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ABSTRACT

ADSORPTION PROPERTIES OF BORON NITRIDE NANOTUBES

Khan, Saeed Ahmad

M.S., Department of Chemical Engineering
Supervisor: Prof. Dr. Naime Asli Sezgi
Co-Supervisor: Prof. Dr. Fatma Suna Balci
February 2016, 119 pages

The developments in nanotechnology in last decades have provided use of nanoparticles
for many applications in various areas such as electronics, fuel cells, composites,
cosmetics, and biomedical. They have excellent mechanical, thermal, and electrical
properties. Nanotechnology is one of the fastest growing areas in materials and
engineering science and biotechnology. Nanotubes have been one of the most regarded
and studied type of nanoparticles up to now. Boron nitride nanotubes (BNNTS) are an
important member of nanotube family. BNNTs are structural analogues of carbon
nanotubes (CNTSs). They are formed by rolling and folding of boron nitride atom sheets

into cylindrical forms.

In this study, the nanotubes were synthesized in a tubular reactor at 1300°C, with an
ammonia flow rate of 125 sccm and boron to iron oxide or iron ratio of 15/1. Two types
of precursor materials (iron oxide and iron) were used in this study for BNNTs
synthesis. The material was purified by acid treatment using HNOs and HCI and
characterized. Adsorption properties of BNNTs were investigated in order to analyze its
potential applications as an adsorbent, catalyst support etc. XRD results revealed the

presence of mostly hexagonal and little rhombohedral boron nitride solid phases. Some



impurities like cubic iron and compound of boron and iron (FeBag) were also observed

in the synthesized material.

Hollow cylindrical, bamboo-like and agglomerated nanotubes were obtained with the
diameters range of 10-300 nm and length of several micrometers. Most of the nanotubes
were in the diameter range of 15-100 nm. Nitrogen adsorption isotherms were obtained
for BNNTs and the type-I1 isotherms were observed with hysteresis loops resembling to
both type A and type B which indicate the presence of cylindrical and slit like pores in
the material. The highest BET surface area for material synthesized using iron oxide and
iron were found to be 145.2 m?/g and 141.4 m?/g, respectively. The average surface area
for all the samples synthesized in this study was 133.66 m?/g. The total pore volume for
iron oxide and iron samples were 0.46 cm®/g and 0.45 cm®/g while the average BJH pore
diameters were 41.7 A and 37.5 A, respectively. The micropore volume obtained for
both synthesized materials from t-plot was 0.05 cm®/g. The micropore volumes (D-R
method) obtained from carbon dioxide adsorption for materials synthesized using iron
oxide and iron were 0.053 cm®/g and 0.040 cm®/g, respectively. Chemisorption results
showed the presence of acid sites on the material. The total acidity was found to be
0.136 and 0.155 mmol/g for BNNTSs synthesized using iron oxide and iron, respectively.
The properties of samples, synthesized from both precursors, were compared and it was

observed that properties of the synthesized material were almost the same.

Keywords: Boron nitride, Nanotubes, Nanotechnology, Adsorption, Desorption,

Isotherm

Vi



0z

BOR NITRUR NANOTUPLERIN ADSORPSIYON OZELLIKLERI

Khan, Saeed Ahmad

Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Naime Aslhi Sezgi
Ortak Tez Yoneticisi: Prof. Dr. Fatma Suna Balci
Subat 2016, 119 sayfa

Son yillarda nanoteknolojideki ilerlemeler nanopartikiillerin elektronik, yakit pilleri,
kompozitler, kozmetik ve biyomedikal gibi bircok alanda kullanimini saglamistir.
Nanopartikiillerin miikemmel mekanik, termal ve elektriksel 6zellikleri bulunmaktadir.
Biyoteknoloji ve malzeme ve miihendislik biliminde en hizli gelisen alanlarindan biri
nanoteknolojidir. Nanotiipler su zamana kadar en ¢ok tizerinde calisilan ve
degerlendirme yapilan nanopartikiillerden bir tanesi olmuslardir. Bor nitriir nanotiipleri,
nanotiip ailesinin en Onemli {iyesidir. Bor nitriir nanotiipleri (BNNT) karbon
nanotiiplerin (CNT) yapisal analoglaridir. Bunlar bor nitriir atomik levhalarinin

yuvarlama ve katlanmastyla silindirik yapiya ¢evrilmesiyle olusturulurlar.

Bu c¢alismada, nanotiipler tiibiiler bir reaktor igerisinde 1300°C’de 125 sccm amonyak
akis1 ve 15/1 bor/demir oksit veya demir oraniyla sentezlenmistir. Bu ¢alismada, BNNT
sentezi i¢in iki gesit Onciil malzeme (demir oksit ve demir) kullanilmistir. Malzeme
HNOs ve HCI kullanilarak asit ile saflastirilmis ve karakterize edilmistir. Katalizor
destek malzemesi, adsorbant olarak potansiyel uygulamalarin1 analiz etmek ig¢in
BNNTI’in adsorbsiyon &zellikleri arastirtlmistir.  XRD sonuglari  hekzagonal ve
rombohedral bor nitriir kat1 fazlariin varligini ortaya ¢ikarmistir. Kiibik demir ve bor-

