pure BNWs film and a mixture of BNTs and BNWs
film respectively. The results obtained showed that BNTs were found with a lower surface
electron affinity than BNWSs. The BNTs surface work function value was deduced according

to the equation connecting the work function @ and electron affinity X, which is given as
(2.2)

This relation gives the surface work function of pure BNWs film and a mixture of BNTs and
BNWs film as 4.52 eV and 4.02 eV respectively. It was noticed that the surface work function
of BNTs is lower than that of bulk boron which is 4.6 eV [187].

2.2.5.1.2 Electrical and Field emission properties of BNTs

Electrical properties are one of the properties of BNTs. BNTs possessed metallic properties
they have been proved through theoretical studies [131, 166]. Which are independent of its
structural tubes whether they are the armchair, zigzag, or chiral, but with experiments, all these
are yet to be verified [175, 188]. Electrical properties of BNTs were carried out by Liu et al,
using a modified high vacuum system [126]. Experiments were performed on many BNTs. But
the typical results of three individual BNTs were picked for comparison to reveal their intrinsic
physical properties in both electrical and field emission [150]. The tubes are selected as BNT
‘A’, BNT ‘B’ and BNT °C’, as shown in Figure 2.13.
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Figure 2.13: SEM images of the individual BNT ‘A’, BNT ‘B’ and BNT ‘C’ [126].

In Figure 2.14A, the electric transport properties of the three-selected individual BNTs can be
compared by studying the electric transport I-V curves. It was noticed that the electric transport
I-V curves are nearly linear for all the three individual BNTs selected. This indicated the best
electric contact that formed between the BNTs and substrate utilised [189]. When average
values of the outer diameter of 30 nm, the inner diameter of 20 nm and length of 3 um were
taken it was deduced that BNT ‘C’ with 36.85 Q! cm? has the best conductivity properties.
The conductivity is lower in BNT ‘A’ with 16.76 Q! cm™ when the three BNTs selected were
compared. These individual BNTs possessed the conductivity of a metal (> 10?2 Q* cm™),

which means that the electrical transport properties of BNTs can be compared to that of metals.

39



g - W
|
o A B
.f" w
g
e §
g 0 !
: i oo
5-2- ;
3|
4l
18
.ﬁ.
N 5 0 5 1w 0T 2 & 6@ & 10
E (Viym
Voltage (V)

Figure 2.14: (4) The electric transport curves of single BNTs, A, B and C. (B) The field
emission I-E curves of the three individual BNTs (A, B and C) [126].

In studying field emission properties of BNTs, Figure 2.13 was utilized. A graph of field
emission current against an electrical field (/-£) of BNTs is shown in Figure 2.14B above. It
was discovered that the field emission of BNT ‘C’ has the best performance. The poorest
amongst the three is BNT ‘A’ with the worst field emission performance. The conclusion was
made that any BNT with the highest conductivity is likely to have the best field emission

performance [126].

2.2.5.1.3 Similarities and differences between BNTs and CNTs

It was observed that individual BNTs emission current endurance is twice high than that of
CNTs, as reported (8-20 pA) [190]. This indicates that BNTs can be more useful than CNTs
m most of the applications of high-current point sources and high — power microwave tubes

[191]. When the cross-section area ‘A’ of a BNT is considered, which can be deduced from

the relation given below,
A=nx (rzout' 7'2in) (2.3)
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given that, rout and rin are the outer and inner diameters (30 nm and 20 nm), of a BNT. The
cross-section area of a BNT was found to be 3.925 x 10*® m? The emission current density
upper limit of BNT can attain 2.04 x 10 Am [192] and this can be compared to that of the
CNTs, which have been reported earlier (1011-10'2 Am) [193]. This indicates that BNT with
the best endurance will have high working current density [126]. BNTs turn—on and threshold
field are greater than that of CNTs [194]. The BNTs has improved field emission behaviour,
even when compared with BNWs [190]. This BNTs will find a suitable position more than
CNTs in field emission applications in the future due to its emission uniformity [195]. BNTSs
conductivity has been improved to be chirality — independent more than CNTs [126, 196]. The
conductivity of BNTSs are in the range of 12 -76 Q! cm™, these were higher than most of the
values reported on other nanostructures. These values are very close to the values reported on
CNTs (102 Q' cm™) and with this BNTs possessed electrical transport properties as CNTs
[196]. According to Liu et al, power and luminescent efficiency of BNTs in the luminescent
tubes are more than 85% and 0.11 m W, which can meet the requirement for lighting devices
[126]. BNTSs total power consumption Prota (78.85 / 80.92 n W) and gate power consumption,
Pgate (12 NW) is greater than that of CNTs devices Pgate (10.72 nW) and Piotar (77.7 nW) [197].
Because of that, this can be used as the general commercial displays since it is lower than many
lighting elements. For example, light emitting diodes and cathode ray tubes using hot filaments
when compared the performance of BNTs in luminescent tube application, it was observed that
the presence of BNTs will be more beneficial to the tube performance applications than CNTs
in the future. BNTs cold cathode luminescent tubes have the threshold field performances that
are like CNTs luminescent tubes [64-66]. In outdoor display applications in the future, BNTs
will be found more suitable, by increasing its operation luminance effectively very close to that
of CNTSs.

2.3 Theoretical/computational studies of boron nanomaterials

2.3.1 Special Challenges on Boron Nanotubes, (BNTYS)

The first challenge is that the actual exact crystalline structure of BNTSs is yet unclear by
experimental observations. Secondly, the lattice structure of BNTs has not been clearly
characterized by the experiments, there is extensive theoretical literature on the topic [159].
Lastly, there has been a huge progress in the developing of feasible predictions for the actual
atomic order in BNTs [198].
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2.3.2 Stability and Conductivity Properties of the Boron Sheets

Bezugly and Kunstmam et al show a theoretical comparison between the stability and
conductivity properties of the three boron sheets, that has been regarded as the most likely
sheets to build up to form the real BNTs [134]. They are as follows: a—boron sheet (a-BS), the
buckled triangular—boron sheet (BT-BS) and distorted hexagonal-boron sheet (DH-BS) lattices
[134], as shown in Figure 2.15. They reached a set of final conclusions, that all BNTs made
from all the three sheets are metallic irrespective of their diameter. They found out that the
work function of BNTs made from the a—boron sheet is the one that agrees better with the
experimental values, which shows that BNTs have an atomic structure related to a—boron sheet
[134].

Figure 2.15: The first column indicates the lattice structure of boron sheets while the second
and third columns show armchair and zigzag BNTs respectively. (a) o — sheet, (b) Buckled
triangular and (c)Distorted hexagonal[134].

BNTs occupy a central role in the realm of boron-based nanostructures. This makes BNTs the
only and best quasi — one-dimensional boron nanostructures for technological applications.
There is a lot of experimental synthesis of boron nanostructures, such as BNWSs, which is the
type of boron of one dimensional (1D) — nanostructures. Other examples are boron nanocones
(BNCs), boron nanofibers (BNFs), boron nanorods (BNRs) and boron nanoribbons (BNRBS).
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2.4 Purification and Centrifugation of single walled nanotubes

2.4.1 Purification and processing of SWNTSs

In all applications involving the use of single-walled nanotubes (SWNTS), it is assumed that
impurities such as metallic catalysts, e.g. nickel and cobalt, which are necessary for the
synthesis process, are removed. The purification and processing of SWNTs form a large
component in nanotube research. The research presented in the dissertation also involved the
purification and processing of SWNTSs. It is inevitable to sidestep the stage of purification and
processing in SWNTs. This should be applied to SWBNTSs to be useful in some of the
applications, such as in a sensing nanoelectronics device, electron emission nanodevices and
for nanoscale interconnect applications. Lastly, a summary of the purification technique of
sorting inhomogeneous nanomaterials containing SWNTSs is reported below.

2.4.2 Purification of SWNTs by centrifugation method

There are many reports and reviews on the purification of SWNTs. Many of them are
complicated and therefore, techniques that ease the purification process are favored. The use
of a centrifuge is one such technique. Haddon et al. showed that low-speed centrifugation
was effective in removing amorphous material [199]. In the experiments, the amorphous
material content is preferentially suspended in aqueous dispersions during low-speed
centrifugation of 2000 rpm, leaving the single-walled nanotubes (SWNTS) in the sediment.
This technique is an effective base on the (- potential which is the magnitude of the electrostatic
interaction between colloidal particles given as an index. The effectiveness of this technique is
built on the - potential which is an index of the magnitude of the electrostatic interaction
between colloidal particles. The (- potential becomes effective after the as-prepared material is
treated with acids to oxidize the metallic catalysts which leave a charge on the different
components. The suspension in each of these components attain a different (- potential and
acquire different mobilities due to electrostatic forces. The use of the centrifuge discriminates
between the different components in the suspension. A schematic of the purification process

by utilizing a centrifugation technique is shown in Figure 2.16.
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Figure 2.16: Shows a schematic of the resuspension-centrifugation-decantation cycle
for removal of heavy particles and purification of SWNTs [199].

A high centrifuge was found to be enriched with supernatant of SWNTSs and all the remnant
leftover formed the sediment. The reports about the effectiveness of the purification of SWNTs
by ultracentrifugation has been as high as 90% by some authors [199].

2.4.3 Sorting single-walled nanotubes (SWNTs) by the density gradient
Ultracentrifugation (DGU) technique

SWNTs vary in their diameter and chiral angle, and these physical variations result in striking
changes in thewr electronic and optical behavior. This has prevented thewr widespread
application i high-performance field-effect transistors, optoelectronic near-infrared emitters
detectors and chemical sensors. Efficient methods to sort SWNT material according to
electronic properties will be needed so that large quantities of these nanomaterials can be
produced which are monodisperse in their structure and properties [200]. Hersam et al.
developed a general approach for sorting SWNTSs by diameter, bandgap and electronic type for

both metallic and semiconducting, using the technique of density-gradient ultracentrifugation
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(DGU) [201]. This method which is scalable exploits the differences in the buoyant densities
of mass per volume, between SWNTs of different structures. In the technique, purification is
mduced by ultracentrifugation in a density gradient. In response to the resulting centripetal
force, particles sediment towards their respective buoyant densities and spatially separate in
the gradient.[202]. S5mg of as-prepared SWNTs material 1s dispersed by sonication in a
solution of a surfactant such as sodium cholate (SC). The solution is placed on top of an already
prepared linear gradient such as OptiPrep and ultracentrifuged at 250 000g for 12 hours. Figure
2.17 shows a solution of SWNTs that was ultracentrifuged in a linear gradient. The separation
1s made evident by the formation of colored bands of isolated SWNTs sorted by diameter and
bandgap. Bundles, aggregates, and insoluble material sediment formed at lower positions in

the gradient.
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Figure 2.17 Revealed the solution of SWNTs that was centrifuged in a linear gradient [199].

Small-diameter of about 0.7 to 1.1 nm of SWNTs encapsulated with a surfactant is sorted by
diameter, followed by DGU [203]. It was observed that smaller-diameter SWNTSs are more
buoyant and settled at higher points in the centrifuge tube. Larger diameter and bundled

SWNTs are less buoyant and settled at the lower parts in the centrifuge tube. Through the
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different observation of visible colors in the topmost band's parts which verified the sorting of
SWNT diameter. The different fractions of optical absorbance spectra were further confirmed
by sorting of SWNTSs diameter. Large-diameter ranges between 1.1 to 1.6 nm of SWNTs
encapsulated with a co-surfactant mixture are sorted according to electronic type followed by
DGU. Sorting by electronic type as metallic fractions are peaked in some region of the
absorbance spectrum which was confirmed by optical absorbance spectra, whereas
semiconducting fractions are peaked in the various regions of the absorbance spectrum.
Therefore, we must take note that M11 from Figure 2.17 stands for first-order optical
transitions for metallic of SWNTs and while the S22 and S33 represent the second-order and
third-order optical transitions for semiconducting of SWNTSs respectively [201].

2.5 Synthesis techniques of nanomaterials

2.5.1 Laser ablation (LA) technique

In a laser ablation technique, a high power YAG laser vaporizes carbon atoms from a catalyst
filled graphite target in a reactor held at 1200 °C to produce single-walled carbon nanotubes
(SWCNTs) n a flow of mert gas passed through the reactor to carry the grown nanotubes

downstream to be collected on a water-cooled copper collector [204], as shown in Figure

2.18 below.
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Figure 2.18: The schematic of the laser ablation technique apparatus and a high-power laser
which was directed on a graphite target and then vaporizing the graphite [204].
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The growth of high-quality SWNTSs at the 1-10 g scale coupled with an acid purification
process was achieved by Smalley and coworkers by this technique [205]. The laser ablation
technique is also the best method to synthesize single wall boron nitride nanotubes (SW-
BNNTS) in gram scale quantities [206]. The synthesis of SW- BNNTS is achieved by heating
a hexagonal boron nitride (h-BN) target using a continuous wave CO- laser under a partial
pressure of inert nitrogen (N2) gas [207]. The temperature at the surface of the target is 3,200
- 3,500K. The products obtained consist of an inhomogeneous mixture of nanotubes and
nanoparticles. The ratio of single wall to multiwall BNNTSs obtained is 4:1 and are either
isolated or organized in small bundles of 2-10 tubes with a diameter of 2 nm and lengths
exceeding 1pm [207].

2.5.2 Chemical Vapor Deposition (CVD) Technique
The first thermal CVD to synthesize multi-walled nanotubes (MWNTS) reported by Endo and

his research group in 1993 [208], was found to be a more energy-efficient lower temperature
and scalable method for the synthesis of SWNTSs. The experimental set-up for synthesizing
carbon nanotubes using CVD is shown in Figure 2.19. The CVD process for carbon nanotubes
uses gaseous hydrocarbons as carbon sources [209].  Gases like; methane (CH4), carbon

monoxide (CO) and acetylene (C2Hz) were used.

Figure 2.19: Schematic apparatus of a chemical vapor deposition (CVD) technique[209].
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The hydrocarbons flow through a quartz tube placed in a furnace at temperatures ranging from
700 °C to 1200 °C to decompose the source molecules to pure carbon over metallic nanoparticle
catalysts, such as Co, Ni or Fe alone or in combination with Mo [209]. The reaction times are
typically from minutes to hours, compared with extremely short reaction times at more than
3000 °C in the arc and laser ablation methods. The more controllable parameters such as
hydrocarbon molecules, transition metal catalyst, temperature, and pressure, in the CVD
process [210], makes it possible to control the type of the length and orientation of the growing
nanotubes together with in some cases their diameter [211]. The length of the growing
nanotubes can be controlled [212]. The controllability and scalability of CVD make it the
most promising approach for scale-up to commercial production [213]. This CVD technique
was extended to the other family of different approaches to make CNTSs, such as methane
chemical vapor deposition (MCVD) [208, 210], high-pressure catalytic decomposition of
carbon monoxide (HIPCO) [214], carbon monoxide chemical vapor deposition (COCVD)
[215], alcohol CVD [216] and plasma enhanced chemical vapor deposition (PECVD) [217].
In addition, CVD was used to synthesize boron nanotubes (BNTSs) as shown by Ciuparu et al
who reported the first synthesis of pure single-walled boron nanotubes (SWBNTS) in 2004 by
this method. BNTs were grown using gaseous BCls mixed with hydrogen as the boron source

and Mg as catalyst supported on nano-porous MCM-41 zeolite templates at 870 °C [120].

2.5.3 Ball Milling and Annealing Technique

A schematic structure of the ball milling is shown in Figure 2.20. The ball milling is another
alternative method of synthesizing nanomaterials, which involves the elemental boron under
an ammonia atmosphere, then followed by thermal annealing temperature at 1000-1200 °C
under the inert nitrogen gas. Through the technique, high productions of nanomaterials can be
synthesized at a low cost. High energy ball milling is required in the technique for the
implementation, to observe chemical reactions and structural changes in the precursor used
such as boron powder [218]. A schematic structure of the annealing process is shown in Figure
2.21.
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Figure 2.20: Schematic diagram of the ball milling technique [219]
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Figure 2.21: Schematic diagram of the annealing process[219].

The ball milling technique is performed for several days. When the ball milling is done, the

heat treatment followed it immediately, that is annealing procedure and the nanomaterials are
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synthesized from the initial precursor powder. The formation of iron contamination from the
ball milling also acts as a catalyst to the synthesis of nanomaterial [220].

2.5.4 Arc Discharge (AD) Technique

The arc discharge technique was first utilized to synthesize the Ceso fullerene in 1990 [221]. In
1991, a report was made by first observation of a multi-walled carbon nanotube (MWCNT) by
lijima of the NEC Laboratory in Japan through the arc discharge technique [123]. In 1992,
bulk quantities of MWCNTSs and purification were achieved by utilizing this technique [222].
A metal catalyst is needed for the synthesis of single-walled carbon nanotubes (SWCNTS) at
one of the electrodes of the arc discharge system. In 1993, Bethune and co-workers [223] and
lijima [224], were the first group that succeeded in synthesizing SWCNTSs, which was achieved
through the arc discharge technique. Boron-based nanotubes which are among the non - CNTs
were first synthesized by the arc discharge technique in 1995 [225]. Between the two graphite
electrodes in the arc discharge system, a hot plasma was established in a plasma of helium gas
ignited by high current, carbon atoms are evaporated and then possesses through opposing
carbon anode and cathode [226], where CNTSs are deposited on the cathode and ready for
collection. Figure 2.22 below, shown the schematic apparatus of an arc discharge technique

used for the synthesis of nanotubes.
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Inert Gas

Deposition
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Figure 2.22: Schematic apparatus of an arc discharge technique used for the production of
nanotubes[226].
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High temperatures are required for fullerene growth but are not necessary for nanotube
synthesis, which can be achieved at much lower temperatures by highly scalable chemical

vapor deposition techniques discussed before.

2.6 Characterization techniques
2.6.1 Raman Spectroscopy
In 1928, the Indian physicist Chandrasekhara Venkata Raman discovered the effect named

after him for which he won the Nobel Prize in Physics in 1930. His discovery was that when
light traverses a transparent material, some of the light that is deflected changes in wavelength,
as shown in Figure 2.23. This phenomenon now called Raman scattering, is the result of the
Raman effect which can be explained as follows: In Raman effect, when light is scattered from
a molecule or a solid, liquid or gas, most photons are elastically scattered called Rayleigh
scattering, such that the scattered photons have the same energy (that is frequency) and

wavelength as the incident photons.
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Figure 2.23: Shows the schematic apparatus of Raman Spectroscopy [227].

A small fraction of the scattered light, approximately 1 in 10 million photons are scattered by

an excitation in the molecule or solid, liquid or gas due to change in electron polarizability of
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the right symmetry, with the scattered photons having a frequency different from, and both
lower, with higher intensity and higher than, the frequency of the incident photons [228]. In
a gas, Raman scattering can occur with a change in vibrational, rotational or electronic energy
of a molecule, (see energy level in Figure 2.24 below). The vibrational Raman effect in solids

is primarily used for materials analysis.
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Figure 2.24 Shows the schematic illustration of the energy transitions involved in Raman
Spectroscopy [227].

