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ABSTRACT 

We developed a simple and cost-effective Argon supported thermal CVD technique 

for the synthesis of h-BN nanostructures. Our developed technique for the synthesis of 

boron nitride nanotubes (BNNTs) is about 18 % less expensive as compared to the known 

simplest CVD techniques and 25 – 35 % to any other technique with respect to the cost 

of experimental setups and other accessories. The optimization of experimental 

parameters and slight modification of our Argon supported thermal CVD technique leads 

to the synthesis of different types, size, morphologies and shapes of h-BN nanostructures 

such as BNNTs, BNNWs, BNMTs and BNNS etc. Change in precursors and substrate 

nature resulted in different morphologies and formats of BNNTs, whereas the change of 

reaction atmosphere from Argon to Ammonia resulted in the synthesis of BNMTs. The 

decrease in the growth duration (60 min  30 min) and arrangement of vapor – liquid – 

solid (VLS) growth mechanism resulted in the synthesis of BNNWs, whereas an increase 

in the growth duration (60 min  90 min) in the presence of ammonia as a reaction 

atmosphere resulted in the formation of BNNS. FESEM, EDX, HR-TEM, XPS and 

Raman are used as characterization tools to study the morphology, size, internal structure, 

elemental compositions and phase of the final product, respectively. The synthesized 

nanostructures of h-BN have importance not only in the field of biomedical or 

microelectronic mechanical systems but also in the developments of solid state neutron 

detectors with higher detection efficiency.   Univ
ers

ity
 of

Mala
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ABSTRAK 

Kami membangunkan teknik CVD haba mudah dan kos efektif Argon disokong untuk 

sintesis nano h-BN. teknik yang dibangunkan untuk sintesis nanotube boron nitrida 

(BNNTs) adalah kira-kira 18% lebih murah berbanding dengan teknik yang dikenali 

mudah CVD dan 25 - 35% untuk mana-mana teknik lain yang berkenaan dengan kos 

setup eksperimen dan aksesori lain. Pengoptimuman parameter eksperimen dan 

pengubahsuaian sedikit Argon kami disokong teknik CVD haba membawa kepada 

sintesis jenis, saiz, morfologi dan bentuk nano h-BN seperti BNNTs, BNNWs, BNMTs 

dan BNNS dan lain-lain Perubahan prekursor dan sifat substrat mengakibatkan morfologi 

dan format BNNTs yang berlainan, manakala perubahan suasana reaksi daripada Argon 

untuk Ammonia menyebabkan sintesis BNMTs. Pengurangan Tempoh pertumbuhan (60 

min  30 min) dan susunan wap - cecair - mekanisme pepejal (VLS) pertumbuhan 

menyebabkan sintesis BNNWs, manakala peningkatan dalam tempoh pertumbuhan (60 

min  90 min) di hadapan ammonia sebagai suasana reaksi mengakibatkan pembentukan 

BNNS. FESEM, EDX, HR-TEM, XPS dan Raman digunakan sebagai alat pencirian 

untuk mengkaji morfologi, saiz, struktur dalaman, komposisi unsur dan fasa produk akhir, 

masing-masing. The nano disintesis daripada h-BN mempunyai kepentingan bukan 

sahaja dalam bidang sistem mekanikal bioperubatan atau mikroelektronik tetapi juga 

dalam perkembangan pengesan neutron keadaan pepejal dengan kecekapan pengesanan 

yang lebih tinggi.   
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CHAPTER 1 

  INTRODUCTION 

The property of a material describes how it behaves under certain conditions. 

Properties of materials are usually measured by looking at large (~1023) aggregations of 

atoms or molecules. But, it is very interesting to mention that nanoscale substances exhibit 

different properties than their macroscale counterparts (Cao, 2004). The followings are 

considered as the key factors for understanding the nanoscale-related properties: 

(a) Dominance of electromagnetic forces: Since the mass of nanoscale objects is so 

small, gravity becomes negligible. In fact, gravitational force is a function of mass 

and distance, and is thus weak between (low-mass) nanosized particles. On the 

other hand, electromagnetic force is a function of charge and distance is not 

affected by mass, so it can be very strong for nanosized particles (Hotze, Phenrat, 

& Lowry, 2010). 

(b) Importance of quantum mechanical models: Classical mechanical models that we 

use to understand the macroscale substances break down for the very small 

(nanoscale) particles and for the very fast speed (near the speed of light) 

phenomena. On the other hand, Quantum mechanics better describes phenomena 

that classical physics cannot, like the probability (instead of certainty) of where an 

electron will be found (Hotze et al., 2010). 

(c) Higher surface area to volume ratio: It is interesting to mention that by decreasing 

the particle size, the amount of surface area increases (Gubin, 2009). The three-

part graphic on the Fig. 1.1 illustrates how, for the same volume, the surface area 

increases simply by cutting the cube. Each of the three blocks has the same total 

volume, but the block that has the most cuts has a far greater amount of surfaces 

area. This is an important concept since it effects how well a material can interact 
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with other things. As for instance, which will cool a glass of water faster: Two ice 

cubes, or the same two ice cubes (same volume of ice) that have been crushed. 

 

Figure 1.1: Increase of surface area to volume ratio. 

(d) Random (Brownian) molecular motion is significant: At the macroscale, one can 

barely see the movement of constituent particles or why they moves, i.e., random 

motion is much smaller than the size of the particle. On the other hand, tiny 

particles, such as dust, are in a constant state of motion when seen through 

microscope because they are being batted about by collisions with small molecules. 