demir bilesikleri (FeBao) gibi baz1 safsizliklar sentezlenen malzemede gézlenmistir
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Oyuk silindir, bambuya benzer ve aglomere nanotiipler 10-300 nm ¢ap araliginda ve
birka¢ mikrometre uzunlugunda elde edilmistir. Nanotiiplerin ¢cogunlugu 15-100 nm ¢ap
araligindadir. BNNT i¢in azot adsorbsiyon izotermleri elde edilmis ve ikinci tiir (Type-
IT) izoterm c¢esitlerinin yaninda A ve B tiirii gecikme dongiileri (hysteresis loops)
malzeme i¢inde silindirik ve kesik benzeri gozeneklerin varligina isaret etmistir.
Malzemeler i¢in en yiiksek BET yiizey alan1 Ol¢lim sonuglart demir oksit ve demir
ornekleri icin sirasiyla 145,2 m?/g ve 141,4 m?/g olarak ¢ikmustir. Demir oksit ve demir
ornekleri igin sirasiyla toplam gozenek hacmi 0,46 cm®/g ve 0,45 cm®/g, ortalama
gbzenek caplari ise 41,7 A ve 37,5 A’diir. Mikrogdzenek hacmi sentezlenen iki malzeme
icin de 0,05 cm®g’dir. Sentezlenen demir oksit ve demir igin karbondioksit
adsorbsiyonundan elde edilen mikro gézenek hacmi sirasiyla 0,053 cm®/g ve 0,040
cm®/g’dir. Kimyasal adsorpsiyon sonuglart malzemede asit aktiv sitelerin oldugunu
gostermistir. Toplam asidite sirasiyla demir oksit ve demir kullanilarak sentezlenen
BNNTIer igin 0,136 ve 0,155 mmol/g olarak bulunmustur. iki ayr1 6nciil malzemeden
sentezlenen Orneklerin O6zellikleri karsilastirilmis ve sentezlenen malzemelerin

ozelliklerinin neredeyse ayni oldugu gozlenmistir.

Anahtar kelimeler: Bor nitriir, Nanotiipler, Nanoteknoloji, Adsorbsiyon, Desorpsiyon,
Izotherm
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CHAPTER 1

INTRODUCTION

Over the past few decades research community has greatly focused their research
on the new intriguing materials of nanoscale because of their tremendous applications in
variety of fields like hydrogen storage, drug delivery, polymer nanocomposites etc.
These materials got the name of nanomaterial and the field was entitled as
nanotechnology. The story of nanomaterials started in 1959 when famous physicist
Richard Feynman said his famous sentence “there is plenty of room at the bottom” in the
meeting of American Physical Society [1]. The term nanotechnology was introduced by

Eric Drexler in 1980s because these materials had dimensions in nanometer region [2].

Research in nanotechnology enabled us to design new materials which have very
unique mechanical, thermal, optical, and electrical properties. These properties opened
doors to a wide array of applications in the fields of electronics, medicine, composites,
agriculture, energy, and aerospace [3]. Most famous nanomaterials are nanotubes and
carbon nanotubes (CNTS) are the foremost and well studied since its discovery in 1991
[4]. Discovery of CNTs helped focusing the research on other nanotubes like boron

nitride nanotube which is a new emerging member of the nanotube family [5].

The behavior of nanomaterials significantly differs from their respective bulk
material. The unique chemistry, structural characteristics and energetic of nanomaterials
have formed basis for the field of nanotechnology. Because of new synthesis methods
for nanomaterials and latest characterization tools, the field of nanoscience saw a rapid
expansion in the past two decades. Latest characterization techniques have made it
possible to study thoroughly the properties and behavior of nanomaterials like electrical,

optical and magnetic properties. The aim of nanoscience is to synthesize high



performance nanomaterials to explore new concepts in the fields of nanoelectronics,

medicine etc. [6].

This study is about boron nitride nanotubes so different aspects of BNNTs will
be discussed. BNNTs are one of the famous members of nanomaterials formed by
wrapping of hexagonal boron nitride atomic sheets into cylindrical form. Wrapping of
single atomic sheet into cylindrical structure forms single-walled nanotube (SWNT)
while several concentrically organized nanotubes form multi-walled nanotube
(MWNTSs). There are different ways to produce BNNTs but in this study it is
synthesized by reaction of ammonia with powder mixture of amorphous boron and iron
oxide or iron. Adsorption properties of BNNTs were investigated using nitrogen
adsorption, carbon dioxide adsorption and chemisorptions. Textural properties like

surface area, pore size distribution, pore volumes and structures of BNNTs were studied

[6].

Studying adsorption properties of nanomaterials is important to know the nature
of their surfaces which can help us to discover about different potential application of
these materials. One of the potential applications which is under intense research [7, 8,
9] is hydrogen storage in nanomaterials. Hydrogen can be used as a fuel in the fuel cells
driven vehicles. Hydrogen storage capacity for CNTs is also carried out but with
changing diameter and helicity the properties of CNTs change which poses significant
challenge for its use as a gas adsorbent. On other hand BNNTSs have stable thermal and
chemical properties which do not depend on diameter and helicity of the nanotube. So
BNNTSs can be a promising candidate for hydrogen storage. For this purpose study of its
adsorption and surface properties are very necessary. BNNTs can withstand high
temperatures it can be used as support material in the catalyst or as an adsorbent for
effluent gas capture like carbon dioxide. By doping of metal nanoparticles it can
potentially be used as a catalyst for different purposes e.g. fuel cell catalyst. Surface
funtionalization of BNNTSs can help to achieve better dispersion in polymer matrix thus

producing high quality nanocomposites for different applications [10, 11].



1.1 Nanotubes

One of the most prominent nanomaterials is nanotubes. Due to their unique
properties most of the research in the field of nanomaterials is focused on nanotubes.
Nanotubes are nanometer scaled tube structures resulting from folding atomic sheets in
cylindrical form. The diameter of nanotube is in nanometer region but the length could
be up to several microns. Nanotube formed from a single atomic sheet is called single-
walled nanotube and when multiple atomic sheets are wrapped in concentric cylindrical

form it is called multi-walled nanotube as shown in Figure 1.1.

Nanotube with two concentric cylindrical structures is called double-walled
nanotube. Nanotubes can also be classified according to the rolling directions of atomic
sheets as shown in Figure 1.2. These rolling directions can have tremendous effect on
the properties of nanotubes. Carbon nanotubes (CNTs) can be either metallic or
semiconductor depending upon the chirality (chiral angle between hexagon and tube
axis). In Figure 1.2 three charalities of single-walled carbon nanotube; armchair, zigzag
and chiral, based on the tube axis orientation with respect to hexagonal lattice are

shown.