There are two components in Raman scattering, Stokes scattering (downshifted in frequency)
and anti-Stokes scattering (upshifted in frequency) as shown in Figure 2.24. Because of its
higher frequency, only Stokes spectra are typically recorded. The interaction of light with
matter in a linear regime allows the absorption and emission of a photon precisely matching
the difference in energy levels of the interacting electron or electrons. The Raman effect
corresponds, in perturbation theory, to the absorption and subsequent emission of a photon via
an intermediate electronic state, having a virtual energy level. There are several possibilities,
such as, no energy exchange between the incident photons and the molecules (and hence no
Raman effect), energy exchanges occurring between the incident photons and the molecules
(the energy differences are equal to the differences of the vibrational and rotational energy
levels of the molecule), molecule absorbs energy: Stokes scattering (the resulting photon of
lower energy generates Stokes lines on the red side of the incident spectrum), and molecule

loses energy: anti-Stokes scattering (incident photons are shifted to the blue side of the
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spectrum, thus generating anti-Stokes lines). Raman spectra are typically expressed in
wavenumbers, which have units of inverse length. To convert between spectral wavelength and

wavenumbers of a shift in the Raman spectrum, the following relation can be utilized:

(2.4)

The Raman shift expressed in wavenumbers is given as Aw the excitation wavelength is Jo
and the wavelength of a Raman line is 1. Raman spectroscopy is widely used in chemistry
since vibrational information is specific to the chemical bonds and symmetry of molecules. It
provides a fingerprint by which the molecule can be identified. A typical Raman spectrum of
SWNTSs has three important features: low-frequency lines assigned to radial breathing modes
(RBM) of the nanotubes, intermediate frequency disorder-induced mode due to defects and/or
amorphous carbon on the nanotube sidewalls (D-peak), and a higher energy tangential mode
(G-peak). One should note that in the G-peak region there is shoulder also labeled as the G* -
peak due to the breakdown of the degeneracy of the G mode in graphite due to rolling up of
the graphene sheet. A more sensitive approach Surface Enhanced Raman Spectroscopy
(SERS) is used as a surface-sensitive technique that enhances Raman scattering by molecules
adsorbed on a nanostructured metal (typically gold or silver) surfaces. Under special
conditions, the enhancement factor can be as much as 10 to 10'* [229], which means that the
technique may be able to detect single molecules [230]. Measurement analysis was carried

out on a Jobin Yvon labramHRS800.

2.6.2 High-Resolution Transmission Electron Microscope (HRTEM)

Image formation in transmission electron microscopy is essential via a diffraction
phenomenon. A modern transmission electron microscope can be schematized as a three lens

system: an objective lens, an intermediate lens and a projector lens as shown in Figure 2.25.
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Figure 2.25: Schematic apparatus revealing the basic principle and components of the
HRTEM. [Source: Hebrew University of Jerusalem, cited April 10, 2018: Available from
https://www researchgate.net/publication/263849645]

The electron beam produced by an electron source is collimated by the condenser lens system
and scattered by the specimen. An image is formed in the image plane of the objective lens.
The selector aperture allows the selection of one area of the image which is then magnified by
the mtermediate lens [231]. The mtermediate lens is focused on the image plane of the
objective lens and an intermediate image is formed in the image plane of the intermediate lens.
This 1mage is the object for the projector lens which forms a final image on a fluorescent screen
or on the entrance plane of a recording device [232]. Measurement analysis was carried out on

a JOEL 2100 HRTEM.
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2.6.2.1 Selected Area Electron Diffraction (SAED)

An important principle in the operation of a TEM is the dual wave-particle nature of the

electron from the equation 2.5 below.
A L A

2
2n sina ZNA

(2.5)

Where ‘A’ 1s the wavelength, “‘NA’ is the numerical aperture of the instrument, and, ‘d’ is the
maximum resolution. The wavelength of the electrons is much smaller than the crystal spacings

mn a solid. Figure 2.26, shows a schematic drawing of the selected area electron diffraction.
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Figure 2.26: Shows the schematic of an HRTEM operating in the diffraction mode[233]

This means that the incident beam will produce electron diffraction patterns strongly dependent
on crystal structure and orientation mn a sample. A region of a specimen can be selected for
examination using an aperture as shown in Figure 2.26 to obtain selected area electron
diffraction (SAED). This 1s important for polycrystalline specimens where more than one
crystallite can contribute to the diffraction pattern. SAED of nanoparticles or nanocrystals gives

ring patterns analogous to those from X-rays and can be used to discriminate nanocrystalline
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from amorphous phases present in the sample. Largely amorphous samples will give rise to
broad or diffuse ring patterns. SAED has numerous advantages in comparison to comparable
diffraction techniques. Unlike X-ray diffraction, which typically lacks the ability to focus on
precise areas of a sample, an electron diffraction pattern can be taken from an area as small as
4 nm?2. This allows for spatially located crystallographic information. An example of the
utilization of this ability would be if one had a composite material that was a mixture of several
different morphologies and structures, such as nanowires mixed with nanoparticles of a
different structure. In a TEM, one can determine the structure for each morphology separately
and image the area under examination [233]. This would not be possible in an X-ray diffraction
experiment. The interaction with matter is also much stronger with focused electron beams,
which means electron diffraction can be used to generate useful information much more
quickly if the sample remains stable in a high energy electron beam. The imaging and the
diffraction modes in a TEM are shown in Figure 2.25 and 2.26 respectively. In SAED, a
parallel beam of electrons is used to create a diffraction pattern, but in convergent beam
electron diffraction (CBED), a convergent cone of electrons is used. The advantage of the
CBED is that multiple angles of incidence are used simultaneously, providing 3-D analysis of
the crystal. CBED can be far more difficult to interpret than SAED and is only used for

appropriate situations.

2.6.3 Scanning Electron Microscopy (SEM)

A Scanning Electron Microscope (SEM) works by using electromagnetic lenses to focus an
electron beam into a probe [234]. This probe is then scanned in a raster pattern across the
sample. As the electrons travel through the sample they collide inelastically and generate
secondary electrons. The secondary electrons can then escape the surface of the material and
be collected by the detector using a bias voltage to attract them. The intensity of emission is
measured at every point by collecting the emitted secondary electrons. The intensity recorded
at each point is used to form an image by representing each collection point as a pixel. Figure

2.27, shows a schematic drawing of the electron and X-ray optics on a combined SEM-EPMA.
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Figure 2.27: Schematic diagram of the basic components of a scanning electron

microscope[235]

Because more electrons can escape from the edges of samples, 1.e. there is a shorter distance to
travel before they escape mto the vacuum, there is a difference i contrast and this can be used
to form an image of surface topography. Due to the vast number of incoming electrons, it is
possible for a charge to build up if the sample is not sufficiently conducting. The build-up of
charge on a sample is undesirable as it makes it hard to image the sample at high resolution
and the contrast continuously changes. The SEM is useful for looking at bulk material, it 1s
quite surface sensitive but does permeate into the sample to some extent [234]. The depth of
penetration can be changed by varying the acceleration voltage. Different accelerating voltages
can be used for different purposes. The morphology and composition of boron nanomaterials
synthesized placed on carbon paper coated with gold, were characterized by ZEISS Ultra Plus
field-emission scanning electron microscopy (FESEM) operated at 10 keV and EDX was taken
at a voltage of 20 keV.
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2.6.3.1 Energy Dispersive X-ray Spectroscopy (EDS/EDX)

Energy Dispersive X-ray (EDX) analysis is a technique that uses the characteristic emission of
X-rays from atoms as the electrons drop into lower orbitals. As high energy electrons pass
through the sample, they collide with the electrons orbiting atoms in the sample [236]. Ifan
electron manages to displace an inner shell electron from an atom an electron from a higher
electron orbit will drop into the vacant position emitting an X-ray. These X-rays are constantly
emitted and can be detected for use in chemical analysis. Each energy gap is different and
therefore will produce an X-ray with a unique energy. The energy is measured by the detector
and compared to known values of element-specific X-rays. In this way elements present in a
specimen can be identified. The abundance of the element can be found by tallying the counts
at these specific energies. If EDX is used in conjunction with a scanning probe then the
elements at a specific location can be identified or regions of the same element mapped [220].
The accuracy of EDX is limited by the skin depth of the electrons as X-rays can be produced
anywhere within the sample that the electrons can penetrate to. The detector can only capture
a small number of X-rays due to the uniform angular distribution of emission and the fact that
X-rays cannot be focused by lenses. As a rule of operation, the accelerating voltage of the
electron gun should be at least twice the value of the characteristic X-ray you wish to observe.

This is to make sure that the excitation of the electron can take place

2.6.4 X-Ray Diffraction (XRD)

The diffraction parameters of an X-ray beam diffracted from a crystalline phase is shown in
Figure 2.28. The X-ray diffraction is one of the most popular non-destructive analytical
techniques, which allows determining the phase composition and crystal structure of the
material. X-rays are electromagnetic waves with wavelengths from 0.01 nm to 10 nm. There
are two most common ways to produce X-rays: X-ray tubes and synchrotrons. In an X-ray tube,
X-rays are generated by bombarding a target of a suitable material with a focused electron
beam. In synchrotrons, high-energy electrons are deflected by electromagnetic fields, yielding
X-ray emission. X-ray diffraction technique is based on the scattering of X-rays by electrons,
which is also known as Thomson scattering. It occurs since the electron oscillates in the electric
field of the incoming X-ray beam and an oscillating electric charge radiates electromagnetic

waves. X-rays are radiated from the electron at the same frequency as the primary beam.
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Figure 2.28: Diffraction of the X-ray beam from a crystalline material[237].

As a consequence of the regular arrangement of the atoms in solid matter, a coherent scattering
of the X-rays at the atoms results in a constructive interference from the reflections of the
atomic planes at certamm well-defined angles [238]. The positions of the reflections are
calculated using optical path difference 2s with s = dsinf. Maxima is produced for integral
multiples of A. It results in Bragg’s law, which gives the geometrical conditions under which a

diffracted beam can be observed:

2dsimé =n 4 (2.6)

where,

0: an angle between the incident and reflected x - rays.
d: interplanar distance between the crystal planes

A: the wavelength of the X-rays; commonly CuKa

and ‘n’ accounts for the order of diffraction.

Every d has corresponding indices in the reciprocal space 7, &k, /. A measuring array of
mtensities with the corresponding /747 makes possible to determine the structure parameters,
the unit cell and solve the structure [237]. In the present work, X-ray diffraction techniques
were used for the phase identification and the structure solution. Boron is a light element, which
makes it be a weak X-rays scattered. Therefore, acquiring data of acceptable quality requires a

long exposure time of the order of 12 hours. Another solution could be to increase beam
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intensity, which is possible using synchrotron radiation. The synchrotron radiation is produced
by the acceleration of electrons in a very large circle by an external electromagnetic field. The
energy of accelerated electrons could reach 8 GeV. Electrons emit very intense electromagnetic
radiation with a continuous spectrum from the far infrared to the y-ray region, called
synchrotron radiation. Synchrotron radiation has extremely low beam divergence, strong
polarization, and it is emitted in very short pulses, typically less than a nano-second. Using
such radiation, it is possible to study very small samples in a very short time [237]. Selection
of single crystals and preliminary structural analysis was carried out on a high-brilliance
diffractometer Bruker D8 advance equipped with Cu x-ray tube (1 =1.54056A) and VANTEC
detector.

2.6.5 Ultraviolet-Visible (UV — VIS) spectroscopy

The schematic diagram of a simple dual beam UV-VIS spectroscopy is shown in Figure 2.29.
The UV-VIS is one of the basic techniques to characterize the properties of nanomaterials
through the interaction with light. This is to measure how much light is reflected, transmitted
or absorbed by these nanomaterials. The incident photons create atomic or charge movements
in the nanomaterials when the nanomaterials absorbed light. When the absorption as a function
of energy is measured, an insight into its electronic and atomic structures of nanomaterials is

observed.

Figure 2.29: The schematic diagram of ultraviolet-visible spectroscopy[239].
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The phonons and electron transitions of the materials were affected through the morphology,
stress, temperature, and contact with other materials. All these modified the materials light
absorption in many ways. This is important because it enables us to know more about the
nanomaterials properties through the measurement of its absorption spectrum. All the variables
concerned need to be monitored during the experiments. The instrument is used to measure the
mtensity of transmitted and reflected light. The spectral range covered from the near ultraviolet
(A-200 nm) to the near infra-red (A-3pm). Measurement analysis was carried out on a Perkin

Elmer precisely, Lambda 35, UV-VIS spectrometer.

2.6.6 Photoluminescence (PL)

The schematic diagram of a photoluminescence measurement system is shown in Figure 2.30.
The report of the application of the photoluminescence (PL) technique to the study of single-
walled carbon nanotubes (SWCNTSs) dates to 2002. In the intervening half-decade, there has
been tremendous progress in this area. This has included many fundamental studies of SWCNT
photoluminescence as a basic characterization tool [240]. The term, photoluminescence
describes any process in which light is absorbed by a medium to generate an excited state, and

then re-emission of light of lower frequency upon recombination to a ground state.
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Figure 2.30: Shows the schematic diagram of the PL measurement system [241].
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The currently accepted of PL in SWCNT, electron-hole pairs are created in the form of
excitons, which are subsequently annihilated with the emission of photons. SWCNTSs have a
huge potential of being applied in technologically advanced applications. A major obstacle to
such efforts has been the diversity of tube diameters, chiral angles, lengths and aggregation in
nanotube samples obtained. PL has become an important tool in measuring a fraction of the
total population where this fraction represents all semiconducting tubes. The seminal paper by
Bachilo et al [242], laid the groundwork for use of PL to determine chiral indices (n, m) of
semiconducting nanotubes and became the basis for the software program called Nanosizer
[243]. Measurement analysis was carried out on a Perkin Elmer precisely, LS 55, Fluorescence

spectrometer.
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Chapter 3
3. The Laser synthesis of single-walled boron nanotube

3.1 Preparation of laser ablated target

In preparation for single-walled boron nanotubes (SWBNTS) synthesis, two different targets
were made each from hexagonal boron nitride (h-BN) and boron powder (Sigma Aldrich
99.99% purity), and a small percentage of metallic catalysts such as nickel (11) nitrate
hexahydrate crystal [Ni(NOz)2.6H20] and cobalt (11) nitrate hexahydrate crystal
[Co(NOs3)..6H20]. The productivity of the synthesis is dependent on the type of metal catalysts
selected [244, 245], the amounts of catalysts, the catalyst size, and the correctly chosen
catalysts [246, 247]. The percentage of total catalyst contribution should not be more than 10%
from literature and is generally kept below 5% [248]. The use of an excessive catalyst create
difficulties in the purification process and the catalysts used must be removed for better
applications in advanced nanoelectronics [248]. The use of bimetallic catalysts produced good
qualities and higher yields of BNTs. Two different metal nitrate catalysts were used, which
were transition metals. For a successful durable target to hold together during ablation in the
furnace at high temperature, a binder product called boron oxide (B203) must be utilized. This
boron oxide material was utilized as the bonding agent. Table 3.1 shows a proportion to make
a target to give a final ratio of 97.5% BN:1% Ni:1% Co: 0.5% B0z and 97.5% B: 1% Ni: 1%
Co: 0.5% B203 in the study. The preparations of the targets were made in this way. Once the
correct mixture was prepared, the target was hot pressed in a piston and sleeve apparatus made
by stainless steel, to avoid contamination with the target prepared when putting in the vacuum
oven. To prevent air entering, a piston and sleeve were bolted tightly and cured at 150 °C
(423K) in a vacuum oven for 24 hours. The oven was switched off and allowed to cool down
at room temperature. The sleeve was removed, and the hard target hexagonal boron
nitride/boron metal catalysts were carefully forced out of the piston with the help of a jack.
The target was fixed to a 6.4 mm diameter a stainless-steel tube and positioned at the center of
a larger quartz tube (see Figure 3.2) with the help of a small stainless-steel holder. The target
was baked at 1000 °C for 4 hours to allow out-gassing of all unwanted chemicals, so that a
final target composition can be achieved such as, 97.5%BN:1% Ni:1% Co: 0.5% B,0Os and
97.5% B: 1% Ni: 1% Co: 0.5% B20s. In Table 3.1, the details of the target compositions used

in the research were provided.
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Table 3.1: Revealed the chemical composition hexagonal boron nitride/boron powder metal
catalyst targets used in the research

S/N Target Boron nitride | Catalysts content at % | Binder (B2053)
symbol content at % content at %

1 BN 97.5% 1% Ni, 1% Co 0.5%
Target Boron powder | Catalysts content at % | Binder (B20s)
symbol Content at % Content at %

2 B 97.5% 1%Ni, 1% Co 0.5%

3.2 Experimental design for a laser synthesis of SWBNTS.

3.2.1 Equipment for the synthesis of BNTs

In the first place, the arrangement of the apparatus to synthesize BNTs was guided by the early
reports of some authors, like Ciuparu et al. [120], Patel et al.[249, 250], Yang et al.[198] and
Liu et al. [126, 251]. During the period 2004 to 2018, various experimental setups and types
of equipment were utilized to synthesize BNTs. The significant parts of the equipment used in

the research are enumerated below:

3.2.1.1 A pulsed Q-switched Nd: YAG laser
A pulsed Q-switched Nd: YAG laser operated at a pulse repetition frequency of 10 Hz was

utilized. The wavelength was 1064 nm and the laser frequency was also doubled to produce
532 nm pulses separated temporarily by about 20 ns from the fundamental operating

wavelength. The full specification details about the laser utilized are shown in Table 3.2 below.

Table 3.2: Shows the specification of laser and properties of the beam at which the laser
exists the aperture

AQ —switched Nd: YAG Laser 1064 nm 532 nm
Pulse energy (mJ) 250 450
Average power at 10 Hz (W) 7.5 12.5
Pulse width (ns) 10 8
Energy density (J/cm?) 7.24 6.58
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3.2.1.2 A Carbolite Furnace with three different temperature zones

The laser ablation took place inside a sealed quartz tube located in a tube furnace (see Figure
3.2). The furnace was 1.2 m long, of the hinged type and produced by Carbolite. This can
accommodate a quartz tube of 50 mm outer diameter (OD) and 45 mm inner diameter (ID). It
contained three proportion integral derivatives (PID) which controlled the temperature zones
divided equally over the length of the furnace. Each zone could be operated independently. It
was designed in such a way that, it ensured a uniform temperature for a total length of 1.1 m
with a small drop in temperature at both the ends of the tube. The furnace temperature was
stable between 600 °C and 1100 °C during the operating system. For all the experiments, the

furnace was operated between 1000 °C and 1100 °C, in increments of 100 °C.

3.2.1.3 Pressure control, Mass Flow control, and vacuum systems

Agilent DS 202, which is a standard rotary pump was utilized to evacuate the system to a base
pressure of 102 mbar. Each experiment performed was filled with high purity nitrogen or argon
of 5.0 gas. While the vacuum pump was in operation, nitrogen or argon gas flow and pressure
were set and kept constant to specified values. It was done by utilizing the MKS 247 D

controller with an MKS 640 pressure transducer and a Mass Flow controller device.