These small molecules are in constant random motion due to their kinetic energy, 

and they bounce the larger particle around, and thus, this motion is large when 

compared to the size of the particle (Maragó et al., 2010). 

Univ
ers

ity
 of

 M
ala

ya



3 

Although, reduction of size play a key role for a drastic change of material properties but 

many other factors such as arrangement of atoms and/or molecules in the particles, how 

they are bonded together, charge, shape etc. also responsible for such changes. However, 

the basic properties of materials that changed with the sizes are identified as follows: 

(a) Optical (e.g. color, transparency): In the bulk structure of a material, the particles 

are so small that electrons cannot move freely. Because of the movement is 

restricted, the particles react differently with light. As an example, bulk gold 

appears yellow in color while nano-sized gold appears red in color (Zhang et al., 

2009). 

(b) Electrical (e.g. conductivity): Electrical properties of materials are based on the 

movement of electrons and the spaces, or “holes,” they leave behind. The 

electronic properties of a nanotube depend on the direction in which the sheet was 

rolled up. Some nanotubes are metals with high electrical conductivity, while 

others are semiconductors with relatively large band gaps. Which one it becomes 

depends on way that it is rolled (also called the "chirality" of the nanotube"). If it's 

rolled so that its hexagons line up straight along the tube's axis, the nanotube acts 

as a metal. If it's rolled on the diagonal, so the hexagons spiral along the axis, it 

acts as a semiconductor (Cao, 2004). 

(c) Physical (e.g. hardness, melting point): At the macroscale, the majority of the 

atoms lie almost inside the object. Note that even in a solid, the atoms are not really 

“fixed” in place but vibrating around a fixed point. In liquids, the atoms also rotate 

and move past each other in space (translational motion) though they do not have 

enough energy to completely overcome the intermolecular forces and move apart 

as in a gas. At the nanoscale, the majority of the atoms are splitted in between the 

inside and the surface of the object. That means, the percentage of atoms that lie 

on the surface are very insignificant compared to the inside ones. A smaller object 
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will have a significantly greater percentage of its atoms on the surface of the object. 

Since surface atoms need less energy to move (because they are in contact with 

fewer atoms of the substance), the total energy needed to overcome the 

intermolecular forces hold them “fixed” is less and thus the melting point is lower. 

(d) Chemical (e.g. reactivity, reaction rates): As particles get smaller, their surface area 

to volume ratio gets larger. With more surface area for the same volume, these 

small particles react much faster because more surface area provides more reaction 

sites for the same volume, leading to more chemical reactivity (Cao, 2004). 

In fact, the properties (optical, electrical, physical, mechanical and chemical etc.) of 

nanostructured materials that show great differences from their bulk counterpart are due 

to the electrons and holes confinement (Lauret et al., 2005), surface effects, and 

geometrical confinement of the phonon. Since the physico-chemical properties of 

materials can be tailored by controlling their size and shape at the nanoscale, scientific 

community find greater interest for the synthesis of various nanostructured materials 

leading to improved and/or novel applications. 

Boron nitride (BN) has become a very lucrative material for different applications in 

the modern world due to its favorable properties: hardness, high melting point, low 

dielectric constant, wide band gap and high cross-sections for thermal neutron etc. It 

exists in three different crystalline forms; hexagonal (h-BN), cubic (c-BN) and wurtzite 

(w-BN). Hexagonal boron nitride (h-BN) is the normal phase of BN that is stable at room 

temperature and pressure. Structurally it is identical to graphite, however, the carbons 

atoms are replaced by alternative boron and nitrogen atoms (Pakdel et al., 2012). Natural 

Boron (B) in h-BN is found to contain ~ 20 % of 10B and ~ 80 % of 11B (Han rt al.,  2006). 

The variation of isotopic ratio of 10B and 11B in h-BN and other B-based compounds can 

significantly alter their physical properties (Matsuoka et al., 2004), this fact led the 
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researchers towards the synthesis of different nanostructures of h-BN: boron nitride 

nanotubes (BNNTs), boron-10 nitride nanotubes (10BNNTs), boron nitride nanowires 

(BNNWs), boron nitride microtubes (BNMTs), boron nitride nanosheets (BNNS), boron 

nitride nanofibres (BNNF), boron nitride nanorod (BNNR) etc.   

BNNTs are the hollow cylindrical structures or rolled up sheet of h-BN (as shown in Fig. 

1.2 (Golberg et al., 2010)) with diameter in the nanoscale range and length up to and 

above several micrometers (Chen et al., 2005). They were theoretically predicted in 1994 

(Rubio, Corkill, & Cohen, 1994), and experimentally discovered in 1995 (Chopra et al., 

1995). The discovery of BNNTs has opened up new ways for making devices with 

excellent properties. The properties of BNNTs are almost similar to Carbon Nanotubes 

(CNTs). However, CNTs can be a conductor or semiconductor dependent on the chirality 

or helicity. Whereas BNNTs are large band gap semiconductors independent of helicity 

(Ishigami, Aloni, & Zettl, 2003). 

 

          Figure 1.2: Mono-atomic h-BN layer wrapped up in the form of single layer BNNT ( 

Golberg et al., 2010).  
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BNNTs have attractive magnetic properties. The theoretical calculations indicated that 

they (BNNTs) have spontaneous magnetization that can be induced through carbon-

doping, which can be achieved by substitution of either B or N atoms (Wu et al., 2005). 