Single-walled Rope of single-walled Multi-walled
nanotube nanotubes nanotube

Figure 1.1 Single-walled and multi-walled nanotubes [6]

These different chiral structures of CNTs can have different electronic properties

(metallic or semiconductor) [12]. Studies showed that size of nanotube diameter also
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affects the electronic properties. Nanotubes with same chirality but different diameter

can have different band gap values [13].
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Figure 1.2 Types of carbon nanotubes (CNTSs) on basis of rolling-up of graphene sheets
[12]

1.2 Boron Nitride Nanotubes

The story of nanotubes started with the discovery of carbon nanotubes by lijima
et al. in 1991 [4]. Since then CNTs have attracted a lot of research attention around the
world regarding their synthesis, purification, properties and potential application areas.
CNTs are formed from rolling of graphene sheets into hallow cylindrical form. CNTs
can be single or multi-walled and also their properties greatly depend on the chirality
and diameter of the nanotube [12, 14]. Figure 1.2 shows different types of CNTSs in
which the graphene sheets are rolled up in armchair, chiral, and zigzag forms. The
reason why CNTs attracted considerable research attention is their outstanding

mechanical [15], electrical [16], and thermal [17] properties.



The discovery of carbon nanotubes paved the way for discovery of other
nanotubes. For this reason theoretical and experimental researches were carried out in
the field of nanomaterials. Different nanomaterials were discovered like BNNTS.
BNNTSs are the structural analogues of CNTs which are formed by wrapping of boron
nitride (BN) atomic sheets in to hollow cylindrical tubes as shown in Figure 1.3. BNNTSs
were theoretically predicted by Cohen, M.L. et al. in 1994 [18] and experimentally
prepared by Chopra, N.G et al. in 1995 [5]. Like carbon nanotubes, BNNTs also have

different chiralities as shown in Figure 1.4 but their properties do not depend on it [19].

Figure 1.3 Computational model of boron nitride atomic sheet rolled-up into BNNTSs
(Blue and red colors represent boron and nitrogen, respectively) [20]

zig-zag (15,0) arm-chair (8,8) helical (8,5)

Figure 1.4 Possible wrapping directions of BN atomic sheets. (Red and blue colors
represent boron and nitrogen atoms, respectively) [20]



1.2.1 Properties of Boron Nitride Nanotubes

Mechanical properties of BNNTs are good and some researchers have found
young’s modulus of BNNTSs to be 1.18 TPa [21] which is very high as compared to other
nanomaterials. CNTs have young’s modulus of 0.27-4.15TPa [15]. Tensile strength of
BNNTSs is 30 GPa which is almost 15 times of steel [22]. BNNT can also recover after
bending when the load is released [23]. Thermal conductivity of BNNTs (600 W/m K)
[24] is very low as compared to CNTs (3000W/m K) [17]. BNNTSs are chemically more
stable than CNTs. The oxidation of BNNTS starts at 800°C [25] while CNTs are stable
in air up to 400°C [23]. As previously mentioned that electronic properties of CNTs
depend on the chirality and diameter of the nanotube so they can be metallic or
semiconductor [12, 14] but for boron nitride nanotube it’s not the case, it has always
uniform band gap of around 5.5eV with semiconductor properties [6]. Interesting feature
of BNNTSs is that the band gap can be tuned using doping of different atoms like carbon
and this property makes it a promising candidate in the field of nanoelectronics. Some
researchers have discovered piezoelectric effect when stress is applied on BNNTSs [23].

1.3 Application of Boron Nitride Nanotubes

Due to unique and intriguing properties, BNNTs have a wide array of potential

application areas in the near future. Some of those applications are discussed here

1.3.1 Drug delivery

BNNTs are chemically stable and non-toxic so they can be used as a carrier for
drug molecule in human body without being decomposed or metabolized [22]. Some
researchers have envisioned transporting DNA with boron nitride nanotube [23] as
shown in Figure 1.5. Funtionalization of BNNTSs can have remarkable applications in the

field of drug delivery. Tiago et al. have seen the possibility of cancer therapy in



functionalized BNNTs by delivering the respective drug to the damage cells.
Functionalized nanotube can pass through the cell wall of a damage cell easily and thus

can help in delivery of respective drug for curing [11].

Figure 1.5 Computer model for DNA wrapping around boron nitride nanotube [23].

1.3.2 Electronics

Small electronic devices produce more heat per unit surface area which is getting
very problematic. BNNTSs are considered a good dissipater of heat [26] and because of
this dissipating ability it can be a material of choice for future nanoelectronic devices
[22, 23]. The uniform band gap and semiconducting nature of BNNTs [27] has
anticipated very promising applications in the field of advance electronics [22]. The

band gap can also be tuned by doping another atom or molecule or by bending the BN



nanotube [23]. Functionalization can also change the electronic and transport properties
of BN nanotubes [28].

1.3.3 Hydrogen storage

Nanomaterials can be used as a vital material for the storage of hydrogen and in
this regard some researches have been done for the storage of H, in carbon nanotubes [7]
but results are not convincing yet. BNNTs could favor more hydrogen storage than
CNTs because of their ionic nature of B-N bonds [23]. Various studies showed that
BNNTSs can store hydrogen up to 4.8 wt % [8, 9]. Hydrogen is an ideal environmentally
friendly fuel and can be proved as vital source of energy around the world but storage of
hydrogen is a major obstacle and nanomaterials can help us in this regard.
Nanomaterials like BNNTs can be used as hydrogen storage system for fuel cell. Fuel
cell is a growing technology which uses hydrogen as a fuel to produce electricity and to
power vehicles without producing any greenhouse gases. But still there are challenges in
achieving these goals because the surface and adsorption properties of BNNTSs are not
well understood yet. Storage of gas in BNNTs will require full understanding its

adsorption characteristics and surface nature and this study is a step towards this goal.

1.3.4 Catalyst support

Boron nitride (BN) is previously reported to be used as a catalyst support for
different reaction [29, 30]. Due to its stability at high temperatures and porous structure
BNNT can also be potentially used for catalyst support. Due to the inert nature of BNNT
it will have less interaction with reactants during the reaction and the reactants will
interact mostly with active site of catalyst. The surface area of BNNT (140 m%g) is
greater than BN (24 m?/g) so much more area could be available for active metal
particles. The hydrophobic nature of BN can also have effect on the performance of
catalyst. BNNTSs can potentially be used as a catalyst by doping metal nanoparticles or
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by functionalizing using catalytically active chemical. For this purpose high surface area
is desirable and BNNTSs has high surface area as compared to BN [30]. To use BNNT as
catalyst, support or as an adsorbent for gases, evaluation of its adsorption properties is

necessary and which is the aim of this study.