3.2.1.4 Optical and mechanical components with motion assistant software

A set of specially coated optical mirrors were utilized to steer the laser beams from the laser
towards the position of the target in the furnace. The set of laser mirrors were 50.6 mm in
diameter and manufactured by Newport by making use of BK7 glass. These mirrors had optical
coatings that were only reflective at an angle of 45° for 532 nm or 1064 nm, also they could
reflect both wavelengths equally. A set of specially made mirrors with dielectric coatings were
utilized to combine 532 and 1064 nm beams from different optical paths. In other to avoid
optical destruction, all the mirrors were coated to withstand a high laser damage threshold (>
10J:cm™).
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3.2.2 Description of the experimental setup and experimental conditions for

boron nanotubes

A schematic diagram of the experimental set up used to synthesize BNTSs is shown in Figure
3.1. The laser and furnace were installed on purpose-built tables to accommodate an optical
breadboard. The optical tables are sandwiched by 5 mm stainless steel plates with honeycomb
internal structure which keeps the vibrations to a minimum which is an important feature in the
laser-optical experiment. The breadboards were designed with holes threaded for M6 bolts and
which were separated 25 mm apart from each other. This made it easier to bolt down
optomechanical components to ensure that the laser optical beam path was always kept aligned.
The furnace and laser were situated parallel and adjacent to each other to keep the optical beam
path of the laser beams entering the furnace as soon as possible without any deflection of the
laser beams. The set of laser mirrors with anti-reflective (AR) coatings for 532 nm and 1064
nm laser pulses was used to steer the laser beams towards the center of the furnace. All these
mirrors were made for 45° reflections and were carefully located with respect to the incident
laser pulses in all occasions. In case of laser safety precautions which are customary when a
Class 4 pulsed infrared Nd: YAG laser is utilized, an alignment laser was used to correctly
position the laser mirrors. In the first step, the alignment laser itself was positioned parallel to
the main laser. In the second step, the alignment laser was "coupled™ to the main laser in a such
a way that it was made collinear with the pulsed lasers beams of the main Nd: YAG laser. This
is to ensure that the path taken by the alignment laser was the same as that of the pulsed lasers.
This alignment procedure could only be done with pulsed Nd: YAG laser operating in a very
low energy mode. For safety, this was significant since the Infra-Red laser beam is
imperceptible to the naked eye and its positional status needs to be known at every point in
time. All optics and positioning of the target in the furnace were accomplished using the
alignment laser. An internal second harmonic generator converted the fundamental wavelength
from 1064 nm to 532 nm via a non-linear optical process and not all the 1064 nm pulse energy
was converted. The depleted fundamental beam was important in energy and useful, it was
transmitted out of the laser through the 1064 nm exit aperture shown by the purple line in
Figure 3.1. The new 532 nm laser pulses, indicated by the green line, took a slightly longer
optical path but eventually became collinear with the1064 nm beam with the use of dielectric
mirrors, which are labeled DM in Figure 3.1. Combined beams of 1064 and 532 nm were
steered towards a motorized mirror that was highly reflective for both beams. The mirrors
focused the beam into the vacuum sealed quartz tube and the quartz tube was maintained
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horizontally in the furnace 1.2 min length. The longitudinal axis of the 50 mm outer diameter
(OD) quartz tube was collinear with the incoming laser pulses. The laser pulses passed through
the quartz tube through a window specially made with an optomechanical mount machined
aluminum at Brewster’s angle of 54° to the vertical axis. The quartz window fitted was 50 mm
in diameter, and 3 mm thick. This window required dual anti-reflecting (AR) coatings for both
532 nm and 1064 nm. The main purpose of having the entrance at Brewster’s angle was to
minimize reflections at the window interface [252]. At both ends of the quartz tube, automated
vacuum fittings were utilized. These provided a very good vacuum seal at both the ends of the
quartz tube. Inside the larger quartz tube, the second smaller quartz tube was mounted
coaxially. This smaller quartz tube served the purpose of being a gas flow tube and which
allowed more laminar gas flow. If no smaller quartz tube had been used, this may not have

been possible.

Table 3.3: Experimental conditions under which both the hexagonal boron nitride (h-BN)
and boron composite targets was ablated during the synthesis by laser ablation technique

Target Pressure Flow rate Temperature | Type of products
label (Torr) (sccm) (°C)
BN 400 200 1100 Nanotubes
BN 1000 500 1100 Bamboo nanotubes
BN 400 400 1000 Nanowires
BN 400 200 1000 Nanorods
B 400 200 1100 Nanotubes

The smaller quartz tube had an inner diameter (ID) of 24 mm and it was supported by graphite
rings. The target was placed towards the center of the furnace by a stainless steel 6.5 mm tube
and made to face the incoming laser pulses. This stainless-steel tube extended from the back
of the larger quartz tube. It was supported by a graphite rod through which a hole was drilled
for the target holder tube to pass through. The distance between the end of the smaller quartz
tube and the target surface was 25 mm. The diameter of each target made was 25 mm and
length 40 mm. It was slightly greater than the inner diameter of the smaller quartz tube. The
nitrogen or argon gas acted as a buffer that slows down the plasma plume which gives room
for conditions under which BNTs is synthesized. The second purpose of this gas was to transfer
the BNTSs to the rear of the larger quartz tube where they would have deposited in the cooler

region for collection.
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Figure 3.1: Experimental set up for the synthesis of boron nanotubes by the double pulsed

laser furnace method [253]
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For the easiest in-flow and outflow of nitrogen or argon gas, a gas connection was fitted to the
front-end and back-end of the larger quartz tube respectively. Nitrogen or argon gas flow rate
and pressure was controlled by an MKS Type 247D system consisting of a Mass-Flow GE50A
type and pressure controller MKS Type 640B transducer, respectively. The laser was used to
raster the target surface for about 60 minutes to synthesize as-prepared material consisting of
significantly huge amounts of BNTs, by means of motion controlled steering mirrors. Before
the entrance of the quartz tube, these mirrors were placed. The system needs to be cooled
down, after each experiment. The as-synthesized BNTs product was scrapped off the inside
back-end of the larger and front-end of the smaller quartz tube into the petri dish, with the help

of a spatula and prepared for the characterizations as shown in Figure 3.8.

3.3 Conditions under which hexagonal boron nitride and boron composite
targets were ablated by DPLA.

3.3.1 Carbolite furnace, nitrogen and argon gas flow conditions

The furnace temperature plays a significant role in the synthesis of the single-walled boron
nanotubes, since the nucleation procedure is driven by the energetics of precursors [254]. The
flow rate and pressure of nitrogen or argon gas used have some roles to play in the plasma
plume dynamic. It also has an influence on the formation of different types of nanotubes

families that formed [244]. Table 3.3 revealed the conditions under which the targets were

ablated during the period of the experiment.

3.3.2 Operational system in the experiment.

The mounted target was positioned at the center of the furnace inside the bigger quartz tube
with the help rod a stainless-steel of 1/4 inch in diameter and one meter long as shown in the
photograph in Figure 3.2. The support stainless-steel rod could slide back and forth, to enable
the target to be positioned 25 mm from the end of the inner quartz flow tube. The He-Ne laser
was utilized to make sure that the target was centered. At the front-end of the outer quartz tube,
the inner quartz tube was carefully put through, and it is supported by graphite rings, follow by
the Brewster window (BW), which was carefully fitted and clamped with automated vacuum
fittings (AVFs). The inlet nitrogen or argon gas was connected to the Brewster window with

the aid of a black rubber flexible tube, as shown in Figure 3.3.
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Figure 3.2: A photograph of experimental set up for the synthesis of boron nanomaterials
(BNMs) by the double pulsed laser ablation technique inside the carbolite furnace.

Inlet nitrogen gas

Figure 3.3: Photograph showing the front-end of quartz, the Brewster window from the side
and the inlet gas connection.
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The target was correctly positioned inside the iner quartz tube. The nut used for securing the
support rod at the back of the vacuum flanges, shown in Figure 3.4. was tightened and
connected to the vacuum system to pump down the entire quartz tube to a base pressure of 10
2 mbar using the Agilent DS202 rotary vein pump. After the system had been pumped down,
using the Agilent DS202 rotary vein pump, furnace was closed and switched on to the high
temperature. Whenever a new target was synthesized, it must be completely outgassed of all

impurities, such as Oz, NO», CHs, H> and other gaseous compounds.
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Automated vaccur

fittings
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rod

Figure 3.4: Photograph showing the back-end of the quartz tube, the clamping of the target,
support rod and connection with the vacuum system.

The product boron oxide (B203) was used as a binder and alcohol was used to dissolve
catalysts. To do this, the outgassing proceeded with the vacuum pump on but performed in a
flow of nitrogen or argon gas, to evacuate outgassed products quickly. The temperature was
slowly increased in steps of 100 °C up to operating temperature. This was held for about 60
minutes for each setting. This enabled the outgassing to proceed in a perfect controlled situation
in the experiment. This must be strictly followed, if not, the target would have been shattered,
due to the excessive and sudden outgassing. In all cases, a new target would require an

approximately of Shours of outgassing before it could be synthesized. After this stage, the flow
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rate of gas and pressure (with MFC and MKS 247D respectively) was set through the help of
software in the desktop computer for operating conditions mentioned in Table 3.3. This was
done to get the lamps and Nd: Y AG laser rods warmed up to operating temperature level. After
sixty minutes of warming up the system achieves better results. A further thirty minutes, the
laser was operated in free running mode. The system was ready to start ablating the target
which was already being placed inside the quartz tube. The pressure and flow rate settings were
double-checked frequently to be sure of the initial settings prior to the experiment being started.
The alignment of the laser entering the furnace through the Brewster window was double-
checked by operating the laser at a lower energy level as shown from the laboratory in Figure
3.5. Motion assistant written in Labview as a small software was used to control the motion of
the beam passing through the steering windows which allowed the target to be scanned and
raster evenly distributed throughout the period of experiments. When the motion of the mirrors
was happening, this laser was immediately switched on to full power level.  For safety
precautions, it was necessary to make sure that the entire system operation was constantly
checked at every point in time. Most especially, the laser runs should be of thirty minutes’
duration.

Figure 3.5: Shows the photograph of the laser ablation experimental laboratory
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The following important factors were constantly monitored during the time of experiment:

1) PRESSURE: An increased pressure in the system may lead to a leak, a damaged laser
entrance window or a clogged vacuum system. When the pressure drops this may be caused by
a depleted gas supply. All these need to be put into consideration for the system to run
smoothly.

2) TEMPERATURE: The effect of furnace temperature has so many roles to play in the
system operation. If the temperature is insufficient or more than required, it may prevent the

nucleation of nanotubes.

3) NOISE: The unusual noise that increased in pitch was normally associated with increasing
damage on the laser entrance window. This must be normalized before and during the time of

the experiments.

It was good to have the entire gas line from the quartz tube to the vacuum pump, including the
MKS mass flow and pressure transducers. We need to provide continuous monitoring and
frequent cleaning to obtain accurate readings from the instruments used. From the observation,
good quality nanotubes could escape from the quartz tube and block the system. A cold trap
with a cellulose filter was fixed into the cold trap connected to the vacuum pump line, at the
back-end of the quartz tube to rectify this problem. This will surely solve the problem
completely without having any clog in the tube line. Some materials will be trapped on this
filter, which is going to be useful. For sixty minutes of continuous ablation in the system, the
laser will be stopped. The furnace will be switched off as well and allow it to cool down to
room temperature. The deposited as-prepared BNTs inside the quartz tube will be collected.

Material synthesized in the hot zone will be collected and specially analyzed.
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Figure 3.6: BNTs synthesized in the hot zone. The material was carried to the back and
condensed on cooler sections of the quartz tube and appeared like a dark deposit. The as-
prepared sample was collected over a period of 40 minutes after the experiment.

Figure 3.7: A removed vacuum flange revealing the as-prepared sample of BNTSs.
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Figure 3.8: A typical sample of t'he'asv-prepared s.'émple synthesized scrapped from the
insides of the quartz tube and collected in a petri dish for analyses.

Although some will be carried to the back-end and condensed on the cooler sections of the
quartz tube, as shown in Figure 3.6, some will be found at the front-end of the smaller quartz
tube as it can be observed from the experiment set up in Figure 3.1. After the furnace had
cooled to room temperature the vacuum flange holding the target support rod at the back-end
of the quartz tube will be carefully removed to get the as-prepared BNTs sample, as shown in
Figure 3.7. At this point for proper safety, the use of surgical powder, free gloves are required
as well as with a face mask which was also mandatory during the period of collection. The
whitish or dark brown as-prepared deposited material will be removed scraping it off by using
a rod Teflon disc of diameter 40 mm, as shown in Figure 3.8. With this method, it is going to
be easy to remove the sample from the inside wall of the quartz tube. A typical sample of
material that will be collected from the synthesis process will be analyzed and characterized,
by the following techniques. The FESEM was used to investigate the morphologies of the as-
prepared products. Characterization of the structures of boron nanotubes was observed before
and after centrifugation with the help of HRTEM. The EDX spectroscopy analyses were
performed to analyze the chemical and phase composition of the as-prepared materials. The
XRD was utilized to confirm the phase formation of the as-prepared samples. Through the PL,
the emission and excitation wavelength, and intrinsic and artificial defects in the materials were
observed. Absorption wavelength by UV-VIS was observed. We employed RAMAN
spectroscopy to probe the structural nature of the as-prepared samples. Information on the
chemical nature of the bonds, vibration behavior of atoms in the nanostructures as well as
bonding symmetry can be obtained from the spectra. Particularly in the case of nanotubes, low

frequency, radial breathing mode (RBM) and longitudinal and tangential modes were observed.
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3.3.3 Main points on synthesized as-prepared samples by DPLA method

3.3.3.1 The sample key of labeling

The different experiments were conducted under different conditions through which the

samples were synthesized. Important to identify and label the conditions that will enable us to

identify the conditions under which each sample was synthesized. The identification labeling

was introduced with some important parameters, such as target description, furnace

temperature, nitrogen or argon gas pressure, nitrogen or argon gas flow, the position at which

the sample was collected and the number of the experiment. For instance: BN/B P400 F200
T1100 B E1. Therefore, is identified as follows,

The first label with two or one alphabet letter(s) BN / B and corresponding to the label
of the targets as shown in Table 3.3.

P, the alphabet represents the pressure, then followed by the number which was the
digits of the gas pressure utilized in the synthesis.

The F, the alphabet indicated the gas flow, then followed by the number which was the
digits of the gas flow rate selected in the synthesis.

The alphabet, T, stands for the temperature and the digits’ numbers represent the
furnace temperature used in the synthesis.

The B, alphabet referred to the as-produced material collected at the back — end of the
quartz tube.

The last alphabet E stands for the experiment and then followed by a number which

indicated the number of the experiment. See Table 3.4 below for tabulation:

Table 3.4 A summary of as-prepared BNMs samples synthesized by utilizing Target BN / B

Target BN Temperature 1100 °C
Experiment (E) Mass
Pressure (Torr) Flow (sccm) Sample (mg)
400 200 BN 400P 200F 1100T B E1 175
1000 500 BN 1000P 500F 1100T BE2 100
400 400 BN 400P 400F 1000T B E3 98
400 200 BN 400P 200F 1000T B E4 75
Target B Temperature 1100 °C
Experiment (E) Mass
Pressure (Torr) Flow (sccm) Sample (mg)
400 200 B 400P 200F 1100T B E1 120
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4. Boron nanomaterials synthesized by using a boron nitride (BN) target

4.1 Characterization of BNMs by SEM

The SEM images of samples prepared from laser ablation of a hexagonal boron nitride target
mixed with a 1% Co and 1% Ni are shown in Figure 4.1 (a)-(d). The flow of nitrogen gas was
monitored at different flow rates and pressures while the furnace temperature was set at 1000
°C and 1100 °C. For each experiment, the synthesized materials were scraped off as thin films
coated on the inside walls at the end of the outer quartz tube. The SEM studies on these samples
revealed a very high yield of different kind of nanostructures, such as (a) ‘worm-like’, (b)
‘fibrous like’, (c) ‘spaghetti-like’ and ‘pebble stick like’ nanostructures under nitrogen gas at a
pressure of 400 to 1000 Torr and at flowrates of 200 to 500 sccm. The high yield is probably
because the nitrogen pressure at 400 to 1000 Torr and the flow rate of 200 to 500 sccm restricted
the expansion of the vapour plume thereby reduces the rapid decrease in a temperature of the
plasma plume due to adiabatic expansion. These results are good compared with the results
reported by Wang et al.[255] and Zhang et al.[148]. At 400 Torr and constant flow rates of
200 sccm the SEM image of Figure 4.1(a) shown presence of single-walled boron nanotubes
(SWBNTS) in sample BN 400P 200F 1100T. At 400 Torr irrespective of the flow rates, the
SEM images of Figure 4.1(c) and (d) showed excess boron nanowires (BNWs) and boron
nanorods (BNRS) respectively. This is probably since an increase in pressure results in high
collision probabilities of the evaporated species with the ambient gas molecules and therefore
leads to an increase in the probability of catalytic sites. This is clearly shown in the SEM images
where more boron nanostructures were observed. It was also observed that, at a pressure of
400 and 1000 Torr, the ablated material traveled backward up along the larger quartz tube. This
means that a pressure and flow of the nitrogen gas was sufficient enough to confine the
constituents of the plasma plume, that is, the momentum of the plume was lower than that of
nitrogen gas. In this instance, the catalysis action and the condensing of the boron plasma plume

into tubes are increased.
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Figure 4.1: Shown SEM images obtained using h - BN target at a different pressure, flow rate
and temperature with a high yield of a different kind of boron nanomaterials (a) BN 400P 200F
1100T, showed ‘worms like’ nanostructures (b) BN 1000P 500F 1100T, showed fibrous boron
nanomaterials (c) BN 400P 400F 10007, showed ‘spaghetti-like’ nanostructures and (d) BN
400P 200F 1000T, showed ‘pebbles like sticks’ nanostructures.