BNNTs have intrinsic magnetism that can be induced by their open ends. The magnetic 

moment thus produced is dependent on the chirality of the tube (Kolodiazhnyi & Golberg, 

2005; Li et al., 2008; Oku & Kuno, 2003). As a result of this magnetism, BNNTs produce 

spin-splitting effect combined with spin-polarization. This property has made it a very 

important material for different applications in the field of nanoscale spintronic devices 

e.g. spin polarized emitters etc. (Hao et al., 2006; Ryu et al., 2008; Zhou & Duan, 2007). 

The spontaneous magnetization can also be induced in BNNTs ( Zhang & Guo, 2009) via 

fluorination or dopant substitution. Fluorination of BNNTs can further be used to modify 

the electronic and transport properties of the BNNTs. The fluorinated BNNTs, thus 

developed, find potential applications in nanoelectronics (Zhou et al., 2006). 

The possible role of BNNTs as an insulating protective shield has also been observed 

in the development of nanocables from semiconducting nanowires (Jang et al., 2006; 

Suenaga et al., 1997; Tang et al., 2002; Yin et al., 2004; Zhang et al., 1998; Zhu et al., 

2003). It has been successfully explored for applications in the field of engineering 

ceramics and polymeric composites (Bansal, Hurst, & Choi, 2006).  It is experimentally 

observed that the superplasticity of engineering ceramics increases to a great extent with 

the addition of BNNTs (Huang et al., 2007).  Due to the dipolar nature of B-N bond in 

BNNTs, they result in stronger adsorption of hydrogen. Therefore, BNNTs are considered 

a very important material for hydrogen storage applications (Durgun, Jang, & Ciraci, 

2007; Hu, Kan, & Yang, 2007; Leela Mohana Reddy, Tanur, & Walker, 2010; 

Mpourmpakis & Froudakis, 2007; Shevlin & Guo, 2007). A change in properties in 

molecular and solid state electronic devices has also been observed due to the dipolar 

nature of the B-N bond. It is further responsible for changing the optical properties of 
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materials in the systems (Akdim, Pachter, Duan, & Adams, 2003; Wang, Tsai, & Chou, 

1997). Several studies on photoluminescence and cathodoluminescence properties of 

materials have shown that BNNTs are suitable to emit violet and ultra-violet light. It has 

been found that the emission peaks normally depend on the internal structure of the 

samples. Consequently, several peaks/emission lines have been observed at ~230 nm, 

~279 nm, ~338 nm, and ~460 nm by different researchers (Chen et al., 2002; Berzina et 

al., 2006; Berzina et al., 2005; Chen et al., 2007; Chen, Chen, Liu et al., 2007; Han et al., 

2008; Jaffrennou et al., 2007; Oku, Koi, & Suganuma et al., 2008; Silly et al., 2007; Tang, 

Bando, Zhi, & Golberg et al., 2007; Wu et al., 2004). 

Biocompatibility of any nanomaterial needs to be tested before using it within a 

particular bio-medical application. The biocompatibility tests on BNNTs were first 

initiated by Ciofani et al. (Ciofani et al.,  2009; Ciofani et al., 2008; Ciofani, Raffa, Yu, 

et al., 2009). The obtained results indicated BNNTs to be a very useful material for 

different biomedical applications such as therapeutic or diagnostic etc. due to their 

possible non-cytotoxic nature (Chen et al., 2009; Ciofani et al., 2010; Jang et al., 2006; 

Tang et al., 2002; Yin et al., 2004). In boron nitride capture therapy, they (BNNTs) are 

proposed to be the boron carriers (Wang, Lee, & Yap, 2010). Upon injection, they are 

transferred into the tumor cell, produces localized charge particles by the interaction of 

neutron from an external source. These charge particles may be used to kill the tumor and 

cure the patient. The uniform distribution of Fe3O4 nanoparticles on the BNNTs surface 

introduced magnetic behavior in BNNTs. This behavior of BNNTs might be very useful 

in Micro Electro Mechanical System (MEMS) and targeted drug delivery (Liao & Koide, 

2011; Wang et al., 2010).               

BNNT is a large band gap semiconductor with improved bulk properties, and can be 

effectively used as a neutron sensing element in a solid state neutron detector. Hexagonal 
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Boron nitride (h-BN) has high cross-section for thermal neutron. In the conventional solid 

state detector, a layer of semiconductor material is deposited on the top of neutron 

sensitive material such as h-BN. This layer is used for the production of electron-hole 

pair due to interaction of thermal neutron (Li, Dahal, Majety et al., 2011). Thus, if h-BN 

is replaced by BNNTs (with 10B-enrichement), the efficiency of the neutron detector is 

predicted to be far better than its bulk counterpart. BNNTs have highly crystalline 

multilayered structures that make it more suitable to be used as solid state neutron detector 

with higher detection efficiency (Ahmad, Khandaker, & Amin, 2015b). On the other 

hand, since BNNT is itself a semiconductor, no other semiconductor layer is required to 

be deposited on the neutron sensitive surface such as BNNTs or h-BN. The as produced 

charge particles (due to interaction of neutron) are utilized within the same material ( Li 

et al., 2011). Thus, the extra kinetic energy of the charged particles that was previously 

needed to accelerate them to reach into semiconductor layers can now be saved and 

utilized for an increasing production of electron-hole pairs. As a result, a neutron detector 

based on BNNTs will have high sensitivity and greater efficiency than any other existed 

solid state or semiconductor based neutron detector (Ahmad, Mohamed, & Burhanudin, 

2012).  
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Figure 1.3: FESEM micrograph of BNNWs synthesized by Ahmad et al. ( Ahmad, 

Khandaker, Khan, et al., 2014). 