1.3.5 Other Applications

Most of studies have been done for functionalization of carbon nanotubes so that
they can be used in composites, electrochemical sensors etc. [10, 12]. It is considered
that like CNTs, funtionalization can open new application areas for boron nitride
nanotubes. Dispersion of nanotubes in composite materials has tremendous effect on the
strength of composites and well dispersion is achieved by funtionalization [23]. Even the
band gap tuning can be achieved by bonding molecules on the side walls of nanotubes
[31]. Very high tensile strength and young’s modulus of BNNTSs can lead to their
applications in very advance fields like aerospace and materials engineering [3, 22].
Low density and high strength of BNNTSs can revolutionize the aircraft industry in future
[22]. Some researchers have focused their work on this field like reinforcing polymer
composites with BNNTs [32].

1.4 Synthesis Methods for Boron Nitride Nanotube

The biggest challenge that researchers encountered in the production of boron
nitride nanotubes is the bulk synthesis. Most of the methods employed for the synthesis
of BNNTSs produces very little amount of product which is a big hindrance in the path of
practical applications of BNNTs. There are several different methods for BNNT
production discussed here. The type of method used may have effect the properties and

structure of final BN nanotubes [33].



1.4.1 Arc-discharge

The schematic diagram of this method is shown in Figure 1.6. The system
contains vacuum chamber, gas flow system and two electrodes connected to a DC power
supply. Gas used in a chamber can be either inert (e.g helium or argon) or reactive gas
like nitrogen or ammonia. For BNNT synthesis a reactive gas is used and a very low
pressure is maintained in the chamber. For CNTs production the electrodes used are
made of graphite but for BNNTs anode is made of reactive precursor materials. VVoltage
is applied between these electrodes which produces an arc that increases the temperature
and due to high temperature the anode material is evaporated which reacts with the gas
in the chamber and the product is obtained on the water cooled copper cathode and the
inner walls of the chamber. During this process the anode is consumed. Some metal
borides like HfB, and ZrB; can also be used as anode for BNNT production [6, 34].
High purity BNNTSs are obtained by this method but the drawback of this method is that
it is very energy intensive method and produces very little amount of product thus

making it very expensive.

Inspired by carbon nanotubes [4], the arc-discharge was also the first method for
the production of boron nitride nanotubes in which tungsten electrode filled with h-BN

and cooled copper electrode were used [5].

cooling water
in

vacuum pump

Figure 1.6 Schematic representation of Arc-discharge apparatus [35]
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1.4.2 Laser-assisted Method

Instead of electrical energy laser beam is used in this method to evaporate the
precursor materials into an ion gas. Schematic representation of this process is shown in
Figure 1.7. Laser beam is focused on the target (starting material) which increases the
temperature of the material in a very short time. The evaporated target material is carried
by inert gas (argon). The product is collected on the water cooled metallic trap. Pure BN
is used as a target material in the laser method thus final product is free from catalyst
particles. If pure boron is used as target, nitrogen as a reactive gas is used and if the
target is pure BN, argon gas is used in the chamber. A tube furnace is also utilized in
order to keep high temperature environment inside the tube. The advantage of this
method is that it can produce a pure crystalline product (up to 1 g). On other hand, very
little amount of product can be synthesized using arc-discharge method. Both laser and
arc-discharge methods produce product of almost same dimension and size but require
very high energy [6].

The laser ablation method for the synthesis of boron nitride nanotubes was firstly
used by Golberg et al. in 1996 [36]. Cubic boron nitride (c-BN) in diamond anvil cell
(DAC) under the high pressure environment of nitrogen gas was targeted by CO, laser.

An estimated temperature of 5000°C was reached at the surface of the BN target.

Target rod
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Figure 1.7 Schematic diagram of laser-assisted method for the growth of nanotubes
[37].
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1.4.3 Ball-milling and annealing

The arc-discharge [5] and laser ablation [36] methods give very little amount of
boron nitride nanotubes. This is a two step method by which bulk amount of BNNTS is
produced but with low purity. First step involves ball-milling of reactants at room
temperature and in the second step the product obtained from ball milling is annealed at
high temperature to obtain BNNTSs [33, 38].

Boron powder is charged into a small stainless steel ball mill and ammonia gas is
provided at a pressure of 300 kPa [23]. Boron powder is then milled for many hours in
ammonia atmosphere. The energy from the impact of the balls helps to form a
disordered metastable state of BN by reaction of B and ammonia. These impacts in ball
milling also create nucleation sites which help in the growth of nanotubes in annealing
step. The impact energy of the balls can be controlled by controlling the frequency of the
rotating chamber [39]. The product from the ball milling is then annealed at 1000°C-
1300°C under nitrogen gas atmosphere for few hours [38]. Ball milling and annealing
method takes very long time as ball milling could go on up to 100 hours. Relatively
large amount of product is obtained using this method but with a considerable amount of

impurities [23].

1.4.4 CNT Substitution Reaction

In this method CNT is used as a template to grow BNNTs. The C-atoms in the
tubular hexagonal carbon network is replaced by boron and nitrogen atoms. Nanowires
or nanotubes are obtained by this method. Taking advantage of the structural similarities
of CNTs and BNNTs Bondo’s group in Japan synthesized BNNTs by substitution
reaction method [40]. They covered B,O3; powder with carbon (MWNTSs) and annealed
the mixture at 1500°C under nitrogen gas flow which resulted in the following

substitution reaction.

B,Os + 3C (CNTs) + N, & 2BN (BNNTSs) + 3CO

12



The melting temperature of B,O3 (450°C) is low as compared to boron (2076°C)
and BN (2973°C). So it can easily be vaporized and the vapor flow up and reacts with

CNTs. The final product usually contains trace amount of carbon [6].