79



RESULTS AND DISCUSSIONS

Briefly, SEM was utilized to measure the quality of the different nanomaterials (i.e. nanotubes,
nanowires, nanorods, and bamboo-like nanotubes) that was synthesized under extreme
synthesis conditions. These measurements were qualitative in nature since it was not possible
to determine with certainty, for example, the ability of SEM to differentiate between samples
where the synthesis conditions were almost the same. SEM and transmission electron
microscopy (TEM) are two analytical techniques commonly utilized to visually reveal the
nanotube contents. SEM analysis of as-prepared nanomaterials collected from ablating the BN
target in a 400 sccm, flow of nitrogen gas, at a pressure of 400 Torr in a furnace operating at
1000 °C, showed "spaghetti-like" nanostructures (Figure 4.1 (c)). Under nearly ideal
conditions, SEM analysis of sample BN 400P 200F 1000T (Figure 4.1(d)) showed "pebble
stick like™ nanostructures had formed. When sample BN 400P 200F 1000T was sonicated in
ethanol, then dried, SEM images showed nanorods. SEM in Figure 4.1 (a) showed the
formation of ‘worms like’ nanostructures. In Figure 4.1 (b), SEM analysis of the as-prepared
sample collected from ablating the h-BN target in a 500 sccm flow of nitrogen gas at a pressure
of 1000 Torr in a furnace operating at 1100 °C, showed ‘fibrous like’ nanostructured. SEM
analysis of sample BN 400P 400F 1000T and BN 400P 200F 1100T in Figure 4.1(c) and 4.1(a)
respectively showed ‘spaghetti-like’ and ‘worm-like’ nanostructures but the structures in
Figure 4.1 (a) is much bigger than structures in Figure 4.1 (c). This might be due to different
temperature and flow rate used. With SEM analyses, the individualize boron nanostructures is
not possible, unlike HRTEM, due to the resolution limit of the instruments. This correlates
very well with SEM and HRTEM spectra of the samples as shown in Figure 4.1 (a-d) and 4.2
(a-d). For instance, at a pressure of 400 and 1000 Torr, more of single-walled boron nanotubes
and boron nanostructures was found increasing more rapidly other than any pressure used
below 400 Torr. At 400 Torr pressures, 200 sccm flow rate and 1100 °C furnace temperature,

the SEM and HRTEM spectra revealed a very high yield of single-walled boron nanotubes.
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4.2 Transmission Electron Microscopy (TEM) Analysis

A high-resolution transmission electron microscopy (HRTEM) is a very powerful instrument
i boron nanomaterials research. The HRTEM mstrument is far superior to that of a SEM.
HRTEM can distinguish between single-walled boron nanotubes, double - walled boron
nanotubes, multi-walled boron nanotubes, fibers, and other boron-based nanomaterials. The
sample preparation method used in the HRTEM investigations was described in Chapter Three.
Figure 4.2(a-d) shows HRTEM images of samples which were recorded at an accelerating
voltage of 200 kV at a specific magnification. The amount of supernatant boron typically
deposited on an HRTEM grid is about 0.003 mg/ml and this must be utilized with caution when
suggesting it as a fingerprint representative of a whole sample. The SEM image in Figure
4.1(a)), " worm " like nanomaterial was also seen in Figure 4.2 (a), as single-walled boron
nanotubes (SWBNTS5s) spread together with material that appeared as darker spots. These spots
are metallic catalysts (nickel and cobalt) and appear dark in contrast due to a higher intensity

of diffracted electrons, which was also revealed by the EDS measurements.
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CHAPTER FOUR

Figure 4.2: HRTEM images of boron nanomaterials synthesized using h - BN target at different
pressures, nitrogen flow rates and temperatures (a) BN 400P 200F 1100T, showed BNTs, (b)
BN 1000P 500F 1100T, showed bamboo nanotubes, (c) BN 400P 400F 1000T, revealed BNWs
and (d) BN 400P 200F 1000T, showed BNRs.

Under higher magnification as was observed in Figures 4.2 (a-d), individual strands single-
walled boron nanotubes, bamboo-like nanotubes, bundles of nanowires, and nanorods were
clearly observed. The nanotubes were observed to be decorated with what appears to be
amorphous boron, indicated with yellow arrows. A closer inspection of the area surrounding
the catalyst particles indicated with red arrows, which are typically between 3-15 nm in
diameter, showed that in most cases, they were attached to BNWs bundles with the interlayer
spacing of 0.34 nm, in Figure 4.2 (¢). In Figure 4.2 (d), a boron nanorod bundle was seen
extending out of the plane of the HRTEM grid. The cylindrical ends of the bundle rods are
clearly visible, and the image is not sufficiently resolved to deduce whether the rods ends are

either closed or open. The interlayers spacing of boron nanorods is 0.34 nm.
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In Figures 4.2 (a), HRTEM image of sample BN P400 F200 T1100 is shown. A closer
inspection reveals a significant content of o — boron nanotubes strands which accounted for the
Azg and Eg peaks observed in the Raman active mode spectra of the a. — boron cluster. In Figure
4.2 (b), the results of an analysis of an HRTEM image obtained from sample BN P1000 F500
T1100 was made to form bamboo-like nanotubes. A measurement of transmitted electrons
across the region of interest could be analyzed to reveal lattice spacings of the bamboo-like
nanotubes structures. The region indicated with a white arrow was a cross-section of an
individual bamboo-like nanotubes with interlayer lattice spacings of 0.34 nm. The cylindrical
shape of the bamboo-like nanotubes was clearly visible. The resolution of the image is not
sufficient enough to deduce whether the bamboo-like nanotubes end, are either closed or
opened. In Figure 4.2 (a) the HRTEM image of the nanotubes indicate some tubular and
spherical single-walled boron nanotubes (SWBNTS). These SWBNTSs extend over an estimated
100 nm in length with diameters as small as 0.4 nm. It is clear from these HRTEM images
that due to the many possible bonding configurations that boron exhibits, the as-prepared
materials exhibit a large variation in its morphology [131, 188]. The HRTEM image of boron
bamboo-like boron nanostructures in Figure 4.2(b)), exhibit similar characteristics with
SWBNTs and boron nanowires (BNWSs) in terms of their outer diameters ranging from 0.4 to
2.0 nm and with an interlayer spacing of 0.34 nm between their lattice fringes. In Figure 4.2
(d) HRTEM image of boron nanorods (BNRs) shows a unique multi-ordered stacking in the
crystal lattice. This HRTEM image revealed, that the diameters of the nanorods range between
10 and 20 nm. Most of the nanostructures appeared to be crystalline in nature.

The interlayer spacing of 0.34 nm is very close to the theoretical values of 0.2997 nm and
0.3021 nm [131]. This interlayer spacing of 0.34 nm observed in the materials synthesized is
very close to the bulk boron interlayer spacing of 0.35 nm. On this basis, we can suggest that
SWBNTs found in Figure 4.2 (a) have a structure with the a-rhombohedral boron

configuration, which is consistent with the results obtained from XRD and Raman analyses
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4.3 Energy Dispersive X-Ray Spectroscopy (EDS)

The EDS spectrum analyses of SEM and HRTEM images obtained in Figure 4.1(a) and 4.2(a)
respectively, were shown in Figure 4.3 (a) and (b). The boron nanotubes observed in the
HRTEM image in Figure 4.2(a) were formed from SEM image in Figure 4.1(a) that showed
‘worms like ‘nanostructure. The EDS tables analyses obtained from each image revealed the
elemental components materials present in the single-walled boron nanotubes. Figure 4.3(a)
shows the respective energy dispersive x-ray spectroscopy data demonstrating that the material
is mainly composed of boron with traces of catalysts utilized. In Figure 4.3(a) the strong peak
of boron appeared at about 0.2 keV and nitrogen peak at 0.3 keV. It was observed that only
the smallest amount of catalysts (Ni and Co) at 0.47% and 0.45% respectively as indicated in
Table 4.1 was found. The peak at 2.2 keV is associated with gold peak resulting from the gold
used to coat the as — prepared BNTs sample on the carbon tape, prior to SEM characterization.
The EDS spectrum of HRTEM in Figure 4.3 (b) taken with the JEOL 2100 indicates at least
90% boron as showed in the inset of the EDS table in Figure 4.3 (b). This indicates that the
material is purely boron in the form of tubes, rods, bamboo shoots and not boron nitride
material as determined through SEM analysis. This difference in observation is purely due to
the method in sample preparation prior to the period of the HRTEM characterization. It was
noticed that some catalysts are mixed in the sample which was revealed through the energy
dispersive X-ray spectroscopy spectra results in Figure 4.3 (b). The inset table of EDS shows
the percentage of each component of elements present in the as-prepared BNTs in Figure 4.3
(b). The strong peak of boron appeared at about 0.20 keV. The smallest 0.89% of iron at 6 keV,
found in the highly magnified EDS spectrum, was attributed to the stainless-steel holder. The
peak found at 1.7 keV associated with the silicon peak, came from the attachment of the quartz
tube while scraping as — prepared materials from the quartz tube. Very small amounts of Ni

and Co were observed, which is 0.05% at 0.8 keV, as catalysts used in the target.
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Figure 4.3(a): SEM energy dispersive x-ray spectroscopy spectrum of BNTs obtained from BN
400P 200F 1100T of the as-prepared BNTs with a high peak from boron.

Table 4.1: Revealed the percentage weight of each element present in the BNTs synthesized.

BNTs | Wt.% | Wt.%

Sigma
B 53.73 1 0.48
N 45.34 | 0.48
Co 0.45 ]0.03
Ni 0.47 |0.03
Total | 100
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The small peak at 5.5 keV has attributed to the peak of manganese resulted from the holder.
Very small contents of carbon and copper were found in the high - resolution spectrum
caused by the copper of high-resolution transmission electron microscopy grid covered with
carbon film. In addition, the EDS analysis revealed over 90% pure boron content found in
the boron nanotubes, which confirmed the purities of as — prepared SWBNTS.

Elements / Wit

7 Sigma
B 50.74
C 2.60
N 0.44
Si J 0.68
Cr 2.30
0.28
Fe 3 0.89
Co 0.05
Ni 0.30
0.55
1.13
0.03

ull Scale 1588 cts Cursor: 3.472 (16 cts) . kev

Figure 4.3(b): The Energy Dispersive X-ray spectroscopy spectrum of SWBNTs of BN 400P
200F 1100T obtained from HRTEM by supernatant sample liquid indicated a high peak of
boron. The inset EDS table in the spectrum shown the percentage weight of each element
present in the SWBNTSs synthesized.

Finally, from the HRTEM image that was acquired, it was determined that the diameter of the
boron nanotubes range from 0.4 to 2.0 nm. Other boron nanomaterials surrounding the metal
catalyst particles had a lattice spacing of 0.34 nm which corresponds very well to the interlayer

spacing of bulk boron which is 0.35 nm.
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4.4 X-Ray Diffraction (XRD) Analysis

The crystal structure of the as-synthesized boron nanomaterials was analyzed by XRD. Figure
4.4 (a-d) shows the XRD spectra taken from all the synthesized boron nanomaterials
(nanotubes, bamboo-like nanotube, nanowires, and nanorods). It was discovered that there is

an impurity phase such as silicon. Peaks originating from secondary phases such as a-tetragonal

boron (105) at 82.5° and silicon (110) at 75.6° were clearly observed [255].
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Figure 4.4:X ray diffraction spectra of boron nanomaterials synthesized from h-BN target at
different pressures, nitrogen flow rates and temperatures (a) BN 400P 200F 1100T, showed
BNTs, (b) BN 1000P 500F 1100T, showed bamboo nanotubes, (c) BN 400P 400F 1000T,
revealed BNWs and (d) BN 400P 200F 1000T, showed BNRs.

Table 4.2: X-ray diffraction peaks observed in boron nanomaterials synthesized

Element h k | d(A) |26 (degree)
0-B 1 0 0 4.040 21.982
o-B 1 0 1 4.375 42.966
0-B 1 0 5 1.265 82.542
0-B 4 1 1 1.957 46.358
0-B 4 2 0 1.955 46.356
B-B 1 0 4 2.445 55.312
B-B 1 1 1 6.398 13.831
B-B 3 2 1 2.759 32.430
BN 0 0 2 2.530 26.812

Si 1 1 0 4.041 75.632
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The possible explanation is that the silicon originated from a quartz tube utilized during the
experiment. The smallest peak at 13.8° is related to B — boron (111) [59]. The peak marked
(101) at 42.9° coincided with JCPDS data of o - tetragonal boron [255]. The XRD peak (104)
at 55.3° suggested S - rhombohedral boron [255]. All the peaks of g — boron that appeared in
the spectra were due to some S — boron that was not totally transformed to a — boron nanotube
during the time of the experiment. There are several reports on the theoretical calculation for
the crystal structure and optical properties of o - boron crystal which has been experimentally
validated [256, 257]. The sharp and strongest peak (002) at 26.8° correspond to the boron
nitride peak [255] with a lattice constant of a = 2.504A, b = 2.504A and ¢ = 6.661A and the
space group of P63/ mmc. [258].

4.5 Raman Spectroscopy (RS) Analysis

Raman spectroscopy is one of the standard instruments to characterize nanotubes of carbon,
boron, boron nitride and other tubular structures. The Raman spectra of the experiments are
shown in Figure 4.5 (a-d). We are interested in the experiment synthesized single-walled boron
nanotubes, that is a sample BN 400P 200F 1100T. In Figure 4.5(a) Raman spectrum of single-
walled boron nanotubes (SWBNTS) were found in the radial breathing mode (RBM) in the
region between 250 and 600 cm™ with peaks at 267, 343 and 502 cm™ [120]. The region at
peak wavenumbers below 500 cm? (i.e. 144, 210, 267 and 343 cm™) is considered as a
characteristic for tubular structures [120], which corresponds to the RBM of similar peaks that
were also reported for the single-walled carbon nanotubes (SWCNTS) [3]. The peaks between
300 and 600 cm™ (i.e. 343 and 502 cm™) can be attributed to the different tubes with smaller
diameters and chirality of the boron nanotube [42, 120]. The spectrum recorded for the boron
nanotube sample, showed peaks attributed to the tangential vibration mode of boron which is
visible in the 1045 — 1094 cm™ region. These peaks in the Raman breathing mode region are
attributed to tubular structures [120, 134, 259]. The three peaks at 788, 878 and 965 cm*
respectively, occurred from a-boron nanotubes (a- BNTs) with a — boron sheets structures
[15]. In agreement with the literature, o — BNTs formed from a — boron sheets are the most

stable structures [15].
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Figure 4.5: Raman spectra of boron nanomaterials synthesized from h-BN target at different
pressures, nitrogen flow rates and temperatures (a) BN 400P 200F 110071, showed BNTs, (D)
BN 1000P 500F 1100T, showed bamboo nanotubes, (c) BN 400P 400F 1000T, revealed
BNWs and (d) BN 400P 200F 1000T, showed BNRs.
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Figure 4.5: () Raman spectra of the bulk hexagonal boron nitride powder (h-BN, Sigma
Aldrich)

The a- BNTs formed from a- boron sheets were confirmed through the XRD and Raman
spectra results. The structural stabilities of the a-BNTs rolled from o-boron sheets were
strongly dependent on the diameters [15], according to Victor et al. It was observed that the
atomic structures of a-BNTs formed are corresponding or related to a-boron sheets [15]. The
other peaks which may occur from mixed BNWs with a-tetragonal boron structure and peak
with higher frequencies resulting from a-boron clusters still required further investigation. In
addition, by looking at the Raman spectrum of the boron nanotubes (BNTSs) sample in Figure
4.5 (a), and making a comparison with Raman spectrum obtained from bulk hexagonal-boron
nitride powder (h—BN, Sigma Aldrich) in Figure 4.5 (e), it was clearly observed that no peaks
from any of the h-BN were noticed from the Raman spectrum of as-prepared BNTs obtained
in Figure 4.5 (a).
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With this evidence, it was strongly confirmed that as — prepared BNTs sample synthesized in
the laboratory contained boron nanomaterials rather than boron nitride nanomaterials. On this
basis, we can suggest that our BNTs have a structure with an « - rhombohedral boron
configuration, which is consistent with the results obtained from XRD analyses.

4.6 Ultraviolet-Visible (UV-VIS) Analyses

Figure 4.6 (a-d) shows the ultraviolet-visible spectra of the samples (nanotubes, bamboo-like
nanotubes, nanowires, and nanorods). The optical absorption spectra of materials synthesized
were measured at room temperature. The UV-VIS spectra displayed indicate (a) BN 400P 200F
1100T, (b) BN 1000P 500F 1100T, (c) BN 400P 400F 1000T and (d) BN 400P 200F 1000T
with a strong exciton absorption peak at (a) 279 nm, (b) 277 nm, (c) 274 nm and (d) 270 nm
wavelength respectively. The peak at 279 nm observed in BNTs synthesized from sample BN
400P 200F 1100T, closely matched with the value reported by Yang et al, [260], for the strong
exciton peak of the boron nanotubes and other boron nanostructures [261]. The peak located
around 320 nm corresponding to absorption shoulder due to some defect level found in the
boron nanotubes and related boron nanostructures [262]. The peak threshold was observed in
boron nanotubes at 300 nm in which the boron nanotubes achieved its maximum absorption
peak at 279 nm. Most especially sample BN 400P 200F 1100T, that produced boron nanotubes,
in which absorption peak is due to van Hove singularities [263]. Other nanomaterials (bamboo-
like nanotubes, wires, and rods) synthesized found their peak threshold between 300 to 302 nm
and achieved their maximum absorption peak around 270 to 277 nm due to van Hove

singularities.
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Figure 4.6: UV-VIS spectra of boron nanomaterials synthesized from h-BN target at different
pressures, nitrogen flow rates and temperatures (a) BN 400P 200F 1100T, showed BNTs, (b)
BN 1000P 500F 1100T, showed bamboo nanotubes, (c) BN 400P 400F 1000T, revealed BNWs
and (d) BN 400P 200F 1000T, showed BNRs.
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Boron nanotubes and other three nanomaterials are transparent up to 400 nm within the
limitation of the measuring instrument whose working range 1s 200 to 800 nm. The absorption
spectrum of boron nanotubes together with spectra of other boron nanostructures are relatively
featureless and the broad and overall constant low absorbance from 450 to 600 nm is consistent
with the reported values for bulk boron single crystals and network-like nanomaterials, thus

demonstrating that it is transparent from ultraviolet to the visible regions [264].

4.7 Photoluminescence (PL) Analyses

The PL spectra measured at room temperature of the synthesized boron nanotubes and other
boron nanomaterials are shown in Figure 4.7 (a-d) with the excitation wavelength at 200 nm.
The spectra of boron nanotubes and other boron nanostructures (bamboo shoots, wires, and
rods) consist of a strong ultraviolet (UV) emission peak and relatively weak defect emission

peaks.
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Figure 4.7: Photoluminescence spectra of boron nanomaterials synthesized from h-BN target
at different pressures, nitrogen flow rates and temperatures (a) BN 400P 200F 1100T, showed
BNTs, (b) BN 1000P 500F 1100T, showed bamboo nanotubes, (c) BN 400P 400F 1000T,
revealed BNWs and (d) BN 400P 200F 1000T, showed BNRs.