    BNNWs are the reduced or low dimensional structures of h-BN. Unlike BNNTs, 

BNNWs are the filled cylindrical structure of h-BN with at least one dimension in the 

nanoscale range. An apparent morphology of BNNWs via a FESEM micrograph is shown 

in Fig. 1.3. ( Ahmad, Khandaker, Khan et al., 2014). Like CNTs and BNNTs, it is also 

very important nanostructured material for different applications in small scale devices. 

It has almost the same applications in the different field of modern technology as BNNTs 

( Ahmad, Khandaker, Khan, et al., 2014). Univ
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Figure 1.4: FESEM micrograph shows pipe-like morphologies of BNMTs (Ahmad, 

Khandaker, et al., 2015). 

BNMTs are the pipe like morphologies of hexagonal Boron nitride (h-BN) with 

diameter and length in micro-scale and walls thickness in the range from 1 to 100 nm. 

Here (in the present study) the wall thicknesses mean the difference of external diameter 

and internal diameter of the tube/pipe. The unique pipe-like morphology (as shown in 

Fig. 1.4. (Ahmad, Khandaker, Amin et al., 2015) with larger internal space and length in 

micro-scale range offers exceptional applications as a carrier of larger size bio-molecules 

in the field of biomedical, and inorganic nanoparticles in micro-reactors, micro-fluids 

devices and targeted drug delivery systems. Previously Carbon microtubes (CMTs) have 

been suggested for this purpose (Goldberger, Fan, & Yang, 2006; Hu et al., 2004; Lin et 

al., 2012), however; the excellent properties of BNMTs such as diameter independency 

make it more suitable as compared to CMTs. The nano-size walls-thickness of BNMTs 

also combine the excellent properties of nanoscale materials due to the electron and holes 

confinement (Golberg, Bando, Tang et al., 2010), surface effects and geometrical 
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confinement of the phonon. (Grossman, Zettl, & Wagner, 2009; Huang et al., 2011) The 

novel morphology of the BNMTs with larger internal space and nanoscale walls can 

further enhance it effects during neutron capture therapy to kill the tumor cell and cure 

the patient. The larger internal space helps in carrying larger scale bio-molecules or 

medicine to the tumor site (like CMTs). This condition may help to protect the healthy 

tissues and control the side effects during the destruction of tumor cell due to the contact 

of charged particles produced by the interaction of a neutron with BNMTs from an 

external source (Goldberger et al., 2006; Hu et al., 2004; Lin et al., 2012). The study on 

solid state neutron detector suggests that a 200 µm thick 10B enriched h-BN layer can 

capture 98.5% of the neutron as compared to the one made of 1 mm thick natural h-BN. 

It has further been suggested that the development of multiple 10B enriched h-BN layer 

(epilayer) with improved crystallinity can enhance the neutron detection efficiency up to 

100% (Li et al., 2011). The study on BNNTs and BNMTs showed that, these materials 

are multi-layer structures of h-BN with highly crystalline nature (Oku, Narita, & 

Nishiwaki, 2004). Though 10B enrichment of these materials is not confirmed still they 

are believed to be an excellent choice for neutron sensing applications in solid state 

neutron detector due to their nanoscale properties (Ahmad et al., 2012). BNMTs, are 

made of h-BN layers with thin-walls, have high chemical stability, excellent mechanical 

properties and high thermal conductivity. All these properties make it very useful material 

in the fabrication of different electronic devices that can be used in high temperature 

environment. BNMTs, as compared to BNNTs, have better crystallinity due to their 

reduced wall curvatures. Also, they exhibit an intense deep Ultra Violet (UV) emission, 

which can be observed even at room temperature ( Huang et al., 2009). 

Boron nitride nanosheets (BNNSs) are the two dimensional nanostructure of h-BN 

with excellent physiochemical properties. The structure of BNNS is similar to the 

nanosheets of graphene, however, in case of BNNS alternative Boron and nitrogen atoms 
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substitutes for carbon atoms. The 2D structure, thus developed, is shown in Fig.1.2. In 

addition to its similar mechanical properties and thermal conductivity to graphene ( Wang 

et al., 2011), BN has some excellent properties as compared to its carbon counterpart. 

These properties included: a constant band gap of 5 - 6 eV, thermal stability, higher 

chemical inertness and resistance to oxidation etc. (Zhi, Bando, Tang et al., 2008). All 

these properties have made BNNS a very useful and attractive material for use in a wide 

range of applications. The devices, thus, developed with BNNS will be highly capable of 

operating in oxidative and high temperature environment. Further, it can be used as 

insulating composites of high mechanical properties and thermal conductivity ( Golberg 

et al., 2007;  Wang et al., 2011) material.  
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1.1 Research Problem Investigated 

    The potential applications of different nanostructures of h-BN are found to depend on 

the quality and quantity of the final product which further depends on the synthesis 

techniques (Ahmad et al., 2015; Zhi, Bando, Tang et al., 2010). Most of the earlier 

techniques were either found to operate at a very high temperature (Chopra et al., 1995) 

or needed toxic and health risky precursors (Lourie et al., 2000; Ma, Bando, & Sato et al., 

2001; Wang et al., 2014) or involved complex and lengthy experimental procedures ( 