1.4.5 Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is another method of producing nanotubes.
In the CVD method reactants in vapor phase are decomposed and reacted on heated
substrate to form a layer or film of product. Unlike arc-discharge and laser-assisted
methods, The CVD method uses thermal energy. Nowadays, CVD is widely used
method for the production of both CNTs and BNNTSs. Lourie et al. (2000) were the first
researchers to use the CVD method for the BNNTSs production [41]. In this method a
boron source, sometimes mixed with catalyst, reacts with nitrogen source gas in a
horizontal tubular furnace. Different groups of researchers have used different CVD
methods and it has been found that the type of CVD method used has effect on the
quality and quantity of the final product. The main difference between the CVD
techniques is the type of materials used as precursors, temperature and experimental set-
up [33]. Typical schematic diagram of CVD is given in Figure 1.8. Different researchers

have used CVD method for the synthesis of BNNTs which are briefly explained below.

In the CVD method a boron source and a metal catalyst are used as a precursor
sometimes no catalyst is used. The precursor is heated to a high temperature in the
presence of catalyst. The nanotubes deposit on the surface of catalyst particle. If pure
boron is used as a boron source alongside catalyst a reactive gas (like nitrogen) is

necessary for reaction.

The CVD method was employed for the synthesis of BNNTSs by Lourie et al. in
which nickel boride was used as catalyst and Borazine (B3sNsHg) as precursor. Silicon
wafer substrate and nickel boride catalyst were placed in a tube furnace and were heated

up to 1000°C-1100°C. Borazine gas was passed through the furnace and the high
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temperature leads to the decomposition of borazine into BN and H,. BN defuses into the
catalyst to form BNNTSs and hydrogen gas leaves the system. Bulbous shaped nanotubes
were produced with this method [41]. Formation of BNNTSs on nickel boride catalyst is

shown in Figure 1.9.

Cooling i
BN tube Pump F)
-
= Quartz tube —'—
Lljflowmeterﬁ s e
3 4 4 e
BF3 N2 NH3 NaOH solution

Figure 1.8 Typical CVD setup used for synthesis of boron nitride nanotubes [42]

>

nickel boride catalyst particle

Figure 1.9 Schematic representation of BNNTs formation on nickel boride catalyst
particle [41].
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These setups for the CVD methods are usually same but sometimes a little
change is made in the system according to the experimental requirements. The primary
difference between the CVD methods is the type of precursor materials used, quantity
and the experimental conditions like temperature, flow rate of gas etc. Some different
kinds of CVD methods used by different researchers are discussed in this section.

A new CVD method was introduced by Lee at al. [43] for the production of
BNNTSs. This is the same method used earlier for the synthesis of CNTs [44]. Its
schematic diagram is shown in Figure 1.10. Tube furnace made of quartz is used as
reactor in this method. The starting materials are put into an alumina boat which is then
placed in a quartz test tube. The quartz test tube is then placed inside the tube furnace.
The furnace is heated to a reaction temperature and a reactive gas (NHs or Ny) is flown
inside the furnace for few hours. The nanotube growth is observed on the substrate and

inner wall of the alumina boat.

Tube furnace

Quartz vacuum chamber

Quartz test tube =

7
B + MgO + FeO (or Fe,O;) powders  Substrates

Figure 1.10 Schematic diagram of the tube furnace with quartz test tube inside [43].

Tang et al. (2002) used the CVD method for the synthesis of boron nitride
nanotube. Induction furnace was used as a reactor with carbon free precursors. Boron,
metal oxide catalyst and a nitrogen source gas were utilized. Boron reacts with metal

oxide to form boron oxide which than reacts with nitrogen to form BNNTSs [45]. Further
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experiments showed that the weight ratios of boron to catalyst and temperature of the
reaction has major role in quantity, quality and morphology of resulting BNNTS.
BNNTs with up to 70 nm diameter and several micron in length were obtained using
CVD [45, 46, 47].

Some other CVD methods are also employed by different research groups for the
synthesis of boron nitride nanotubes [48, 49, 50, 51, 52].

All above CVD methods have shown that quality, quantity, morphology and size
of BNNTSs depend upon the type of materials used, temperature, weight ratios of starting
materials and type of catalyst [33].

Non-catalytic CVD is the method in which no catalyst used in the starting
material for BNNTs synthesis. The experimental setups for the catalytic and non
catalytic CVD are almost same. The difference is only precursors used. A boron and

nitrogen source is used as starting material.

Ma et al. (2001) obtained boron nitride nanotubes using the non-catalytic
chemical vapor deposition. Melamine (C3NgHsg) and boric acid (H3BO3) were used as
precursors in this method without catalyst. A solution mixture was formed of the starting
materials which were then heated with nitrogen at high temperature. Multi-walled

nanotubes were obtained [53].

1.5 Types of CVD reactors

Different types of CVD reactors are used for synthesis of nanotubes and they
have almost the same system for reactant gas delivery, energy source, reactor purging,
control equipments for temperature, flow and pressure. The main difference is design of
a reactor chamber and substrate heating. Some types of CVD reactor that are presently

used for synthesis of nanomaterials are discussed below.

16



1.5.1 Hot-wall CVD Reactor

Hot-wall CVD reactors are large reactors with several substrates for deposition
inside the reactor chamber as shown in Figure 1.11. Several heaters are used to heat the
walls and keep the temperature constant in every part of the reactor chamber. The
problem in these reactors is that they need regular cleaning as the deposition occurs on
both walls of the reactor and substrate. The unwanted layer of the contaminants on the

walls of the reactor could result in high thermal loads.