The strong UV luminescence peaks observed in nanotubes, bamboo-like nanotubes, nanowires,
and nanorods are, at (a) 229 nm, (b) 234 nm, (c) 230 nm and (d) 228 nm respectively that
corresponds to luminescence of free excitons [265, 266]. The peak observed in the samples at
(@) 334 nm, (b) 330 nm, (c) 250 nm and (d) 258 nm which are attributed to the PL emission
band were found in nanotubes, bamboo shoot, wires and rods [267, 268]. Typical emission
peaks in the UV region are related to near band edge emission (NBE) of boron itself which
originated from the direct exciton recombination [260]. There are some defects related
emission peaks observed in boron nanotubes. These emission peaks were found at 483, 486,
and 487 nm, that are associated with Oz and C impurities. The PL band area at peaks around
575, 573, 581, and 568 nm are ascribed to heavy metal impurities which might probably

emanate from the sample holder.
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4.8 Vapour Liquid Solid (VLS) mechanism process

In this research, metal nitrates were used as catalysts in the ablation target for the synthesis of
the boron nanomaterials, and thus Ni and Co play an important role in information. The vapor-
liquid-solid (VLS) mechanism process is the most probable growth mechanism in the laser
synthesis method [269]. The schematic diagram of this mechanism process was shown in
Figure 4.8 (a, b). The exact mechanism of nucleation in this type of nanomaterials is yet not
fully understood. We observed variations in the diameters of boron nanotubes and three other
boron nanomaterials grown by the suggested VLS mechanism [258], which are usually heavily
influenced by the synthesis temperature. The higher energy laser fluence at the target surface
and plasma plume generated by the impinging laser causes the local temperature to be
momentarily for a few microseconds higher than the furnace temperature of 1100 °C to the
point that the Ni and Co become catalytic active faster than other synthesis methods. The
magnetic properties of these materials tend to support the synthesis of tubular nanostructures.
As in the case of boron nitride and carbon nanotubes since the vast majority of synthesized
tubular and caged nanostructures required the use of transition metal catalysts. The growth of
nanomaterials is initiated within the plasma plume via VLS process. The nanomaterials grow
in the hot zone of the furnace and are only limited by the available feedstock. The existence of

purely boron nanomaterial in the synthesis process could be explained as follows.

The ablated BN material is decomposed into B and N with the high-temperature plasma plume.
The nitrogen in the hexagonal boron nitride (h-BN Sigma Aldrich 99.99%) has combined with

carrier gas nitrogen (N2) which decomposes in the furnace to produce N radicals i.e.

TBN i > 2B(NTs)+ N;(g) ™ (4.1)

The result is boron vapour which was found near metal catalysts, that formed purely boron
nanostructures. The pure boron nanostructure growth is limited to available boron feedstock

and in these experiments, it is limited since the h-BN is itself very stable at high temperatures.
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Figure 4.8: Schematic diagram of the (a) Boron nanomaterials growth apparatus. The output
Jfrom a pulsed laser is focused onto a BN/NiCo target located at centre within a quartz tube,
the reaction temperature is controlled by a tube furnace, (b) VLS mechanism process for the
growth of boron nanomaterials grown on the surface of the catalyst

A laser of high repetition rate, with the increase in the availability of boron vapour, would be
more favourable to enhance the growth of pure boron nanotubes and other related boron

nanomaterials.
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Finally, we have shown that boron nanomaterials in the form of nanotubes, nanowires,
nanorods, and bamboo-like nanotubes can be synthesized by a dual-pulsed laser ablation
technique as it was observed in HRTEM images. As-produced boron nanotubes appear to have
diameters as small as 0.4 nm and few hundreds of nm in length. Also, sorts of boron
nanomaterials were observed. The characterization on the nanomaterials through HRTEM -
EDS spectrum using the supernatant liquid sample confirmed that boron is the major element
in boron nanotubes and other nanomaterials, while XRD and SEM-EDS revealed the structural
nature of as-prepared boron nanomaterials powder to be that of boron nitride. Raman
spectroscopy confirmed that the material is indeed tubular in nature, with some peaks below
500 cm™ and which is attributed to tubular nanotubes structures. The peaks 527, 529,788, 791,
793, 878, 879, 965, 966 and 968 cm™ showed that boron nanotubes and three other
nanomaterials formed from a — boron sheets structures. Most especially sample BN 400P 200F
1100T, the most stable boron nanotubes in terms of stability, which was also identified by XRD
spectra results. The spectra obtained in the Raman measurement warrants further theoretical

and experimental work.
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5. Single-walled boron nanotubes (SWBNTS) synthesized using a boron
target
5.1 Characterization of SWBNTs by SEM

The scanning electron microscopy image of a sample prepared from laser ablation of a boron
target mixed with 1% Co, 1% Ni and 0.5% B20s is shown in Figure 5.1(a). The flow of argon
(Ar) gas was monitored at constant flow rates and pressures while the furnace temperature was
set at 1100 °C. The synthesized single-walled boron nanotubes materials were scraped off as
thin films coated on the inside walls at the end of the outer quartz tube. The SEM studies on
these samples reveal a very high yield of SWBNTS synthesized under argon gas at a pressure
of 400 Torr and at the flow rates of 200 sccm. The high yield is probably due to the fact that
the argon pressure at 400 Torr and the flow rate of 200 sccm restrict the expansion of the vapor
plume thereby reducing the rapid decrease in a temperature of the plasma plume due to
adiabatic expansion. This result was in good agreement with that reported by Smalley et al,
[270]. At 400 Torr irrespective of the flow rates, the SEM image in Figure 5.1(a) shows an
excess of single-walled boron nanotubes and no amorphous boron. This is probably due to the
fact that a decrease in pressure results in low collision probabilities of the evaporated species
with the ambient gas molecules and therefore leads to the decrease in the cooling rates. It was
also observed that, at a pressure of 400 Torr, the ablated material traveled backward up along
the larger quartz tube. This means that a pressure and flow of the argon gas was sufficient to
confine the constituents of the plasma plume that is, the momentum of the plume was lower
than that of argon gas. In this instance, the catalysis action and the condensing of the boron
plasma plume into single-walled nanotubes are increased. At 400 Torr the Raman spectra in
Figure 5.5 revealed a very high yield of SWBNTSs. The single-walled boron nanotubes appeared
with diameters in nanometers and lengths in microns. In the SEM image, it was noticed that
some catalysts are mixed in the sample which was revealed through the energy dispersive X-
ray spectroscopy (EDS) in Figure 5.1(b). The EDS, in table 5.1(a) shows the percentage of
each elemental component present in the as-prepared SWBNTSs. In Figure 5.1(b) the strong

peak of boron appeared at 200 eV. It was observed that only the smallest amount of content of
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oxygen (O2) which 1s 1.90% at 600 eV, can be found in the highly magnified EDS spectrum,

which might have resulted from the boron oxide used as a binder.
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Figure 5.1: (a) SEM image shows the densely — packed of SWBNTs with lengths in micrometers
and diameters in the range of nanometers. (b) EDX spectrum analyses results that revealed the
highest peak of boron
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The smallest peak that is not clearly visible at 1200 eV in the EDS, may be associated with the
silicon peak which might come from the attachment of the quartz tube while scraping as —

prepared SWBNTSs from the quartz tube.

Table 5.1: Indicated EDX from the SEM spectrum with the percentage of each elemental
composition that presents in the as-prepared sample.

SWBNTs | Wt.% Wt.%
Sigma

B 96.68 0.14

@) 1.90 0.13

Mg 0.21 0.02

Si 0.06 0.01

Co 0.64 0.04

Ni 0.52 0.04

Total 100.00

Very small amounts of Ni and Co were observed which is about 0.50%, at 800 eV, as
catalysts used in the boron target. The peak at 2200 eV can be associated with the peak of
gold, resulting from the gold used to coat the as — prepared SWBNTSs sample on the carbon
tape while preparing for SEM characterization. In addition, the EDS analysis revealed that
the total boron content in the single-walled boron nanotubes is over 96%, which confirmed

the purities of as — prepared SWBNTS.

5.2 Characterization of SWBNTs by HRTEM

To investigate the detailed crystalline structures of the single-walled boron nanotubes, a
high-resolution transmission electron microscopy was employed. Onan HRTEM grid 0.003
mg/ml of the supernatant suspension was put on a copper mesh coated with an amorphous
holey carbon film. The ethanol was evaporated prior to the time of transmission electron
microscopy characterization. In Figure 5.2 (a), which showed the HRTEM image that

revealed the single-walled boron nanotube.
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It was clearly noticed in Figure 5.2 (a) that the boron nanotubes synthesized are a mixture
of single-walled boron nanotubes and the metallic catalyst nitrates, which are found around
the region of single-walled boron nanotubes as shown in Figure 5.2 (a), with yellow arrows.
The single-walled boron nanotubes have the diameters of about 1.5 nm and the length of
several micrometers. It was observed that all the other boron nanostructures found in the

HRTEM images are all boron nanotubes of different diameters and lengths as shown in
Figure 5.2 (b).

Figure 5.2: (a) The HRTEM image shown the SWBNTs of 1.5 nm in diameter and
length in micrometers. Also, nickel and cobalt as catalysts found in the SWBNTs
synthesized with DPLA technique were indicated by yellow arrows.

Most of the single-walled boron nanotubes have open ends and their hollow structures are
clearly noticed from the HRTEM images. The morphology of the single-walled boron
nanotubes observed varies which might be due to the different geometrical configurations
of the boron tubular nanostructures according to the theoretical predictions [131, 166, 175,
188]. Other layered boron nanotubes structures found has an outer diameter of about 2.0

nm.
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(b)

20 nm

Figure 5.2: (b) The HRTEM image of the single-walled boron nanotubes of different
diameters and lengths, which mixed with catalysts. (¢) The HRTEM image of an SWBNT
that revealed the open ends of the tube.
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The open end of boron nanotubes also exhibits a polygonal morphology, as revealed in
Figure 5.2 (c¢). Measurement of lattice fringes shown in Figure 5.2 (d) with the interlayers
spacing of 0.38 nm that revealed a sharp spot pattern, which suggests that these nanotubes
have good single crystalline structures, based on the lattice fringes and selected area electron

diffraction (SAED) n Figure 5.2 (e).

51/nm .

Figure 5.2: (d) Shows the lattice fringes observed with the interlayers spacing of 0.38 nm (e)
Shows SAED measurement, that reveals a sharp spot pattern, which suggests that the boron
nanotubes have good single crystalline structures.

We may conclude that the single-walled boron nanotubes are perfectly single — crystalline with
a—boron rhombohedral structures as revealed in XRD and Raman spectrum. These single-
walled boron nanotubes are grown along the [100] direction which agrees with the data of the
Jomt Committee for the Powder Diffraction Standards (JCPDS) card No. 01-078-1571. The
verification of the elemental compositions of the single-walled boron nanotubes was carried
out by utilizing energy dispersive x-ray spectroscopy (EDS) results. Figure 5.2 (f), shows the
spectrum of the energy dispersive x-ray spectroscopy obtained in HRTEM. It was observed
that the strongest boron peak appeared at 200 eV. It was noticed that only a few amounts of
oxygen at about 0.02% at the peak of 500eV present, which is likely to come from the boron

oxide used as a binder.
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The smallest peak at 1200 eV was attributed to the peak of zinc, occurred from the target holder.
In addition, very small contents of carbon and copper might be found in the high - resolution
spectrum caused by the copper of high-resolution transmission electron microscopy grid

covered with carbon film.
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Figure 5.2: (f) The EDX spectrum of HRTEM analyses results that revealed the highest

Table 5.2: EDS of the HRTEM spectrum indicating the percentage of each elemental
composition that presents in the SWBNTS.

Element Peak Area k Abs Weight% Weight% | Atomic%
Area Sigma | factor | Corrn. Sigma
B 40790 409 4.212 | 1.000 95.55 0.10 98.54
@) 1859 98 1.069 | 1.000 1.11 0.06 0.77
Mg 775 66 0.608 | 1.000 0.26 0.02 0.12
Si 246 51 0.571 | 1.000 0.08 0.02 0.03
K 150 44 0.554 | 1.000 0.05 0.01 0.01
Cr 143 39 0.640 | 1.000 0.05 0.01 0.01
Ni 235 125 0.725 | 1.000 0.01 0.01 0.01
Co 103 38 0.721 | 1.000 0.04 0.02 0.01
Cu 6469 136 0.796 | 1.000 2.86 0.06 0.50
Totals 100.00
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Nickel and cobalt occurred from catalysts were used in the synthesis. Energy dispersive x-
ray spectroscopy measurements analyses on single-walled boron nanotubes show that the
content of boron in the single-walled boron nanotubes is above 98 % which verified that as-
synthesized single-walled boron nanotubes are pure with no impurities.

5.3 Image analysis on the HRTEM micrograph of SWBNTS

In this chapter, the image analysis was performed on the HRTEM and images of single-walled
boron nanotubes (SWBNTSs) obtained. The HRTEM micrograph of the SWBNTs were
obtained after the characterization was shown in Figure 5.3 (a). The HRTEM image used for
the analysis was taken randomly. This was analyzed to detect the diameters and density of the
SWBNTSs. The HRTEM image was analyzed to determine the distribution of diameters along
the SWBNT and also, to detect the mean, median, minimum, maximum, variance, and standard
deviation of SWBNT. This was carried out by finding the diameters of SWBNT present in the
HRTEM micrograph at a different point to obtain the real diameter. The SWBNT was found
to have different diameters at a different point. The reason is that the SWBNT was very
sensitive to the electron beam and this actually affected the uniformity of the diameter. The
results obtained were analyzed to deduce the distribution of diameters of the SWBNTS obtained
from HRTEM micrograph. The results of the graph distribution obtained HRTEM was shown
in Figure 5.3(b).
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Figure 5.3 (a): HRTEM of SWBNT5 diameters measured.

The histogram graphs obtained in Figure 5.3 (b) revealed the ranges in their diameters. Also,
the range in the boron nanotubes diameters obtained from micrograph is shown in Table 5.3(a).
The distribution of boron nanotubes diameters shown in Figure 5.3 (b) was fitted to the
lognormal distribution. The results obtained were stated in Table 5.3a, for HRTEM. The
density of SWBNTS at a specific area was determined. The images were analyzed to obtain the
number of nanotubes per nm?. This was carried out by counting the number of nanotubes

observed in a known area on the micrographs.
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The density of nanotubes obtained from the HRTEM image is shown in Table 5.3(b). The

percentage error was calculated by using the expression in equation 5.1.

% Error = Exact value — Approximate value X 700

Exact value

(b)

Number of observations

3,0
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Figure 5.3b: Distribution of SWBNT5 diameters measured in the HRTEM image and fitted to
the log-normal distribution

Table 5.3a: SWBNTs diameters measured in HRTEM image and statistical parameters for
lognormal distribution fitting

Sample Mean Median Minimum Maximum | Variance SD
(um) (um) (um) ) | ) | @
BNT 1.691 1.743 1.475 2.100 0.050 0.224
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Table 5.3b: The Density of SWBNTs synthesized at P400 F200 T1100 in the HRTEM image

Sample | No of BNTs per nm’ % Error
BNTs 0.330 0.030

The distributions in Figure 5.3 (a) shows that the average diameters of SWBNTS obtained from
the HRTEM through the image analyses and revealed the minimum and maximum diameters.
The difference in the diameters of SWBNTS at a different position is due to the sensitivity of
the SWBNTS to the electron beams. In addition, we are able to determine the diameters of
SWBNTSs through the image analysis. We can utilize the results of image analysis obtained
from HRTEM micrograph to determine the minimum and maximum range in diameters and
lengths of any SWBNTSs.

5.5 Raman spectroscopy
Figure 5.5 shows a typical Raman spectrum of the SWBNTs. SWBNTs sample was

characterized using Raman spectroscopy instrument, a Jobin Yvon labram HR800, at an
excitation wavelength of 514 nm laser. To carry out the analyses on SWBNTS, as — prepared
SWBNTSs sample was placed on a quartz substrate. We took the advantages of the laser size
of microns while focusing the laser beam on the SWBNTs materials. The analysis of the
Raman data collected is subjected to corrections, by subtracting the quartz substrate
background signal data from the additional data of as — prepared SWBNTs sample and a
quartz substrate. The result later yields the data for as — prepared SWBNTSs sample only.
This data was used to plot the Raman spectrum in Figure 5.5 above. The SWBNTS spectrum
is characterized by peaks centered at Aigand Eg modes, the two modes are present in all
boron. The G peak is corresponds to planar vibrations of boron atoms in boron like materials.
The G peak is associated with the Eq mode (stretching vibrations) in the basal plane of boron,

therefore the peaks at 493 and 621 cm™ are corresponding to the G peak in SWBNTS.
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Figure 5.5: Revealed Raman spectrum of SWBNTs excited at the 514 nm laser on as —
prepared sample synthesized at the temperature of 1100 °C

At wavenumbers below 500 cm™, the presence of tubular structures has been verified
through the presence of spectral features in the Raman breathing mode below this frequency
region [120]. Raman spectroscopy results also confirmed the tubular structures evidence
from HRTEM characterization. Another peak was detected at 210 cm™ this peak might be
assigned as a radial breathing mode (RBM) typically for tubular structures [120]. The RBM
corresponds to the radial expansion contract of the boron nanotube, its frequency Vrem
depends on the nanotube diameter. Typical RBM range is 100 — 350 cm™. In between 300
and 500 cm™ frequencies, the spectrum features may be associated with tubular structures
as well. The occurring peaks from 300 to 600 cm™, especially peaks at 394 and 493 cm'
may be attributed to boron nanotubes of different chirality or diameters [120, 271]. Also,
peaks between 400 to 600 cm™, most especially peak at 493 cm™, might be related to boron
nanotubes of smaller diameters or another boron nanostructures [120], such as sheets, rods,
ribbons, and wires, in CNTs, the same Raman spectra peaks were confirmed [272]. It was
observed that the peak of 493 cm™ that is properly shown is associated with one of the peaks

resulting from o — boron clusters at 493 cm’! [45, 273].
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The peaks at 621 and 716 cm™ results from the mixture of boron nanostructures such as
boron nanowires (BNWSs) with o—boron structures [42]. SWBNTSs of approximately 1.5 nm
in diameter were synthesized and analyzed in the thesis. From ab-initio calculations, the
electronic properties of boron nanotubes have been predicted, but it has never been
reportedly synthesized. The types of SWBNTS synthesized are very sensitive to the beams
because of that, the possibility to determine their helicity, accurate diameters and actual
length was found to be extremely difficult. SWBNTs observed were attributed to the
catalysts supports which confirmed that the growth of SWBNTS is supported by catalysts,
most especially cobalt and nickel. According to the theoretical calculations, the estimation
of an electronic band gap of SWBNTSs was found to be in between 1.0 eV to 0.8 eV [179].
Through the prediction of theoretical calculations, some intensity peaks, in the Raman

spectra of o — boron were predicted [45, 179].