Ahmad et al., 2015; Özmen et al., 2013; Seo et al., 2013; Tay et al., 2015). Furthermore, 

along with the lower quality of the final products, the cost of the experimental set up and 

the required expertise to easily operate the experiments are also some of the main 

problems in the development of h-BN nanostructures. Beside this, different 

nanostructures of h-BN (BNNTs, BNNWs and BNMTs etc.) were reported by various 

authors (Deepak et al., 2002; Golberg et al., 2010; Huang et al., 2009; Huang et al., 2011; 

Lee et al., 2008; Lin et al., 2012; Pakdel et al., 2011) with the use of same experimental 

parameters. Thus, in these works either one or other nanostructure is produced as an 

undesired product or impurity with the targeted ones. This has created further confusions 

and delay in the synthesis of a particular nanostructure of h-BN with well-defined 

experimental parameters.   

    In the current study, excessive experimental work have been done to address the 

aforementioned problems. In this regard, a simple and cost-effective experimental set up 

is developed that operates at a relative low temperature with toxic free precursors and 

synthesizes pure h-BN nanostructures.   
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1.2    Objectives 

In the current study, experimental approaches have been used to discover a suitable 

and more reliable solution for the existed problems in the synthesis of different 

nanostructures of h-BN. In this regard, the current thesis is based on the following main 

objectives:    

1. To develop a simple and cost-effective experimental technique that enables an 

easy synthesis of different nanostructures of h-BN with minimum resources. The 

effects of precursor’s nature on size and morphology of h-BN nanostructures and 

techniques for the synthesis of vertically aligned h-BN nanostructures will also be 

investigated. 

2. To study the main experimental parameters responsible for the synthesis of 

different nanostructures of h-BN or 10h-BN.  

3. To study the synthesis of 10h-BN nanostructures and its potential use as a neutron 

sensing element. 
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1.3    Account of Research Progress  

This thesis consists of total four chapter: CHAPTER 1 (Introduction), CHAPTER 2 

(Literature review in the form of a published review paper), CHAPTER 3 (In the form of 

eight published papers) and CHAPTER 4 (Conclusions). The contents of this thesis and 

the findings of each published paper is linked and briefly described as follows:   

Publication 1 served as literature review of the current thesis. It describes the 

properties and potential applications of BNNTs in different fields of bio-medical, MEMs 

and solid state neutron detectors. The review analyzed the old synthesis techniques for 

the BNNTs and the as-produced impurities in the form of bulk h-BN, BNNWs, BNMTs 

and BNNS etc.  Chemical vapour deposition (CVD) is shown to produce relatively pure 

BNNTs as compared to the existing old techniques. BNNTs or bulk h-BN reported via 

different types of CVD varies in quality, quantity, size and morphology of the final 

product. In this regard, the role and importance of certain experimental parameters such 

as experimental set up, precursor’s types, temperature, growth mechanism and substrate 

types etc. have also been studied. The variation or difficulties in CVD techniques with 

respect to different experimental parameters leads to the development of Argon-supported 

thermal CVD which not only become a simple technique for BNNTs synthesis but also 

provides effective logics for the synthesis of BNNWs, BNMTs and BNNS etc.    

Publication 2 is based on the study of BNNTs synthesis via Argon-supported thermal 

CVD technique. In this technique, a conventional horizontal dual zone quartz tube furnace 

along with one end closed quartz test tube is used as a major part of the experimental set 

up. Amorphous Boron powder, MgO and γ- Fe2O3 nanopowder of 99.9+ % purities were 

used as precursors and Argon gas as a reaction atmosphere instead of vacuum. This 

technique has made the BNNTs synthesis simple and ~ 18 % cost-effective as compared 

to the simplest CVD technique and 25 – 35 % as compared to any other technique.           
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Publication 3 is the comprehensive study of BNNTs multiple synthesis from a single 

precursors. The aim of this study is to analyze the effect of precursor’s nature on the size 

and morphology of the final product. For this purpose, BNNTs are first synthesized from 

the fresh precursor’s materials via our Argon-supported thermal CVD technique, and the 

BNNTs were further synthesized using the residual materials left after first and second 

experimental run. The product, thus obtained, was characterized for the required analysis. 

The characterized results showed that the present work can be a step towards continues 

and large scale synthesis of lengthy and high quality BNNTs.    

Publication 4 describes the synthesis and mechanism of vertically aligned BNNTs by 

combining the concepts and logics that were used for the synthesis of vertically aligned 

CNTs and pattern growth of BNNTs. In the light of previous concept and logics, a thin 

alumina layer is deposited at the top of Si substrate via an e-beam evaporator. Nucleation 

sites are produced in the as-deposited layer of the substrate due to ammonia etching. The 

as-produced nucleation sites helps in growing vertically aligned BNNTs. Vertically 

aligned BNNTs have an advantage that it can be used for its potential application without 

any further purification.  

Publication 5 deals with the synthesis of highly crystalline multilayered structure of 

10BNNTs via replacement of natural boron with boron-10 in the precursors. The product, 

thus, synthesized via Argon-supported thermal CVD is proposed to have 100 % neutron 

detection efficiency if use as a sensing element in a solid state neutron detector.  

Publication 6 is related with the synthesis of highly crystalline BNNWs. Unlike 

various complex and extensive experimental procedures available in the literature, a 

simple experimental technique has been developed to synthesize BNNWs on Si substrates 

in a short growth duration of 30 min via vapor – liquid – solid (VLS) growth mechanism. 