Pressure sensor

Resistance heater (3-zone)
il BN

I

| —————— § ——————
I | Tray and wafers

Gas inlet

Figure 1.11 Hot-wall CVD reactor general design [54]

1.5.2 Cold-wall CVD reactor

In this type of CVD reactor only substrate is heated to reaction temperature and
deposition occurs only on substrate. The walls of the reactor are kept cooled. Figure 1.12
shows general schematic presentation of the cold-wall reactor. The heating is done by
induction or radiations. The advantage of cold-wall reactor is that no contaminant
deposits on the wall of reactor due to low temperature. Due to cold-wall also there is no
depletion of the gas reactants inside the reactor chamber. This type of reactor is mostly
used for manufacturing of semiconductors for electronics. Hot-wall and cold-wall CVD
reactors are also sometimes called thermal CVD reactors.
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Figure 1.12 Cold-wall CVD reactor [55]

1.5.3 Plasma Enhanced CVD (PECVD) reactor

Plasma CVD reactor is shown in Figure 1.13. Partially ionized gas made up of
ions and electrons is called plasma. In this type of reactor reaction occurs in plasma state
at low temperatures compared to the temperature of thermal CVD reactors discussed
previously. Due to low reaction temperatures (250°C-350°C) polymer can be used as a
substrate in PECVD reactors. The wafer substrate acts as an electrode and magnetic
drive is used to rotate the substrate. Gas reactants can be introduced from the center or

from the sides in order to obtain uniform distribution as shown in Figure 1.13.

Gas injection 1 Wafers

ting Pump

Figure 1.13 Plasma Enhanced CVD reactor [56]
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1.5.4 Laser-assisted CVD (LCVD) reactor

These reactors are same in mechanism as thermal CVD reactors but here laser is
used as heating source. Energy from the photons of laser is absorbed by reactants to
decompose or dissociate and subsequently deposits on the substrate, this is called
Photolytic LCVD. Another type of LCVD is Pyrolytic LCVD in which a portion of
substrate is heated by laser and deposition occurs on that heated localized spot of the

substrate.

1.6 Adsorption

This work is about the study of adsorption properties of BNNTSs so in this section
some theoretical background about adsorption of gases on solid surfaces is explained.
By adsorption of gases on material information about surface of material, structure of
material at very small level, porosity and surface active sites for catalytic activity can be
obtained. Gas, vapor or liquid molecules may be attached to the surface of solid when it
comes close sufficiently to the surface. The phenomenon of adhesion of atoms or
molecules of gas or liquid to the surface of solid is called adsorption. There is always
possibility of adsorption when gas or vapor interacts with the solid surface. The quantity
of gas or vapor adsorbed by surface depends upon the temperature, pressure and
interaction potential of gas (adsorbate) and the solid surface (adsorbent). There are two
kinds of adsorption depending upon the interaction between vapor or gas and solid
surface [57]. Using of BNNTSs for different applications needs understanding of their

physical and chemical adsorption properties.

a) Physical adsorption

b) Chemical adsorption
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1.6.1 Physical adsorption

Physical adsorption also called physisorption, is a weak adsorbate-adsorbent
interaction with relatively low heat of adsorption. It is a reversible phenomenon that
occurs due to Van der Waal’s forces. Physisorption occurs uniformly on the whole
surface of adsorbent and is not restricted to specific active sites. That is why this
technique is used to find the surface area of the porous powder materials. Unlike
chemisorption, physisorption occur in multi-layers on the surface of adsorbent which
also results in filling of pores. Physical adsorption occurs at low temperature and it does
not occur at high temperatures. Due to no activation energy barrier equilibrium is
attained quickly in physical adsorption. Sometimes diffusion in very small pores can

limit the adsorption rate [57].

1.6.2 Adsorption Isotherms

Isotherm is a plot of amount (V) of gas or vapor adsorbed versus relative
pressure (P/Po) at constant temperature. By visual analysis of isotherms the pore filling
mechanism can be understood and information about the porosity of material was
obtained. The shape of isotherm also depends upon the interaction between the adsorbate
and adsorbent. Based on the research of Brunaur, Deming, Deming and Teller (BDDT)
almost all the adsorption isotherms obtained resembles one of the five isotherms shown
in Figure 1.14 [57].

1.6.2.1 Type I isotherm

This type of isotherm is obtained when few molecular layers of adsorption have
occurred on the surface of the solid. Chemisorption usually gives type | isotherm. For
physical adsorption type | isotherm is obtained when adsorption occurs in microporous

materials. This type of adsorption occurs in micropores with size of few molecular
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diameters (Size<2nm). Thus, the overlapping potential of the pore walls helps the
adsorption to occur at very low relative pressure. When micropores filling is completed

a plateau is obtained in the plot which shows very little or no adsorption anymore.

1.6.2.2 Type Il isotherm

This type of isotherm is associated with adsorption on nonporous or material
with pores larger than micropores. The knee called inflection point at the start of the

curve indicates the completion of monolayer and start of multi-layers as the relative

pressure increases.

Amount adsorbed —>

Relative pressure —>

Figure 1.14 Types of adsorption isotherms [57].

1.6.2.3 Type Il isotherm

Type 11l isotherm is obtained when the adsorbate-adsorbate interaction is
stronger than the adsorbate-adsorbent interaction. This results in the multilayer

adsorption because adsorbate sits on already formed adsorbate layer instead of adsorbent
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surface. The gas molecules adsorb on the active sites and a cluster of adsorbate is
formed on the favorable sites. So the adsorption is not uniform on the surface because in
some areas multilayer adsorption occurs while on others adsorption does not occur at all.
Because of this reason there is not clear distinction between the monolayer and
multilayers and that is why the inflection point or the knee is absent in this type of

isotherm.

1.6.2.4 Type IV isotherm

This type of adsorption is obtained usually when the adsorption occurs on the
porous material with pore size range of 2 to 100 nm. As the relative pressure increases
the slope of the curve also increases. Inflection point can be observed in type IV
isotherm which suggests the completion of monolayer.

1.6.2.5 Type V isotherm

Type V isotherm is same like type Il which is obtained when there is weak
adsorbate-adsorbent interaction. Like type Il isotherm, the inflection point is absent in
this type of isotherm. But this isotherm also corresponds to adsorption in the pores of the

same size range discussed in type IV isotherm.