Table 5.5: Raman active modes in BNTs synthesized by the DPLA method at the temperature
of 1100 °C compared with o. — boron (in cm™) predicted and synthesized through theoretical
calculations and experimental values respectively.

a - boron | a - boron Boron nanotubes
Theory Experiment Experiment | Raman
Results active
Vast et al | Shiraietal | Vastetal | Ekimovetal | Richter et al
[43] [49, 274] [43] [273] [42]
Frequency | Frequency | Frequency | Frequency Frequency | Frequency | Mode

- - - - 210 -

- - - 272 280 -

- - - - 394 -
529 497 525 493 524 493 Eq
608 572 586 645 587 621 Eq
708 710 692 749 710 716 Agg
815 759 793 749 796 794 Agg
947 965 925 917 931 951 Agg
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These peaks were associated with the transverse optical Aig mode and Raman active optical
Eg mode of a — boron [36]. This a — boron is the only one that has the simplest crystal
structures among the icosahedral boron-rich solid. According to group theory, ten Raman
active modes were predicted [43], that is 4A1g Singlets and 6E4 doublets for o — boron.
These Aig and Eg vibrations corresponded to Raman active modes in o.- boron in the region
from 500 to 1200 cm™ mode frequencies. Theoretical calculations predicted twelve Raman
active peaks from Raman spectra of o — boron. Richter and Ploog were the first persons to
report on the experimental Raman spectrum of a — boron which showed twelve Raman
peaks [42] which was later confirmed [44, 179]. The Raman spectrum measured for Raman
shifts below 1000 cm™, confirmed the Raman active peaks in the spectral range for . — boron
nanotubes. In Figure 5.5, Raman line at 493 cm™ corresponding to the peaks at 497, 493,
529, 525 and 524 cm™ mode [45, 179, 273] as stated in Table 5.5, for both theoretical and
experimental results which corresponds to the rotation of the rigid Bi2 icosahedra of a —
boron. According to theoretical calculations of Vast et al, and Shirai et al, groups, in addition
to experimental results of Vast et al, EKimov et al, and Richter et al, the Raman active peaks
at 708, 815, 947, and 710, 759, 965, and 692,793, 925 cm™ and 749,917 and 710, 796, 931
respectively were described to Aig mode (see the Table 5.5). These peaks were found close
to the experimental peaks at 716, 794 and 951 cm™ which were attributed to the Aig mode
in o — boron [42, 43, 273, 274], this refers to as symmetric with respect to rotation about
the principal C, axis of icosahedra boron-rich. The theoretically calculated values of Aigq
modes by Vast et al and Sharai et al, as well as experimental results obtained by Vast et al,
Ekimov et al and Richter et al [43, 274], are related to the results obtained as Aig modes in
a—boron. There are no discrepancies on the Aig modes observed in our experimental results
and theoretical calculations [43]. The calculated values by Vast et al and Sharai et al in
Raman active peaks of Eq modes were given at 529, 608, and 497, 572 cm™ modes
respectively. Vast et al, EKimov et al and Richter et al, experimental results of Eg at 525,
586, and 493, 645, and 524, 587 cm™ was found near our experimental values obtained at
493 and 621 cm™, as shown in Table 5.5 [43, 274]. There is less discrepancies in the Egq

values observed from both theoretical calculations and our experimental results, especially
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when comparing our experimental results to the experimental values obtained by Vast et al
[42, 43, 273]. Raman peak at 1030 cm™ corresponds to luminescence due to electronics
transitions between the gap states of a — boron [44, 45]. In addition, through all the
comprising from both theoretical and experimental results. 1t was showed that the SWBNTSs

synthesized is o - BNTs which were also confirmed by the XRD results.

5.6 X-Ray Diffraction (XRD)

The crystallinity of SWBNTSs synthesized was examined through XRD. Figure 5.6 shows
the XRD spectrum of SWBNTs, in which diffraction peaks of a — boron was found,
indicating that the SWBNTs synthesized are a-BNTS, that has been confirmed through the
results obtained from Raman spectrum in Figure 5.5. In Figure 5.6, the impurities phases
like silicon and carbon were discovered. A simple explanation for this is that the silicon
peak (111) at 28.4° might have resulted from a quartz tube used [275], while the carbon
peak (002) at 26.9° formed from the graphite utilized to support the target holder [276].
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Figure 5.6: XRD spectra of BNTs synthesized by DPLA technique, revealed the peak around
22.0° at 100 (h k I) which indicate that the growth of BNTSs is along 100 directions
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Very small significant p — boron peaks (111) and (210) at 11.1° and 19.7° respectively [59]
appeared due to some 3 — boron that was not totally transformed to o — boron nanotubes during
the synthesis process because p — boron transforms to o — boron at a higher temperature. The
XRD pattern has a peak at approximately 22.0° which correspond to the (100) plane of a —
boron as shown in Table 5.6. The XRD pattern indicated that the single-walled boron nanotubes

synthesized are preferentially grown in the ¢ — axis direction of o - boron.

Table 5.6: X-ray diffraction peaks of BNTs synthesized by the dual pulsed laser ablation
technique at the temperature of 1100 °C

Element | h Kk | d (A) | 20 (degree)
B-B 1 1 1 7.938 11.137
B-B 2 1 0 4,501 19.706

C 0 0 2 4.268 26.917
Si 1 1 1 3.453 28.441
o-B 1 1 1 4.186 21.192
o-B 1 0 0 4.040 21.981
0-B 2 1 1 2.529 35.459
o-B 1 0 T 2.464 36.442
0-B 1 1 T 2.103 42.965
0-B 4 1 1 1.957 46.357
0-B 3 1 1 1.626 56.541
o-B 3 1 0 1.435 64.947

It can be indexed to the phase of a — boron Intensified Charge Coupled Devices (ICCD)
PDF detector, database file no : 01- 078 — 1571, with lattice constant a = 5.057 + 0.003 A,
o = 58.06° + 0.05, Z = 12 and with the space group of R3m [38, 277].

5.7 Ultra Violet-Visible (UV - VIS) Spectroscopy

The optical properties and crystal structure of single-walled boron nanotubes have been
theoretically reported by many authors [278, 279]. The UV characterization of single-walled

boron nanotubes was done on a Perkin Emer Precisely, Lambda 35 UV-VIS Spectrometer.
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Two drops of 0.02ml of a supernatant sample obtained after density gradient
ultracentrifugation (DGU), was mixed in 5ml ethanol and sonicated for thirty seconds, using
probe sonicator. The acquired data results through the characterization were used to plot the
graph in Figure 5.7. The UV-VIS spectrum indicating the optical absorption spectrum of
single-walled boron nanotubes at room temperature with a strong exciton absorption peak
at 272 nm.
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Figure 5.7: UV — VIS spectrum of SWBNTSs synthesized by the DPLA method at a
temperature of 1100 °C with a strong absorption peak at 272 nm.

The values reported by Yang et al recently is closely matched with the peak observed at 272
nm [278]. The peak observed at 310 nm, corresponds to the peak threshold which later found
its maximum peak at 272 nm. SWBNTSs are transparent from 250 to 650 nm within the
limitation of the instrument, whose working range is 250 to 650 nm. The absorption spectrum
is relatively featureless and the broad and overall constant low absorbance from 250 to 650 nm,
including the nearly no absorbance from 400 to 650 nm, is consistent with the reported values
for bulk boron [225], thus demonstrating that it is transparent from ultraviolet to the visible

region.
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5.8 Vibrating Sample Magnetometer (VSM)

VSM mstrument was used for the characterization of magnetic properties of single-walled
boron nanotubes, pure bulk boron, and DGU sediment. SWBNTSs were also centrifuged at 20
°C for three hours (below the room temperature) with the intention of separating the
supernatant from sediment. Each sample material was loaded in a sample holder. The holder
was carefully inserted into the mstrument and characterization was performed at room
temperature for each sample. Magnetic data was collated for the as-prepared SWBNTs, pure
bulk boron and DGU sediment samples. Data acquired from each material was used to plot
the graphs shown in Figure 5.8 (a to ¢). SWBNTSs that yielded a saturation magnetization (Ms)
of 3.499 emw/g and coercivity (Hc) of 272 Oe was sought. SWBNTSs, with these magnetic
properties, would be ideal for application in high-density storage [280] . DGU sediment stood
out in terms of magnetic data after the ultracentrifugation process with saturation magnetization
and coercivity values in the correct region of Ms = 5.945 emu/g and He = 149 Oe as shown in
Table 5. It can be observed that the SWBNTSs reveal typical ferromagnetic behaviour. The
ferromagnetic is clearly shown (inset graph) by the coercivity (Hc), saturation magnetization

(Ms), remanent magnetization (Mr), and saturation field (Hs) values listed in Table 5.
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Figure 5.8: Magnetic measurements (a)Single walled boron nanotubes synthesized by the
DPLA method at a temperature of 1100°C, (b)Bulk boron material, (c)Sediment from Density
gradient ultracentrifugation material. The inset in each graph shown ferromagnetic properties
of each material. Recorded at room temperature with the VSM instrument.
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A higher saturation magnetization (Ms) is a key factor for information storage although real
devices also require intense studies on magnetization interactions, local magnetization reversal

characterization and other important issues[280, 281].

Table 5: Magnetization data of SWBNTS, pure bulk boron and along with DGU sediment at
room temperature.

Parameter Room Temperature

SWBNTs | Bulk boron | DGU sediment
Coercivity, Hc (Oe) 272 242 149
Saturation Magnetization, Ms (emu/g) 3.499 1.148 5.945
Remanent Magnetization, Mr (emu/g) 0.073 0.036 0.357
Saturated Field, Hs (emu/g) 8000 8000 8000
Squareness 0.021 0.031 0.060

The first row in Table 5 shows the room-temperature coercivity (Hc) of DGU sediment is 149
Oe which is about half of the value of the corresponding pure bulk boron material (242 Oe)
and lower than the value of SWBNTSs (272 Oe). Nanostructures usually have coercivity (Hc)
higher than that of the bulk materials [281, 282]. A logical explanation for this may be as
follows: in the case of SWBNTSs the small specific area and the perfection of the crystalline
structure of SWBNTSs at the surface may also lead to a significant increase in the SWBNTS
coercivity [281, 283]. However, in the case of the DGU sediment, the catalysts atoms could be
responsible for the formation of the coercivity dead layer, the high surface area enhances
oxidation of the surface of the catalysts which may create a coercivity dead layer [280, 281].
The second row in Table 5 shows the average saturation magnetization (Ms) of the SWBNTS,
pure bulk boron and the DGU sediment. As shown, the synthesized SWBNTSs exhibit good
saturation magnetization at room temperature, which is about 3 times the magnitude of the pure
bulk boron material. The average ferromagnetic at room temperature is 3.499 emu/g while it is

1.148 emu/g for the pure bulk boron material.
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The magnetic properties of the SWBNTSs sample are only due to its pure metallic [280, 283].
Coercivity and hysteresis loops with remanence were observed in the room temperature
magnetization curve (at origin) of the single-walled boron nanotubes which confirmed the
ferromagnetic nature of single-walled boron nanotubes. The saturation magnetization (Ms)
value was found to be 3 emu /g with squareness (0.021) Mr/Ms indicating an appreciable
fraction of ferromagnetic of nanotubes [282]. The coercivity (Hc) of 272 Oe of SWBNTSs at
room temperature is higher than that of bulk boron materials of 1 emu / g with squareness 0.031
and coercivity 242 Oe. Higher Ms value of single-walled boron nanotubes ascribed to size,
surface and magnetic on the surface of the nanotubes [280, 282]. For the saturation field (Hs)
of the SWBNTSs, pure bulk boron and DGU sediment, there is an unnoticeable effect of
temperature as shown in Table 5. Saturation field value remained constant at room temperature.
The three samples maintain a constant value without any change (8000 Oe). One can say that
for the synthesized SWBNTS, pure bulk boron material and DGU sediment, the thermal energy

has no effect on the saturation field [281].

5.9 Vapour Liquid Solid (VLS) mechanism
The VLS growth mechanism is used to interpret the growth of SWBNTSs with help of catalyst

metal nitrates as shown in Figure 5.9 (a, b). An extended VLS model was proposed that
explained the SWBNTs growth on the surfaces of the catalyst, which was suitable for
experimental results. The VLS has been proposed for nucleation of nanostructures and
nanomaterials [284] in which the catalytic metal nitrate serves as a base of growth and acts as
the energetically favorable condition for the synthesis of SWBNTSs. Catalyst metal nitrates and
other parameters play an important role in the formation of SWBNTSs. The VLS model process
is the most probable growth mechanism. There are variations in the diameters of SWBNTSs
grown, which is affected by the synthesis temperature [285]. The spot area where the laser
beam hits the target at a very high temperature, led to an increase in the surface temperature of
the target [286].
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The SWBNTSs formed far and near the target surface suggesting that the growth of SWBNTS
involves a process called VLS because part of SWBNTSs formed very near to the target, while
the rest was transported to the back of a quartz tube with the help of argon gas, since the growth
of SWBNTSs is governed by the VLS model. The laser energy is strong enough to ablate the
boron target and decompose it. The vapour (plasma plume) formed from the boron target at a
high temperature turns to a liquid and finally formed SWBNTSs and deposited it in a lower
temperature site by carrier gas where it was collected. Boron has a higher melting point of
2300 °C and was engraved by the higher temperature plume of laser ablation [148, 287-289].
The boron target will evaporate after it has been combined with the argon gas, then formed
boron vapour in the form of plasma plume. When ablation proceeded further, more boron vapor
is generated and grown as single-walled boron nanotubes. The synthesis of SWBNTS is briefly
described as shown from diagram in Figure 5.9 (a, b). When the target is irradiated by the laser
beam, some of the clusters of boron and metals will be ablated from the target and in the
meantime, the temperature of the target will be increased due to acceptation of the energy from
laser beam. The temperature must distribute according to the distance from the target the laser
beam hit. Boron nanotubes synthesis is achieved by laser ablation of a B/NiCo target at
temperatures of 1100 °C (Figure 5.9 a,b). Laser ablation of the B/NiCo target produces a vapour
of plasma plume of B and NiCo that rapidly condenses into B-rich liquid NiCo nanoclusters,
and when the nanoclusters become supersaturated in B, the coexisting pure B phase
precipitates, grows and crystallizes as nanotubes. Ultimately, the growth terminates when the
gas flow carries the nanotubes out of the hot zone of the furnace. From the schematic diagram
and discussion above, it was clear that the growth of single-walled boron nanotubes proceeds
from plasma plume via the VLS mechanism. The possibility of this VLS model cannot be ruled
out since laser ablation will produce a pulse of extremely high temperature, which led to boron
melting. In addition, we report here the first dual pulsed laser ablation technique of the
synthesis of a single-walled boron nanotube structure at 1100 °C temperature using a boron
target. Single-walled boron nanotubes diameter was observed to be in nanometers, with the
usage of catalysts and the carrier argon gas. The elemental composition of SWBNTs was

confirmed by EDS spectroscopy.
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FIGURE 5.9. (a) Schematic diagram of the boron nanotubes growth apparatus. The output
Jfrom a pulsed laser is focused onto a B/NiCo target located at centre within a quartz tube; the
reaction temperature is controlled by a tube furnace. (b) Boron nanotubes growth process.
Laser ablation of the B/NiCo target creates a dense plasma plume, hot vapor that condenses
into nanoclusters as the B and NiCo species cool through collisions with the buffer gas. The
Sfurnace temperature is controlled to maintain the NiCo nanocluster in a liquid state. Boron
nanotube growth begins after the liquid becomes supersaturated in B and continues as long as
the NiCo nanoclusters remain in a liquid state and B reactant is available. Growth terminates
when the boron nanotube passes out of the hot zone of the reactor.
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While the structural conformation of SWBNTs was obtained through high-resolution
transmission electron microscopy, SWBNTs of diameter range from 1.4 to 2.0 nm were
observed. Bundles of SWBNTSs of a diameter range, with some spherical structure nanotubes,
were observed under the scanning electron microscopy. The XRD spectra revealed some
characteristic peaks that are corresponds to a — boron and few impurity peaks. The Raman
active mode of SWBNTs observed below 500 cm™ indicates the tubular structures and
characteristics of nanotubes. This was also confirmed by Ciuparu et al, in Raman active peaks
of carbon nanotubes as well. The growth mechanism of the single-walled boron nanotubes
may be attributed to plasma plume via VLS model. The reason is that boron nanotubes growth
was found near in front of the target and transported by carrier gas to the rear end of the quartz
tube where the growth is finally terminated. The type of single-walled boron nanotubes
synthesized may give more possible ways of providing new applications for all these one-

dimensional nanomaterials.
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6. Density gradient ultracentrifugation (DGU) of SWBNTS

6.1 Introduction

SWBNTSs, as one—dimensional structures, have a variety of physical, biological and chemical
properties. SWBNTs have a wide range of applications due to these numerous desirable
applications, such as biosensors, optics, and electronics. The electrical nature of some of these
SWBNTSs is widely spread and used in most of the applications. Various separation techniques
have been used for the past few years to achieve the separation of some different kinds of
nanomaterials into their various specific chirality and electronics type [290]. Of all these
techniques, the density gradient ultracentrifugation techniques employed by Arnold et al for
the separation of single-walled carbon nanotubes (SWCNTS) into diameter, length, chirality,
and electronics type, is considered as one of the most promising and effective tools [291].

6.1.1 Theory of density gradient ultracentrifugation

One of the most widely used separation mechanism in nanomaterials, colloid science,
nanoparticles, cellular and molecular biology is the ultracentrifugation technique (UCT) [292]
due to gravity, objects denser than a liquid settled spontaneously. This took a very long period
for very small particles, nanomaterials, and nanostructures, such as nanoparticles, nanotubes,

nanorods, nanofiber, nanoribbon, nanosheets, and nanowires.

Vv
ball

centrifugal
force

Figure 6.1: Centrifugation of SWBNTSs in a centrifuge.
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Where the gravitational energy is commensurate with thermal energy, the nanotubes will not
be separated from the solvent. The nanoparticles were centrifuged in a horizontal rotor, the
force diagrams are shown in Figure 6.1 and 6.2. We consider that the forces acting on a
nanoparticle consist of centrifugal force, Fc, buoyant force Fy, and frictional force F, as

follows.
Fe = pntVo®r (6.1)
the second one is a buoyant force (Fu),
Fb = —psolventVo’r (6.2)
and the third one is a frictional force (Fs).
Fr=—fv (6.3)

All these forces play an important role in centrifugation and sedimentation. In equations (6.1)
- (6.3) pnt and psowvent are the density of the nanotubes and the solvent respectively. V is the
nanoparticles volume, w is angular velocity, r is the distance of the nanotube from the axis of
rotation, f is the frictional coefficient which generally depended on nanotube diameters and
lengths, and finally, v is the nanoparticles velocity. When these forces reach a balance, this

relationship can be expressed as,
Fc+Fo=F¢ (64)

By substituting F¢, Fp, and Ff, into Equation (6.4), it can be written as

pnr Vw?r = fv + PsowentV w? (6.5)
and we can obtain the sedimentation velocity v, by the following equation:

Y = VwZT(PNTf_ Psolvent) (66)

The nanoparticles with different diameters and lengths move with different velocities in the
medium, this provides a basis for nanoparticles (NPs) separation into distinct bands or layers,
but if the nanoparticles diameters and lengths are the same, the qualities of separation into

distinct layers will be very difficult.
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Where v is the sedimentation velocity, ¥ is the volume of N7s, @ is the angular velocity, R is
the centrifugal radms (distance from the center of the centrifuge to the location of the
nanotube), pnr 1s the density of the nanotube, psowen 1s the density of the surrounding medium,
and f'is the friction coefficient between the nanotube and the surrounding medium. Compared
with sedimentation velocity, the sedimentation shift is easily described in terms of the response
to the effect of separation. With the sedimentation of nanotubes, the centrifuge diameter is
mcreased correspondingly in the process of centrifugation. Thus, the centrifugal acceleration
1s a variable that is related to the centrifugal angular velocity and nanotube shifts. This

relationship can be written as:

xw?R = RCFx2=9 (6.7)
R
F bouyant
Frriction al =t » Feentrifugal
SWBNTS
|
E """"" O 1 @ }
4 S
- R

Figure 6.2. Centrifugation schematic of the separation of SWBNTs in a centrifuge with a
horizontal rotor.