Univ
ers

ity
 of

 M
ala

ya



17 

This work reveals that a modified CVD technique and short growth duration is suitable 

to synthesis nanowires with tens of nanometers in diameter. 

Publication 7 explains the synthesis and characterization of pipe-like morphologies 

of BNMTs. The method and logics used in the present study are relatively different and 

easier in comparison to previously synthesized BNNTs, BNMTs and boron-carbon-

nitride microtubes regarding the choice of precursors, experimental set up and reaction 

atmosphere. It further explains the growth mechanism and logics that how the current 

microtubes are differing from the one synthesized in the literature. 

Publication 8 includes a study on the synthesis of BNMTs and formation of BNNSs. 

The work explains the synthesis of cone-like morphologies of BNMTs and describes the 

possible reasons for the formation of BNNSs. In this work, it has been found that the 

elimination of vacuum or inert gases as an internal environment causes the material to 

grow in the form of microtubes instead of nanotubes. Further, it has been noted that the 

elongation of growth duration resulted in the development of one particular structure to 

another structure (i.e. from microtubes to nano-sheet). The growth continue smoothly as 

long as the precursors are available in a particular growth duration. The unavailability of 

the growth precursors causes the microtubes walls to become thinner and thinner until it 

becomes a sheet. More structure of nanoscale BN can be synthesized with further changes 

in the experimental parameters. The synthesized BNMTs are found to be of great 

importance as a neutron sensing element in a solid state neutron detector, neutron capture 

therapy, micro-fluids devices and targeted drug delivery etc. 

     Publication 9 describes the synthesis of vertically aligned boron nitride nanosheets 

(BNNS). In order to make the synthesis easier and safe, a very simple technique is 

introduced in the present study. In this technique BNNS are synthesized in a conventional 

horizontal dual zone quartz tube furnace at 1200 ˚C. The as-synthesized BNNS look like 
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spread out cotton packs, has highly crystalline nature with an interlayer spacing of 0.34 

nm. It has been noted that nature of internal environment of the chamber (horizontal 

quartz tube furnace) and growth duration play a key role in the synthesis of BNNS. 

However, the nature of the substrate and role of the as-formed catalysts or their alloys in 

the absence of vacuum or Ar free environment cannot be ignored. The synthesized BNNS 

can be used in the development of devices which will be capable of operating in oxidative 

and high temperature environment.  

     Finally, CHAPTER 4 drawn conclusions from the work done in the current thesis and 

specify future directions for further exploration in the same field including the 

commercialization of the synthesized products and their potential applications in different 

field of modern science and technology. 
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CHAPTER 2 

LITERATURE REVIEW 

The relevant literature about the synthesis and potential applications of h-BN 

nanostructures has been searched and organized in the form of a review paper. This 

review paper has already been published in institute of scientific information (ISI) 

indexed (Q1) Journal, “RSC Advances”. The literature review chapter in the current thesis 

is based on this review paper. A brief description of the contents of this publication is 

already given in Section 1.3 of Chapter 1 (1st Publication). 

Publication 1st is the reprint of our paper: P. Ahmad, M.U. Khandaker, Z.R. Khan and 

Y.M. Amin, “Synthesis of boron nitride nanotubes via chemical vapour deposition: a 

comprehensive review”, RSC Advances, Volume 5, Issue 44, 2015, pages 35116-35137. 
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CHAPTER 3 

PUBLICATIONS 

3.1    Contributions of Authors 

     The author of current thesis, I am (Pervaiz Ahmad) the main author of all the published 

papers. As a main author, I designed the experimental set up, carried out all the 

experimental work, characterized the as-synthesized products, analyzed and interpreted 

the as-characterized results and wrote manuscripts for publications. All the co-authors 

have significant contributions in the published work. The contributions of each co-author 

are described as follows:  

     Associate Professor Dr. Mayeen Uddin Khandaker and Professor Dr. Yusoff Mohd 

Amin supervised the current research work. Associate Professor Dr. Mayeen Uddin 

Khandaker helped in the development of experimental set up and ideas for the synthesis 

of h-BN nanostructures (BNNTs, 10BNNTs, BNNWs, BNMTs and BNNS etc.) whereas 

Professor Dr. Yusoff Mohd Amin provided the concepts and logics for the Argon-

supported thermal CVD and optimizing experimental parameters for the synthesis of 

BNNTs, 10BNNTs, BNNWs, BNMTs and BNNS etc. Dr. Ziaul Raza Khan helped in the 

editing, formation and technical review of Paper 1, 6 and 8 before submission to the 

journal whereas Dr. Nawshad Muhammed provided technical assistance in drawing and 

explaining the wide scan B 1s and N 1s XPS spectra in paper 7. Associate Professor Dr. 

Mayeen Uddin Khandaker and Professor Dr. Yusoff Mohd Amin helped in explaining 

the results, writing, editing and reviewing all the papers before their submission to the 

journals and also provided guidance and expertise for reviewer’s comments before 

acceptance of all the papers.  
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3.2    Publications 

A list of eight research publications is given in the following. All these publications 

have collectively contributed to achieve the main goals and objectives of the current 

thesis. The author of this thesis (Pervaiz Ahmad) is the first author of all the publications. 

A brief description of the contents of each of these publications is already given in 

Chapter 1, section 1.3. 