1.6.3 Hysteresis

Sometimes adsorption and desorption branches of isotherm do not follow the
same path which leads to the formation of hysteresis loop. The reason for formation of
hysteresis loop is the fact that the condensation and evaporation mechanisms of gas in
pores are different. The phenomena of the hysteresis occur in mesopore region with a

pore size range of 2-50 nm. The hysteresis loop creates complexity in analysis but if
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correctly interpreted it can give vital information about the pore structures and networks.
Hysteresis loop is generally encountered between the relative pressure (P/Po) values of
0.3 to 0.96. In micropore region the adsorption and desorption curves of isotherm follow

the same path so no hysteresis loop can be found below P/Po value 0.3 [57].

De Boer explained five kinds of hysteresis loops (Figure 1.15) which correspond

to different shape of pores.

Type A hysteresis is obtained when adsorption-desorption occurs in cylindrical
pores with both ends open

Type B hysteresis corresponds to slit or plate shaped pores. In the case of
nanotubes when adsorption-desorption occurs between the walls of multi-walled

nanotubes type B hysteresis is obtained.
Type C hysteresis can be found in open end tapered or wedge-shaped pores

Type D hysteresis is found in irregular pores; they are tapered or wedge shaped

but with narrow opening at one or both ends.

Type E hysteresis loop is obtained for bottleneck pores. Evaporation in narrow
region of the pore delays desorption in wide region. That is why a small slope is
observed in desorption curve at high relative pressure and a large slope at low relative
pressure. The large slope region indicates the emptying of wide portion of bottle neck

pores.
AType A _! A TypeB A TypeC | A TypeD 1 A TypeE
3 1 /\: : :
1
: : : A :
1 [ 1 1 !
1 [ 1 I 1
58 58 > > >
p/pe 1 ppe 1 p/pe 1 ppo 1 ppe 1

Figure 1.15 Five types of hysteresis loops identified by De Boer [57].
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1.6.4 Characterization of porous materials by physical adsorption

1.6.4.1 BET surface area:

Brunauer, Emmett and Teller (BET) theory is base for measuring surface area of
porous materials. Small pores (< 2nm) are filled by gas at very low relative pressure
(P/Po) values. When these small pores are filled then single layer adsorption occurs on
the surface of material and as the P/Po values increase multilayer adsorption starts. BET
surface area is usually calculated between P/Po range of 0.05-0.3. Between these relative
pressure values it is assumed that single layer adsorption occurs on the surface.
Minimum three points are needed in this range to calculate BET surface area. In BET
theory, it is also assumed that the surface is homogeneous, there is no lateral interaction
between the adsorbed molecules and in multilayer adsorption the upper layer is in

equilibrium with the vapor phase of the gas [57].

1.6.4.2 Pore size distribution

Pore distributions can be estimated using Barrett, Joyner and Halanda (BJH)
method. BJH method uses Kelvin model for pore filling mechanism. Kelvin model
(Kelvin equation) assumes pore condensation phenomena i.e. condensation occurs in
pores that already have some layers of adsorbed gas on the walls of the pore. The
thickness of that layer can be calculated from statistical thickness (t) equation (de Boer
equation). BJH method is only valid for mesopores. Kelvin equation when nitrogen is

adsorbing gas is given below [57]

4.15

(Ay= 0
rx() log(R)/P)

where ry is Kelvin radius of pore. de Boer equation for calculating statistical thickness (t)

using nitrogen as an adsorbate is given below
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13.99 -
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) Log(PO/P)+O.O34}

from Kelvin and de Boer equations pore radius (rp) can be calculated as

Based on these equations BJH pore size distribution curves were obtained for
BNNTSs explained in chapter 4. IUPAC classification of pores according to their sizes is

as follow [57]

e Micropore < 2nm in diameter
e 2< Mesopores < 50nm in diameter

e Macropore >50nm in diameter

1.6.4.3 t-plots

t-plot method is used for estimating micropore volume and external surface area
(Sext) i.e. surface area except micropore area. t-plot is a plot of volume adsorbed (Vag)
versus statistical thickness calculated from de Boer equation explained earlier. The t-plot
contains two linear regions i.e. upper and lower linear regions, generally for micro and
mesoporous materials. The slope of upper linear (at high P/Po) region corresponds to
external surface area and the intercept gives the micropore volume. The slope of lower
linear (at low P/Po) region gives total surface area. So micropore surface area can be

calculated from the difference of total and external surface area. [57].

1.6.4.4 H-K method for micropore analysis

Pore size distribution methods are mostly based on the assumption of capillary

condensation phenomena which cannot be assumed for adsorption in micropore.
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Horvath Kawazoe (H-K) method is generally used for pore size distribution of
micropores with slit shape geometry. H-K method is extended by Saito and Foley (SF)
for cylindrical pore geometry. H-K pore size distributions were obtained for BNNTSs.
For H-K method P/P, values less than 0.02 are used [57].

1.6.4.5 D-R method

Dubinin-Radushkevich (D-R) method is used to calculate micropore volume of
porous materials. D-R model gives a linear plot between log (V) and [log (Po/P)]? for
microporous materials. The linear range is found usually at relative pressure values less

than 107 [57]. The characteristic D-R equation is given below

p .2

log,, V =log,,(V, )- 2.303| RT

log,, (7, / P)E

0

1.6.5 Characterization of porous material by chemical adsorption

Chemical adsorption is a process where a molecule attaches to the surface
through a formation of a chemical bond. Chemical adsorption is also called
chemisorption and it is an irreversible adsorption. The heat of adsorption in chemical
adsorption is relatively high sometimes even close to chemical bonding. It can occur at
temperatures above the critical temperature of the adsorbate. Chemisorption is restricted
to single molecular or atomic layer on the surface of adsorbent. In case of
chemisorptions the adsorbed molecules did not cover the whole surface and they adsorb
only on the active sites of surface. This is why chemisorption is a selective and localized
phenomenon. Chemisorption is widely used technique to characterize a catalyst by
measuring active metal sites on the surface of catalyst [57]. In our study BNNT
chemisorption was performed using ammonia as a probe gas. The surface of material

was saturated with adsorbed ammonia gas and then the gas was desorbed by gradual

26



increase of temperature. This method is called Temperature Programmed Desorption
(TPD). The analysis showed us the total acidity of the surface of BNNTs. BNNTSs can be
potentially used as catalyst or catalyst support, so analysis is necessary for finding the

catalytic properties of BNNTS.
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CHAPTER 2