Where RCF is the relative centrifugal force, 4 is the distance from the axis to the original
position of nanotubes, and S(7) is the nanotube shift. The force on N7s can be calculated by the

Stokes formula:

f =3mnd (6.8)
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where 7 is the viscosity and d is the diameter of the nanotube. We can obtain the sedimentation
shift by the following integral:

S = [} vdt (6.9)
We integrate Equation (6.9) to obtain the relation between shift and time:

(PNT-_ Psolvent)
tZ X RCF—————>>—""""~

S(t) = A( e enR-1 ) (6.10)

Equation (6.10) relates the sedimentation shift to the centrifugation time when the NTs are
centrifuged. For a given nanotube, the radius R and density pnr are fixed. Ina given centrifugal
medium, the viscosity of the medium solution # in the same medium layer and the density
psolvent are fixed. We assume that: (a) the thickness of each medium layer d is the same, and that
(b) the change in instantaneous velocity when the nanotubes pass through the upper to the lower
interface occurs during a very short period of time. That is, the process of acceleration and
deceleration can be ignored. If we obtain the total time of the nanotubes’ movement in this
medium layer, the nanotube shift in the individual medium layer can be calculated by Equation
(6.10).

6.2 Experimental method

The ultracentrifugation technique was used in the separation of SWBNTSs. The SWBNTSs
synthesized from boron target (B, Sigma Aldrich 99.99%), by the dual pulsed laser ablation
(DPLA) techniqgue. SWBNTs sample is dispersed in a diluted solution of 0.4% w/v sodium
cholate (SC, Sigma Aldrich) prepared via distilled water, which later formed a micelle around
the SWBNTSs. Through this, different wrapping morphologies form micelle of different sizes
and density of SWBNTs. Based on the small densities differences that occurred, the
ultracentrifugation technique is used to separate the SWBNTSs into various distinct layers.
After the separation, we observed that the use and choice of surfactant, with respect to the
density gradient medium (DGM), seem to be more important. The surfactant played the most

critical roles in the separation, compared to when SWBNTSs sample was dispersed in distilled
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water without the surfactant, no layers were found after the centrifugation. In addition,
surfactant recipes have been the most effective in isolating and separating of SWBNTSs. The
most commonly used surfactants in separating the nanomaterials and nanoparticles in
ultracentrifugation are anionic salts, such as sodium dodecyl sulfate (SDS) and bile salts such
as sodium deoxycholate (DOC) or sodium cholate (SC). SC is the best surfactant used in this
work, all these surfactants have different affinities to different nanomaterials and nanoparticles
due to their specific molecular structures [293]. The results in surfactants wrapping depend on
the structures and electronics types of the nanomaterials. Various theoretical calculations,
numerical simulations, TEM measurements have been proposed on these nanomaterials and
nanoparticles [294-296]. The clarification of the separation mechanism of these nanomaterials
and nanoparticles are yet to be clarified. In this work, we designed a method that involved two
different steps which resulted in the separation of SWBNTS into various layers. The designed
DGU mechanism separated SWBNTSs into four distinct layers that led to different diameters
and lengths. The results from each layer are analyzed. This technique is also used in the
separation of SWCNTSs into different layers. The results obtained using the new methods are
supported by the results achieved by other authors [297]. The details regarding the
experimental procedures of synthesis of SWBNTSs used in this chapter six will be found in
chapter three. A brief explanation of the separation mechanism will be explained before

addressing the experimental results.

6.2.1 Surfactant DGU separation and preparation of density gradient
medium (DGM)

The critical aspect of this method is to find out the morphology of the surfactant that is suitable
for the SWBNTS during the ultracentrifugation. This suitability is due to the affinities between
the nanomaterials and a surfactant present in the gradient medium. The dynamic equilibrium
state of the surfactant absorbed onto the nanomaterials and free surfactant molecules present in
the medium is very important. The significance of a surfactant occurs in the dispersion steps

and continues during the ultracentrifugation.
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The significance of surfactants can be proved, if the surfactant is removed from the materials
and the results compared when the material is dispersed in distilled water.

Step I: SWBNTSs separation by DGU

Density gradient centrifugation

Linear density gradient profile (DGP) Optiprep (Sigma—Aldrich Co., Ltd) solutions were
prepared by mixing pure Optiprep in deionized water by stirring. The Optiprep solutions with
different mass fractions were carefully added to the tubes layer by layer. The gradient solution
from top to bottom consisted of Optiprep solutions with mass fractions of 40% and 80% v/v,
with added volumes of 4 mL each. As-prepared SWBNTSs is dispersed with an equal volume
of 0.4% wi/v sodium cholate and ultrasonicated for 20 minutes at 400 W/cm? using a horn-type
ultrasonicator (UP—400s, Hielscher Ultrasonic). After the ultrasonication, the SWBNTSs
suspension to be separated was floated on these two layers and centrifuged at 32,000 rpm (with
rotor 32 Ti) for 3 hours in a Beckman Coulter MLA-80 fixed angles (90" at 20 °C temperature.
After ultracentrifugation, gradient linearization separation of SWBNTSs into four different
layers of diameters was obtained as shown in Figure 6.2 (b). This occurred at the end of the
first step and each layer was extracted using a micropipette. Figure 6.3 (c) shows the results

obtained after ultracentrifugation when the sodium cholate is absent in the ultracentrifugation.

Step II: Purification of SWBNTSs from sodium cholate

SWBNTs extracted in each layer is purified from sodium cholate. The second step of the
ultracentrifugation was performed to get rid of surfactant and optiprep. Figure 6.3(b)
corresponds to each layer obtained in Figure 6.3(a). Each layer is mixed in 5 ml ethanol
absolute (100 %, Sigma Aldrich) in Seton, ultra—clear centrifuge tube Polyallomer 25 x 89 mm,
39 ml capacity (Bell top Quick-Seal, Beckmann—Coulter centrifuge tubes) and ultrasonicated
for 30 minutes at 400 W/cm? using a horn—type ultrasonicator (UP—400s, Hielscher Ultrasonic)

prior to the centrifugation.
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After ultrasonication, each layer is centrifuged for 2 hours with a speed of 50,000 rpm (with
rotor 70 Ti) at a temperature of 4 °C in a Beckman Coulter MLA-80 fixed angle rotors at 45°.

@ (b)

Figure 6.2: (a) Before DGU, SWBNTs mixed with a sodium cholate in Optiprep density
gradient solution (b) After DGU, sorted isolated small SWBNTs bundles on top and sediments
of large SWBNTs bundles at the bottom.

(a) (b) ()

Figure 6.3: (a) The final position of SWBNTs separated into four layers, at 32,000 rpm for
3hrs, (b) Corresponding to each layer obtained in Figure 6.3(a) from different layers, at 50,
000 rpm for 2 hrs and (c) The final position of SWBNTs when distilled water is used.
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The top 70 % of the supernatant layer in each test tube is decanted, which are already purified
from the sodium cholate and Optiprep. Each layer was characterized using, the following
characterization, scanning electron microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), energy dispersive X-ray spectroscopy (EDS) and Raman spectroscopy
(RS).

6.3 Results and Discussions

6.3.1 Characterization of SWBNTs by SEM and EDS

The SEM and EDS analyses were performed on an LEO Geminil525 FEGSEM at an
accelerating voltage of 10 keV for SEM and 20 keV for EDS. The supernatant samples from
each layer were prepared on the glass substrate and adhered to the aluminum or copper SEM
holder with the help of carbon tape, which was later coated with gold (Au) before
characterization. The SEM images in Figure 6.4 (a-d) shows the results obtained from four
layers, with the EDS spectrum in Figure 6.4 (e) and EDS results in Table 6.1. The SEM images
revealed the microscopic bundles of SWBNTSs of nanometers in diameter with metal catalysts
particles, predominantly nickel (Ni) and cobalt Co) which were observed on the EDS spectrum.
SEM analyses also revealed tubular and spherical structures of SWBNTSs in all layers. EDS
spectrum is used to analyze the elemental compositions that were found in SWBNTS. In Figure
6.4(e) the strong peak of boron appeared at about 200 eV. It was detected that only a small
amount of oxygen (O2) found (0.2% at 600 eV), this might have resulted from the boron oxide
(B20s) used as a binder. A small percentage of Ni and Co was noticed, which is about 0.05%,
at 800 eV, as the catalysts used in boron target. The peak at 2200 eV is attributed to the gold
(Au) peak resulting from the gold used to coat the supernatant SWBNTs sample on the glass
substrate. Finally, SEM images in Figure 6.4(a-d) revealed the presence of metallic catalysts
found in the EDS. Table 6.1. shows elemental components of each element present in
SWBNTs. The SEM identifying the presence of low level of the amorphous boron formed from
SWBNTS synthesized.
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Figure 6.4: The SEM images of SWBNTs obtained from different layers after the DGU
operated at 50,000 rpm for 2hours (a) Layer four, (b) Layer three, (c) Layer two and (d) Layer
one. Each of this layer depicted the bundles of SWBNTSs.
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Figure 6.4(e): The EDS spectrum obtained from SEM image after the DGU at 50,000
rpm for 2hours confirming the purity of the SWBNTs.

Table 6.1: The elemental composition of each element presents in the SWBNTs.

BNTs Wt.% Wt.% Sigma
B 93.32 0.21

O 5.76 0.20

Co 0.46 0.05

Ni 0.46 0.05

Total 100.00
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6.3.2 Characterization of SWBNTs by HRTEM and EDS

The supernatant SWBNTSs samples for HRTEM were bath sonicated and dropped onto a carbon
grid and dried for thirty minutes before characterization. The HRTEM was performed on a
JEOL 2100 at 200 keV. The SWBNTSs can be seen to be relatively long from the micrographs,
with the outer diameters between 1.43 to 2.05 nm. The EDS spectrum found with HRTEM
images was used to analyze the elemental compositions that were found in SWBNTSs. Figure
6.5 (e) shows the strongest peak of boron at 200 eV. It was detected that only a small amount
of oxygen (O2) was found, this must have resulted from the boron oxide (B20O3) used as a binder
material. The small amount of Ni and Co was perceived which is about 0.56%, as catalysts
used in the boron target. A small percentage of copper (Cu) was found, resulting from HRTEM
grid, during characterization. The EDS analyses revealed that the total content of boron in the
SWBNTSs is over 95 %, which confirmed the purity of as — prepared SWBNTSs.
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Figure 6.5: The HRTEM images of SWBNTs obtained from the DGU at 50.000 rpm in 2 hours
at different levels (a) Layer 4, SWBNTs of 1.43 nm in diameter, (b) Layer 3, SWBNTs diameter
of 1.71 nm (c) Layer 2, SWBNTs of 1.93 nm in diameter and (d) Layer 1, SWBNTs of 2.05 nm
in diameter with a catalyst at the top.

The analyses of HRTEM obtained in this research revealed the differences in diameters of the
SWBNTs separated after the ultracentrifugation. The SWBNTSs with small diameters of 1.43
nm were observed from lower densities (i.e. Layer 4) at the topmost part of the centrifuge tube
as shown in Figure 6.3 (a). Large diameters 0of2.05 nm of SWBNTSs were observed at the higher
density (1.e. Layer 1) at the bottom part of the centrifuge tube as shown in Figure 6.3(a). Similar
observations about the separation of diameters and lengths of different nanoparticles and
nanomaterials have been reported, for instance in single-walled carbon nanotubes (SWCNTs)
[298-300].
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Figure 6.5 (e): The EDS spectrum obtained from HRTEM images after the DGU at 50,000
rpm for 2hours confirming the purity of the SWBNTs.

Table 6.2: EDS table from HRTEM analysis shown the elemental composition of each
element present in the SWBNTs

Element | Weight% | Weight% Sigma Atomic%
B 92.40 0.04 95.39
C 4.34 0.04 4.04
Co 0.05 0.00 0.01
Ni 0.01 0.00 0.56
Cu 3.16 0.02 0.56
Zn 0.04 0.01 0.01
Totals 100.00
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Similarly, in layer 3 and 2, the SWBNTSs of outer diameters 1.71 and 1.93 nm were obtained.
There was high deviation in the diameters of SWBNTSs separated at different layers by
centrifugation. This might have resulted from the presence of smaller diameters SWBNTSs
separated along with larger diameters SWBNTSs through the help of surfactant that wrapped as-
prepared SWBNTs sample in the DGM. Different outer diameters and lengths were observed
in nanometres (10°) and microns (10) respectively, although the uniform separation of the
SWBNTSs was not observed. In Figure 6.5(a-d), different densities contained a significant
portion of specific SWBNTs. For instance, in Figure 6.3 (a), the lower density gradient (at
layer 4) of the Optiprep could separate most smaller SWBNTSs, accompanied by SWBNTSs of
smaller diameters in nanometres and lengths in microns as shown in HRTEM in Figure 6.5 (a).
In Figure 6.3 (a), the higher densities from layer 1 to 3 of Optiprep could separate SWBNTSs of
different diameters and lengths. The concentration gradient of Optiprep (i.e. layer 1) at the
bottom of the centrifuge tube could separate the SWBNTSs of larger diameters. In addition,
wires, rods, sheets and different shapes of other nanomaterials could be featured in the sediment
in layer 1, if carefully examined. There is some evidence of separation between tube diameters.
The exclusive separation of the specific shape of other nanomaterials types is not observable,
that is a separation between sheets, wires, and rods at a different density gradient did not occur.
These observations are similar to those of other researchers in CNTs separation using
ultracentrifugation technique, who have reported that diameter separation between sheets,

wires, and rods with similar diameters was difficult [298].

6.3.3 Characterization of SWBNTs by Raman

Raman spectroscopy (RS) was used to analyze SWBNTs samples obtained from different
layers. RS measurements were performed on a Jobin Yvon Labram HR 800 micro—Raman
spectrometer, using an excitation wavelength of 514 nm laser. Due to the inhomogeneity in
diameters of SWBNTs synthesized it enabled us to obtain four layers after the
ultracentrifugation. These four layers required measurements to be ascertained that indeed each
layer contained SWBNTs and this was done through HRTEM. Each of this layer was
transferred on an HRTEM grid to be sure that each layer obtained contained SWBNTS prior to
the RS analyses.
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We examined the sample layers morphologies, and their chemical compositions on the carbon
grid through EDS. Figure 6.5 (a-d), revealed the HRTEM micrographs of four layers obtained
on the HRTEM grid. The experimental details on the synthesis of the as-prepared SWBNTSs
used in this chapter six are described in chapter three of this dissertation. The Raman peaks
observed in o—boron was predicted through theoretical studies [45, 301]. The phonon modes
of boron are observed under resonance conditions [302]. This is intensively used for probing
the electronic structures of boron nanotubes [302]. The electronic band gap of boron nanotubes
(BNTSs) is estimated to be between 1.0 eV to 0.8 eV from the theoretical calculations [179].
We worked in the visible wavelength range to get a close possible range to resonance. The
Raman measurement was performed at an excitation visible wavelength up to 514 nm. The
only visible wavelength used in the Raman measurements throughout was a 514 nm laser. On
each layer, micro-Raman was measured and characterized. All the Raman data collected are
corrected, by subtracting the quartz substrate background signal data from the data obtained in
both SWBNTSs and quartz substrate. The subtraction was done before plotting each data to
obtain all the Raman spectra in Figure 6.6 (a-d). The Raman spectra obtained has SWBNTSs
fingerprint that was clearly shown in the HRTEM micrographs in Figure 6.5 (a-d). These areas
observed on Raman spectra has more SWBNTs. Some intensity peaks were predicted
theoretically in the o — boron Raman spectra [36, 45]. These peaks are related to Aig and Eg
modes [44, 45]. Intable (6.3-6.6), we compared the peaks in the experiment with the o—boron
peaks obtained in the theoretical calculations [36, 44, 45, 301] and experimental values [44,
303]. The electron density distribution in the icosahedra of a—rhombohedral boron and boron
carbide are similar as reported by Hosoi et al [304]. Bonds and vibration spectra are expected
to be closely related. For a—rhombohedral boron, the simplest icosahedral boron-rich solid, the
phonon frequencies were determined by Beck et al [45] and in agreement with the experimental
Raman spectra reported by Vast et al [43]. According to the group theory, ten Raman active
modes of 4 Ayq singlets and 6E4 doublets are predicted for a—rhombohedral boron with Dsq
point symmetry [45, 305]. According to their expectation, the Aig and Eq vibrations are the

Raman-active peaks [45] in the region from 500 to 1200 cm™ modes.
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The calculated Raman spectra predicted were twelve Raman active peaks. The first
experimental Raman spectrum of o—rhombohedral boron was published by Richter and Ploog,
[42] showing twelve Raman peaks and was subsequently confirmed by other groups of
researchers [36, 303, 306, 307]. It was observed that the initial theoretical simulations of the
Raman spectrum of a—rhombohedral boron were not satisfactory [53]. Vast et al, with their ab
initio lattice dynamics calculations, later yielded a very good agreement between mode
frequencies and the measured Raman spectrum [43]. Shirai and Katayama—Yoshida studied
the phonon spectrum of a—rhombohedral boron from the viewpoint of anharmonic effects
[274]. The phonon spectrum was calculated by evaluating the anharmonic force constants of
individual bonds obtained from the pressure dependence of phonon frequencies [45]. The
detection of some weak spectral features and several weak Raman bands were found in addition
to the well- known modes. For large atomic clusters, the mass difference of vibrating groups
of atoms is reduced by the statistical distribution of isotopes. This effect is observed for the
527 cm™* modes and was close to the experimental peak at 529 cm™ modes in Figure 6.6(c),
which corresponds to the rotation of the rigid Bi> icosahedra [36, 45]. The Raman active
phonons are predicted theoretically, four strong peaks and probably two very weak ones at
1094 and 1238 cm™, not featured in the experimental results [36, 45]. Polarization-resolved
measurement by Tallant et al, assigned one of the main peaks to an Eqg mode (doublet) and three
others peaks to Aig (singlet) symmetry [308]. Beckel et al, described the movement of the
atoms in these modes. The Eg mode is a mixture of vibrations modes of the B1 cluster having
frequencies o1 and w2,  For w1, all six external two center bonds of the icosahedra are
compressed simultaneously. While for w2, at a given moment, two of the six are compressed,
two are stretched and two are strained [45]. Aig modes predominantly originate from the radial
movement of the polar atom belonging to the triangles of the icosahedra which induced double
stress and the double compression of the two - center bonds between the icosahedra. In table
(6.3-6.6), the calculated and experimental values Aig modes (708, 947, and 710, 965, and 692,
925 cm™) are close to the experimental results (701 cm™ layer four, 677, 963 cm™ layer three,
782, 975 cm? layer two, and 685, 859, 949 cm™ layer one). They were all related to the Asg

mode according to the theoretical and experimental values [43, 274].
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Figure 6.6: Raman spectra excited at 514 nm laser on (a) Layer 4 (b) Layer 3, (c) Layer 2 and
(d) Layer 1, which correspond to the results obtained from the four layers, in the centrifuge
tube after the DGU.
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The calculated values Aig modes (708, 947 and 710, 965 cm™ ) [43, 274] are nearly the same
as the experimental results (701, 963, 975 and 949 cm™ ) in Table (6.3-6.6), there were no
discrepancies including the experimental values of Vast et al in Table (6.3-6.6) [43]. InTable
(6.3-6.6), the calculated Eq modes (529, 790, 890 and 497, 818, 884 cm™) are close to the
experimental results (515, 787, 878 layer four, and 531, 596 layer three, and 529, 602, 887
layer two, and 617 cm™ layer one) [43, 274].