Publication 2nd is the reprint of our paper, “Synthesis of boron nitride nanotubes by 

Argon supported Thermal Chemical Vapor Deposition” as it published in Physica E: 

Low-dimensional Systems and Nanostructures, Volume 67, 2015, pages 33-37, authored 

by P. Ahmad, M.U. Khandaker and Y.M. Amin. 

Publication 3rd is the reprint of our paper, “A comprehensive study of boron nitride 

nanotubes multiple synthesis from a single precursor” as it published in Indian Journal 

of Physics, Volume 89, 2015, pages 209-216, authored by P. Ahmad, M.U. Khandaker 

and Y.M. Amin. 

Publication 4th is the reprint of our paper, “Effective Synthesis of Vertically Aligned 

Boron Nitride Nanotubes via a Simple CCVD” as it published in Materials and 

Manufacturing Processes, 2014, authored by P. Ahmad, M.U. Khandaker and Y.M. 

Amin. 

Publication 5th is the reprint of our paper, “Synthesis of highly crystalline multilayers 

structures of 10BNNTs as a potential neutron sensing element” as it published in Ceramics 

International, Volume 41, Issue 3, part B, 2015, pages 4544-4548, authored by P. Ahmad, 

M.U. Khandaker and Y.M. Amin. 
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Publication 6th is the reprint of our paper, “A simple technique to synthesize pure and 

highly crystalline boron nitride nanowires” as it published in Ceramics International, 

Volume 40, Issue 9, part B, 2015, pages 14727-14732, authored by P. Ahmad, M.U. 

Khandaker, Z.R. Khan and Y.M. Amin. 

Publication 7th is the reprint of our paper, “Synthesis and characterization of boron 

nitride microtubes” as it published in Materials Express, Volume 5, Issue 3, 2015, pages 

249-254, authored by P. Ahmad, M.U. Khandaker, Y.M. Amin and N. Muhammad. 

Publication 8th is the reprint of our paper, “Synthesis of Boron Nitride Microtubes 

and Formation of Boron Nitride Nanosheets” as it published in Materials and 

Manufacturing Processes, Volume 30, Issue 2, 2014, pages 184-188, authored by P. 

Ahmad, M.U. Khandaker, Y.M. Amin and Z R. Khan . 

Publication 9th is the reprint of our paper, “A simple technique to synthesise vertically 

aligned boron nitride nanosheets at 1200° C” as it published in Advances in Applied 

Ceramics, Volume 114, Issue 5, 2015, pages 267-272, authored by P. Ahmad, M.U. 

Khandaker and Y.M. Amin.  
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CHAPTER 4 

CONCLUSIONS AND FUTURE DIRECTION 

4.1    Conclusions 

A simple and cost effective experimental technique has been developed for the 

synthesis of BNNTs. This technique is entitled as Argon-supported thermal CVD. In this 

technique, vacuum or evacuation inside the chamber is replaced by Argon gas flow as a 

reaction atmosphere. The used of Ar gas has eliminated the use of vacuum pump which 

in other words has reduced the price of the experimental set up by ~18 %. It (Ar) prevents 

the oxidation of the material during the experimental process. Thus along with economic 

benefits, Ar gas can help in producing longer BNNTs by preventing the oxidation of as 

produced Mg and Fe catalyst. Furthermore, it has been concluded that a continuous supply 

of Ar gas along with the availability of precursor may grow longer, high quality and large 

quantity of the BNNTs.  

To study the effects of precursor’s nature on size and morphology of h-BN 

nanostructures, BNNTs are synthesized via Argon-supported CVD technique from fresh 

as well as residual material left after first and second experimental run. For the first time, 

the as obtained experimental products synthesized from fresh and residual left in the boat 

after first and second experimental run are characterized and analyzed for their size, 

morphology and quality of the final product. The study showed that the precursor’s nature 

not only changes the diameter and length but also the morphology and catalytic content 

in the tip at the top of the tube. It has been concluded that the quantity and size of the 

BNNTs can be increased to any desired level by making slight modifications in the 

experimental set up in such a way that it can easily prevent the blockage of the precursors 

in the boat due to as synthesized BNNTs. With such modifications, BNNTs synthesized 
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will not only be in high quality or quantity but will also have a length even up to 

centimeter scale. 

The technique for the synthesis of vertically aligned h-BN nanostructures (BNNTs) 

has been developed by using “Argon-supported thermal CVD”  technique with the help 

of combined logics of previously synthesized vertically aligned CNTs  and pattern growth 

of BNNTs. The results showed that the nanotubes alignment depends on the density of 

the nucleation sites which further depends on the etching rate of the as-deposited catalysts 

or their alloys on the substrate layer. The reduced etching ability of NH3 due to its 

simultaneous reaction with B2O2 to provide Nitrogen for the formation of BN-species 

may be the possible reason for the non-uniform diameter or relatively partially aligned 

nature of BNNTs in the present work.  

Nanostructures of 10h-BN (10BNNTs) are synthesized by using 10B (Boron-10) as a 

precursor with MgO and γ-Fe2O3 in Argon-supported thermal CVD. The fabrication of 

10BNNTs has proved that the Argon-assisted thermal CVD technique for the BNNTs is 

equally applicable for the synthesis of 10BNNTs. It has been found that the as synthesized 

10BNNTs with nanoscale properties, multilayered structure, crystalline nature and 10B 

enrichment can be an excellent choice as a sensing element in a solid state neutron 

detector with 100 % proposed efficiency.  

Experimental approach has been used to study the main experimental parameters 

responsible for the synthesis of different nanostructures of h-BN or 10h-BN. In this regard, 

Argon-supported thermal CVD is tested with growth duration of smaller than 60 min. 

BNNWs have been formed at 1200 ºC within a growth duration of 30 min.  This relatively 

short growth duration is found be the main reason for the synthesis of BNNWs via Argon-

supported thermal CVD. The type and nature of the reaction atmosphere and growth 

duration have also been proved to play a key role in the synthesis of h-BN nanostructures. 

Ammonia gas flow is tested as a reaction atmosphere instead of Argon gas or vacuum in 
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thermal CVD technique. Ammonia as a reaction atmosphere resulted in the synthesis of 

pipe-like morphologies of BNMTs on Si substrate, cone-like morphologies of BNMTs 

and formation of BNNS inside alumina boat.  The change in morphology of the BNMTs 

and formation of BNNS is found to be due to the nature of the surface, non-availability 

of the precursors and long growth duration. The formation of BNNS from BNMTs in long 

growth duration is also verified by the synthesis of BNNS under similar circumstances 

within a growth duration of 90 min. 

Thus, in the current thesis, a simple and cost-effective technique is developed for the 

synthesis of BNNTs that has further been optimized to study, the effects of precursor’s 

nature, synthesis of vertically aligned BNNTs and synthesis of 10BNNTs. In addition, the 

experimental parameters are clearly identified for the individual/specific synthesis of 

BNNWs, BNMTs and BNNS etc.   
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4.2    Future Directions 

As it has been discussed in Chapter 3 that a simple and cost effective Argon-supported 

thermal CVD is developed for the synthesis of BNNTs; The as-developed Argon-

supported thermal CVD is further optimized by changing different experimental 

parameters which resulted in determining separate parameters responsible for the 

synthesis of BNNWs, BNMTs and BNNS etc. However, there are several improvements 

that need to be carried out in the future studies.  

In Chapter 3: Paper 2 ( Ahmad et al., 2015a) and 3 (Ahmad et al., 2015), it is mentioned 

that the use of Argon gas as a reaction atmosphere prevents the oxidation of the as-used 

catalysts and thus helped in growing of longer BNNTs. However, the blockage of 

precursors in the boat by the initially formed BNNTs not only stops the synthesis of new 

BNNTs but also prevents further growth of the already formed BNNTs. In future studies, 

this problem can be solved by replacing the boat with a device (like the one used for 

concrete mixing) of appropriate size and shape that can keep or separate the as-formed 

BNNTs layer, and continuously make a homogeneous mixture of the rest of the precursors 

for further synthesis. This will not only prevent the top of precursor from blocking due to 

formation of BNNTs layer but also helps to continue synthesis of BNNTs till the 

precursors are completely utilized. 

 In Paper 4 (Ahmad, Khandaker, & Amin, 2014), vertically aligned BNNTs are 

reported with a large and non-uniform diameter. It has been noted that the alignment of 

the BNNTs depends on the density of nucleation sites produced in the as-deposited 

catalysts due to ammonia etching. The choice of suitable catalysts deposited at the top of 

the substrate surface and absence of separate etching with ammonia were considered to 

be the main reasons for the size, morphology and alignment of the as synthesized BNNTs. 

Future studies will be focused on the search of the suitable catalysts or their alloys and 
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separate ammonia etching of the as-deposited catalysts or their alloys to produce the 

desired number of nucleation sites.  

In Paper 5 (Ahmad et al., 2015b), highly crystalline multilayered structures of 

10BNNTs were reported. 10BNNTs is a potential neutron sensing element and is predicted 

to have 100 % neutron detection capability. Future studies will be based on the 

development of a solid state neutron detector with 10BNNTs as a neutron sensing element.  

In Paper 6 (Ahmad, Khandaker, Khan et al., 2014), pure and highly crystalline BNNWs 

synthesis are reported via a simple technique. Future studies will be focused on the 

practical applications of BNNWs in the field of biomedical, MEMs and solid state neutron 

detector.    

Paper 7 ( Ahmad, Khandaker, Amin et al., 2015) and 8 ( Ahmad, Khandaker, Amin et 

al., 2014) describe the synthesis of BNMTs in the presence of ammonia as a reaction 

atmosphere instead of Argon. The production and deposition of as-produced catalysts on 

the substrate during the experimental run produce nucleation sites. The size of nucleation 

sites increases with the passage of time due to ammonia etching. As a result, most of the 

nucleation sites are destroyed due to longer exposure to ammonia and thus left with a very 

few sites that results in a small number of BNMTs.  Future studies will concentrate on to 

increase the number and length of BNMTs. In this regard, the etching duration will be 

optimized to the extent where it will not destroy the already formed nucleation sites. The 

large number of nucleation sites will help in growing more number of BNMTs. The ideas 

for growing longer and large quantity of BNNTs described in Paper 2 ( Ahmad, 

Khandaker et al., 2015a) and 3 (Ahmad et al., 2015) can equally be applied for growing 

longer and large quantity of BNMTs.  
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Synthesis of BNNS is described via a simple technique in Paper 9 (Ahmad et al., 2014).  

Future studies will be carried out in testing the as synthesized BNNS for it potential 

applications in the developments of microelectronics devices. The devices thus developed 

with BNNS will be highly capable of operating in oxidative and high temperature 

environment. Further, it can be used as insulating composites of high mechanical 

properties and thermal conductivity (Golberg et al., 2007; Wang et al., 2011).  
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