Table 6.3: Raman active modes in o — boron (in cm™) and the experimental results obtained
from layer 4 of BNTs is compared with theoretical calculations and experimental results of

Vast et al and theoretical calculations by Shirai et al.

Layer 4 a - boron
Vast et al [43] | Shiraietal [49] | Vast et al [43] Experimental Raman active
Theory Theory Experiment Results (BNTs)
Frequency Frequency Frequency Frequency Mode
529 497 525 515 Eq
708 710 692 701 Agg
790 818 774 787 Eq
890 884 870 878 Eq

Table 6.4: Raman active modes in o —boron (in cm™) and experimental results obtained from

layer 3 of the BNTs is compared with theoretical calculations and experimental results of Vast

et al and theoretical calculations by Shirai et al.

Layer 3 a - boron
Vast et al [43] | Shiraietal [49] | Vast et al [43] Experimental Raman active
Theory Theory Experiment Results (BNTs)
Frequency Frequency Frequency Frequency Mode
529 497 525 531 Eq
608 572 586 596 Eg
708 710 692 677 Axg
947 965 925 963 Axg
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There is a lesser discrepancy for the Eq mode observed from both theoretical and the
experimental values most especially when we compared our results to the experimental values
of Vast et al [43]. This suggests splitting of the E4 doublets, an assumption which is not
supported by the polarization resolved measurement [44]. In Figure 6.6 (a-d) the Raman
spectra peaks at 984, 1047, 1041 and 1043 cm™ coincide with absorption maxima and thus can

be related to luminescence due to electronics transitions between gap states [44, 45].

Table 6.5: The Raman active modes in a — boron (in cm™) and experimental results obtained
from layer 2 of the as-prepared BNTs is compared with theoretical calculations and
experimental results of Vast et al and theoretical calculations by Shirai et al.

Layer 2 a - boron
Vast et al [43] | Shiraietal [49] | Vast et al [43] Experimental Raman active
Theory Theory Experiment Results (BNTs)
Frequency Frequency Frequency Frequency Mode
529 497 525 529 Eg
608 572 586 602 Eg
708 710 692 782 Axg
890 884 870 887 Eq
947 965 925 975 Axg

Table 6.6: Raman active modes in o —boron (in cm™) and experimental results obtained from

layer 1 of the BNTSs is compared with theoretical calculations and experimental results of Vast

et al and theoretical calculations by Shirai et al.

Layer 1 a - boron
Vast et al [43] | Shiraietal [49] | Vast et al [43] Experimental Raman active
Theory Theory Experiment Results (BNTS)
Frequency Frequency Frequency Frequency Mode

608 572 586 617 Eq
708 710 692 685 Axg
815 759 793 859 Axg
947 965 925 949 Axg
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According, to Beckel et al, the line 934 cm™ mode corresponds to the experimental results
(984, 963, 975 and 949 cm™), involves distortions of the polar triangles as well as the equatorial
hexagon, where two of the six bonds are stretched [45]. The 873 cm™ mode is close to the
experimental results (878, 859, 887and 859 cm™ ), and is essentially an isolated icosahedral
mode which mainly stresses the chemical bonds of the icosahedral [303]. The strongest peak
at 795 cm*, corresponds to the experimental results ( 787 and 782 cm™ ) and is attributed to
the external three-centered bonds which are compressed at an instant when two centered bonds
are stressed [301, 303]. The 694 cm™ modes found close to the experimental results ( 701,
677, 682 and 685 cm™) shown in Table (6.3-6.6) coincide with those of the a—tetragonal boron
phase [44, 303]. The peaks in the Raman spectra of the experiment results (622, 596, 602 and
617 cm™) coincide with the calculated Raman line at 589 cm™ [44, 309], has been reported for
crystalline B-rhombohedral and features are attributed to Raman active covalent inter
icosahedral B-B bonds. Vast et al, assigns the Raman peak at 527 cm™ to the vibrational
modes of the entire icosahedron a-boron, and is close to the peaks in the Raman spectra of
boron nanotubes (515, 531, 529 and 482 cm™ ) shown in Figure 6.6 (a-d) [43]. Raman spectra
do not show any sharp features. We observed the weak statistics with data noise on the Raman
spectra obtained, this due to weak signal and small amount of material. The broad features in
the spectra are similar to the spectrum of B-rhombohedral boron reported [310]. The absence
of sharp bands is due to partial amorphous nature of the sample which is also confirmed by
XRD pattern which observed a similar phenomenon and reported that the Raman effect in
amorphous was very weak [311]. In the Raman spectra, the G peak, corresponds to planar
vibrations of boron atoms in boron like materials. The G peaks are associated with the Eq mode,
stretching vibrations, in the basal plane of boron. Other peaks were detected at 152, 156, 158,
167, 223, 224, 250, 291, 292, and 296 cm™, these peaks might be assigned as a radial breathing
mode (RBM) as this has been detected in a single-walled carbon nanotube. The RBM
corresponds to the radial expansion-contraction of the boron nanotube (BNTS), its frequency
wrev depends on the nanotube diameter. Typical RBM range is 100-350 cm? [312]. Peaks
located at 1041, 1043 and 1047 cm™ has been attributed to the vibration mode of inter

icosahedra B-B bonds.
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A few frequencies in the range 500-900 cm™ represent intra icosahedra vibration modes. The
spectra also showed peaks features at 476, 478, 482 and 484 cm™, can be assigned to a B-B
stretching mode corresponding to the tangential mode in carbon nanotubes and bonds between
B and foreign atoms [313].

The spectral features between 300 and 500 cm™ may also be attributed to tubular structures.
Ciuparu et al and Liu et al attributed the Raman peaks below 500 cm™ to BNTS signature and
the characteristics of tubular structures [120, 126]. Similar peaks were reported for single-
walled carbon nanotubes [272]. The peaks between 300 and 600 cm™ can be attributed to
nanotubes of different diameters and chirality [126]. The spectral features between 400 and
600 cm™ belong to nanotubes of smaller diameters and other boron nanostructures [126].
Overall, it was found that SEM images revealed that indeed as—prepared materials consist of
microscopic bundles of SWBNTSs with metal catalyst particles present, which revealed in the
EDX spectrum. Structural characterization of SWBNTSs separated through ultracentrifugation
into different layers was carried out by HRTEM. All SWBNTSs found varies with respect to
their layers. The SWBNTs of outer diameters and lengths, found through the HRTEM
measurement are in the range between nanometres in (10°°) and microns (10°) respectively. It
is demonstrated that Raman spectroscopy is a very sensitive tool for detecting different types
of modification of crystalline structures. The SWBNTs have been studied by Raman
spectroscopy using visible excitation energy and Raman scattering in the visible range at a 514
nm laser. It provides pre- resonant conditions which allowed us to identify the tangential
modes at Aig and Eq frequencies. The Raman spectra of SWBNTSs did not show any sharp
peaks, but the spectra were compared with the theoretical calculations and experimental results
that revealed similar features. The Raman active modes of SWBNTSs that was experimentally
measured from the acquired data, showed the frequencies of the Aig and Eg modes of a—boron.
The peaks resulting from a—boron cluster was observed at frequencies above 500 cm?, while
the Raman peaks below 500cm™ were also attributed to SWBNTSs signatures according to
Ciuparu et al and Liu et al experimental results because the same peaks were observed in
SWCNTs.
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6.4 Image analyses on the SEM and HRTEM micrographs of SWBNTSs

In this chapter, the image analyses were performed on the scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HRTEM) micrographs of single-walled
boron nanotubes (SWBNTS) obtained from different layers after the ultracentrifugation. The
HRTEM images used for the analyses were taken randomly and these were analyzed to detect
the trend in diameters. The density of tubular structures of boron and SWBNTs was found in
each layer for both SEM and HRTEM micrographs shown in Figure 6.7 (a-d) and 6.8 (a-d)
respectively. This series of SEM images from the four different layers produced show the
changing density of each layer. The images were analyzed to obtain the number of tubular
structures of boron per nm?.
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200 nm
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Figure 6.7: SEM images of tubular structures of boron taken randomly in each layer after
ultracentrifugation (a) Layer 4 (Top), (b) Layer 3 (c) Layer 2, (d) Layer 1(Bottom)

This was done by counting the number of tubular structures of boron present in a known area
of each layer. The density of tubular structures of boron obtained from each layer is shown in

Table 6.7.

Table 6.7: Density of tubular structures of boron observed in the SEM images of each layer

Sample layers Number of tubular structures of % Error
boron per nm?
Layer 4 2.5 0.20
Layer 3 2.0 0.11
Layer 2 1.0 0.09
Layer 1 0.8 0.07

154




RESULTS AND DISCUSSION OF IMAGE ANALYSES

Table 6.7. shows an increment in the trend of the density of tubular structures of boron obtained
from layer 1 to 4. The percentage error was calculated by using the expression in the equation
(6.6), as shown in Table 6.7.

% Error = Exact value — Approximate value y 199 (6.6)

Exact value

The same HRTEM micrographs were also analyzed to determine the distribution of diameters
of the SWBNTSs in each layer. This was carried out by measuring the diameters of nanotubes
present in each layer of samples. The results obtained were analyzed to deduce the distribution
of diameters of the SWBNTS found at different layers. The graphs distribution plotted for each
layer were shown in Figure 6.9 for HRTEM. The histogram graphs plotted for each layer
revealed the trend in their diameters. Table 6.8 showed a trend in the mean diameters of
SWBNTs obtained from each layer. The distribution of the diameters of SWBNTs measured
in HRTEM micrographs were fitted to the lognormal distribution. The results obtained are
displayed in Table 6.8, for HRTEM.

()
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(b)
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(d)

Figure 6.8: HRTEM images of SWBNTSs taken at random positions after ultracentrifugation
(a) Layer 4(Top), (b) Layer 3 (c) Layer 2, (d) Layer 1(Bottom)

Table 6.8: SWBNTSs diameters measured in HRTEM images from layer 4 to 1 and statistical
parameters for lognormal distribution fitting.

Sample Mean Median Minimum | Maximum | Variance | Standard
layers deviation
Layer 4 0.90 0.90 0.67 1.20 0.03 0.18
Layer 3 1.14 1.30 1.20 1.72 0.08 0.28
Layer 2 1.43 1.39 1.50 2.10 0.03 0.18
Layer 1 1.69 1.74 1.60 2.30 0.05 0.22
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Figure 6.9: Distribution of the diameters of SWBNTs measured in HRTEM images from layer
4 to 1 and fitted to log-normal distribution
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The distributions in Figure 6.9 showed the average diameters of SWBNTSs obtained from
different layers. The ultracentrifugation revealed the differences in the diameters obtained in
HRTEM, according to the position of each layer. The difference in the diameter of SWBNTSs
is due to the position layer at which each sample was collected. Variation in the diameters also
depend on the density gradient medium (DGM) of each layer. In summary, we can separate
SWBNTs with variation in the diameters according to their layers via the ultracentrifugation
method. We can use these results obtained from image analyses to confirm that the separation
of any SWBNTSs can be performed through the ultracentrifugation technique.
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7. Conclusions and Future Work

7.1 Conclusions

In this dissertation, a dual pulse laser ablation technique was set up and optimized for the
synthesis of single-walled boron nanotubes (SWBNTS) and other related boron nanomaterials
(BNMs) in a scalable manner. This technique is advantageous over other methods such as
chemical vapour deposition, ball milling, and arc discharge etc, because this technique is
repeatable. The technique involved the use of argon/nitrogen as carrier gas, pressure, furnace
temperature and catalysts to synthesize SWBNTSs. This was achieved by ablating the targets
simultaneously with laser wavelengths of 1064 and 532 nm for thirty minutes, to synthesize
nanomaterials having SWBNTSs. It was found that nickel (Ni) and cobalt (Co) when utilized as
catalysts assisted in the synthesis of SWBNTSs. Also, the optimum conditions for SWBNTs
growth using dual pulse laser ablation set up were determined. It was discovered that SWBNTs

growth initiates at a high temperature of 1100 °C.

Purification of SWBNTSs was done to remove Optiprep which was used as a density gradient
medium and sodium cholate as a surfactant. This was achieved by mixing the supernatant of
SWBNTs obtained after centrifugation, with 10 ml of ethanol and subsequently sonicated.

Thereafter, the mixture was centrifuged using an ultracentrifuge.

Extensive characterization of the SWBNTSs was carried out with different techniques such as
field emission scanning electron microscopy (FESEM), high-resolution transmission electron
microscopy (HRTEM), energy dispersive x-ray spectroscopy (EDS), x-ray diffraction (XRD),
Raman spectroscopy (RS), ultraviolet-visible (UV-VIS), photoluminescence (PL), and
vibration sample magnetometer (VSM). The results to this characterization can be summarized

as follows.

Firstly, a variation of the nitrogen gas pressure, gas flow rate, and furnace temperature
influenced the quantity and type of as-prepared BNMs synthesized using hexagonal boron
nitride (h-BN), since these parameters affected the plasma dynamics. SEM analysis revealed
the spherical and tubular structures of SWBNTSs synthesized using h-BN, with a diameters in

nanometers and length in microns.
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The HRTEM image of the SWBNTSs showed a significant hollow structure with a diameter of
0.4 nm and 2 microns in length. HRTEM analysis revealed lattice spacing of 0.34 nm from
their lattice fringes in accordance with a theoretical calculation. EDS data from electron
microscopy revealed the composition of the SWBNTs to be 99% pure boron with small
percentage of 0.05% Ni and Co which were used as catalysts in the synthesis. Raman
spectroscopy revealed Raman active lines below 500 cm™ (144, 210, 267, 343 and 502 cm™)
which was consistent with tubular boron structure and corresponding to the radial breathing
mode (RBM) of similar peaks that were also reported for the single-walled carbon nanotubes
(SWCNTs). Raman spectrum showed three peaks at 788, 878 and 965 cm* that occurred in
a-boron which confirmed SWBNTSs to be a-BNTs. Overall it was found that nitrogen pressure
of 400 Torr, flow rate of 200 sccm and temperature of 1100 °C produced SWBNTSs at a rate of
100 mg/h, with the small diameter of 0.4 nm and RBM below 500 cm™.

Secondly, SWBNTs synthesized using boron target with parameters such as an argon gas
pressure, gas flow rate, furnace temperature and catalysts influenced the quality and quantity
of as-prepared SWBNTs. SEM analysis showed the tubular structure of SWBNTSs with a
diameter in nanometers and microns in length. HRTEM analysis revealed open ends and
hollow structures of the SWBNTSs, with diameter, ranging from 1.47 to 2 nm and 2 microns in
length. The lattice spacing of 0.38 nm from lattice fringes was observed in HRTEM analysis
in accordance with a theoretical calculation. EDS analysis from both SEM and HRTEM
revealed the composition of the SWBNTS to be 97% pure boron with 0.04% Ni and Co which
were used as catalysts in the synthesis. Raman spectrum of SWBNTSs is characterized by peaks
centered at Aig and Eq modes. The G peak is associated with Eq mode (stretching vibration) in
the basal plane of boron, therefore the peak at 493 cm™ and 621 cm™ are corresponding to the
G peak in SWBNTs. At wavenumber below 500 cm™ (210 cm™?) assigned as a radial breathing
mode typically for tubular structures, the peak at 493 cm is associated with one of the peaks
from alpha-boron clusters at 493 cm™ and confirmed the material to be alpha-SWBNTSs. It was
found that an argon gas pressure (400 Torr), gas flow rate (200 sccm), and furnace temperature
(1100 °C) produced alpha-SWBNTs of 97% pure boron, at a rate of 98% mg/h, with diameter
ranging from 1.47 to 2 nm and RBM below 500 cm™ (210 cm™).
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Thirdly, the dissertation also focused on the separation of SWBNTS into different diameters by
using the density gradient ultracentrifugation (DGU) method. SEM analysis revealed that
SWBNTSs were tubular and spherical in all the layers with a diameter in nanometers and length
in microns. HRTEM analysis showed different kinds of SWBNTS obtained with variations in
their diameters between 1.43 to 2.05 nm and a length of 1.20 to 2.10 microns with respect to
the layers. It was noticed that SWBNTSs showed a significant hollow structure with small
diameters of 1.43 nm were found at a lower density in contrast to SWBNTs with large
diameters of 2.05 nm which were observed at a higher density of optiprep. EDS analysis from
both electron microscopy revealed the composition of the SWBNTS to be 96% pure boron with
a small percentage of 0.06% Ni and Co which were utilized as catalysts in the synthesis. Micro
Raman spectroscopy analysis was also performed on each layer with the excitation 514 nm
wavelength laser. The Raman active mode below 500 cm™ (157, 223, 224 and 250 cm™) was
observed from all the layers which were attributed to tubular structures, corresponding to the
radial breathing mode and similar peaks were observed in single-walled carbon nanotubes.
Raman active peaks from alpha- boron clusters were observed at 782, 787, 878, 887, 949, and
963 cm™ which confirmed boron nanotubes as alpha-SWBNTs. Overall, it was found that
SWBNTs with small diameters of 1.43 nm were observed from lower density (layer 4). In
layers 2 and 3 the SWBNTSs of outer diameters 1.71 and 1.93 nm were obtained, whereas large

diameters of 2.05 nm SWBNTs were observed at higher density (layer 1).

In conclusion, the dual pulsed laser ablation technique for synthesizing SWBNTs was
investigated and optimized. The type and quality of SWBNTSs which were synthesized could
be achieved by using parameters and catalysts while investigating the type of SWBNTSs that
could be synthesized. The application of DGU to separate SWBNTS into different diameters at
different layers was carried out. This method could be used to determine which particular

SWBNTSs species would be suitable for a particular application.
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7.2 Future Work

While, in this dissertation, the DGU was used to separate SWBNTSs into different diameters,
the technique employed could be applied to other materials. Further work is also required in
scaling up of the dual pulse laser ablation method on developed SWBNTs for
commercialization. Raman spectra analysis, electrical and mechanical measurements of
SWBNTSs need more investigations. Optical emission spectroscopy (OES) should be used to
study nucleation and growth of SWBNTSs and it could also be applied to other materials systems
where significant self-assembly of the atom from the vapour phase into an ordered
superstructure occurs. The Boltzmann plot method should be employed to determine electron
temperature, also the use the of Saha- Boltzmann equation to evaluate emissions from
successful ionization to determine the electron temperature of SWBNTs. Overall, future
research should focus on the optimization and separation of SWBNTSs with the density gradient
ultracentrifugation technique. In addition, the purification of SWBNTSs after the separation with
chemical methods for better application should be investigated. This anticipated much-
improved SWBNTSs can be marketed as new products to companies in the world for various

technological applications.
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