LITERATURE SURVEY

Since the discovery of carbon nanotubes (CNTSs) [4], nanotubes have attracted a
lot of research work in last two decades and while searching for the nanotubes of other
materials, boron nitride nanotubes (BNNTSs) were theoretically predicted in 1994 [18]
and then experimentally prepared in 1995 [5]. The research on CNTSs increased rapidly
soon after their discovery but BNNTSs did not get much attention. In recent years there
has been an increase in research on BNNTSs but it is still very less as compared to CNTs
[50]. In Figure 2.1 number of publications related to CNTs and BNNTs from the year

1992 to 2006 is shown.
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Figure 2.1 Articles published related to CNTs and BNNTSs from 1992 to 2006 [50].
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Chopra et al. were the first people to synthesize pure boron nitride nanotubes
using the arc-discharge method. Tungsten anode packed with boron nitride (h-BN) and
cool copper cathode were used. Electric arc was applied to the electrodes which raise the
temperature up to 3700 K, subsequently BN was evaporated and pure BNNTs formed
were carried by helium gas and collected on copper cathode. Multi-walled BNNTSs with
diameter in the range of 1-3 nm and length up to 200 nm were obtained. Electron energy

loss spectroscopy showed almost B:N ratio of 1 which is same as predicted theoretically

[5].

Loiseau et al. used a new route in the arc discharge method for BNNTSs synthesis.
In the arc-discharge method these electrodes should have at least some conductance and
pure BN is not conductive so metal boride (HfB,) was used in this study instead of h-
BN. Stable electric arc of DC current and 20-40V voltage was maintained for 15 min.
Nitrogen was used as a gas precursor and grey soot like product was obtained on the
chamber walls. Mostly single and double-walled nanotubes were obtained. A unique
morphology was observed at the end of some nanotubes which was closed by a flat layer
perpendicular to the tube axis. Multi-walled nanotubes with reduced number of layers
and inner diameter up to 4 nm were also observed. Some and single-walled nanotubes

were also observed [34].

Ichihito et al. synthesized BNNTSs using a arc-melting method. Yttrium () had
already shown excellent catalytic ability for the production of single-walled CNTs and
that’s why YBg powder was used as electrode in this study. YB, powder was placed on
copper mold and the furnace chamber was evacuated. Then Ny/Ar mixture was
introduced and the arc-melting was applied at voltage of 200V. Multi-walled BNNTSs
with a diameter in the range of 4-10 nm and length up to 6 microns were observed. This
study showed that Y could act as a good catalyst for the formation of BNNTs. The EDX
result showed B/N ratio of 1.1:1. It was also observed that conductive boride powder is a
good precursor for BN nanotubes synthesized by arc-discharge and no additional

material was needed to make it conductive [58].
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Golberg et al. worked on the laser ablation method for the production of highly
crystalline boron nitride nanotubes. Carbon dioxide laser was used to hit a cubic boron
nitride target which raised the temperature up to 5000K. The experiment was carried out
at high nitrogen pressure (5-15GPa). Multi-walled nanotubes were formed. BN
nanotubes produced from the arc-discharge method usually contain metal particle at one
end of nanotube but nanotube synthesized with laser method does not contains metal
particles. Impurities in laser assisted methods were found to be amorphous boron and
cones of BN. Laser method under nitrogen atmosphere opened new way of producing
BN nanotubes and by optimizing different parameters like precursor materials, nitrogen
pressure etc. it can replace the traditional arc-discharge method. Both c-BN and h-BN
phases were found in final product. High nitrogen pressure has an effect on final product

and favors the systematic growth of nanotubes [36].

Zhou et al. synthesized BNNTSs using laser ablation method and studied the
effect of catalyst on the structure and morphology of the final product. Target materials
were pure boron nitride and a mixture of nanosized nickel and cobalt catalysts. Target
materials were heated in quartz tube furnace and argon was flowed as a carrier gas. The
target was then evaporated using a laser beam at 1200°C and BNNTs were collected on
the water cooled collector mounted inside the quartz tube. Boron nitride nanotubes
produced with or without catalyst had different atomic structure, tube length and tip
morphology. BN nanotubes produced using catalyst was found to be mostly single-
walled and smooth outer tube surface. On other hand nanotubes produced without
catalyst were multi-walled and their outer surface was rough. In this study it was also
confirmed that BNNTs can be synthesized without catalyst using the laser ablation
method [59].

Yu, D.P., et al. used a different laser ablation method with plate like target made
of powder mixture of boron nitride and Ni/Co nanoparticles. Target was placed inside a
tube furnace made of quartz and the furnace was evacuated. The laser was used to heat
the target. The ablated target was taken by flowing gas and collected on cool copper
collector inside the quartz tube. Argon and nitrogen were used as carrier gas. An
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interesting feature was noticed in this method when argon was used as carrier gas mostly
single-walled nanotubes were observed and when nitrogen was used multi-walled

nanotubes with few layers were formed [60].

Weigiang Han et al. used template synthesis method to produce BNNTs by CNT
substitution reaction. In this method boron oxide (B,O3) powder was placed in graphite
crucible and covered with carbon nanotube layer. CNTs were prepared through metal
catalyzed CVD method. The crucible was placed in induction heating furnace and heated
in the flow of nitrogen gas at 1773K for half an hour. When the reaction finished and
crucible was taken from the furnace it was observed that the black color layer of CNTs
was turned into a grey colored layer. Later characterization confirmed that the grey
colored layer was indication of production of BNNTSs. It was concluded from this study
that the carbon atoms in CNTs were substituted by boron and nitrogen atoms. The
average length and diameters of the BN nanotubes were found to be the same as CNTs
used for substitution. No carbon impurity was found in the final product. By this
method BNNTs of any quantity can be produced depending on the initial amount of
CNTs and this is the advantage of this method as CNTs can be produced commercially.
But still more understanding is needed for growth mechanism of BNNTs through
substitution reaction method and it could help in producing BN nanotubes on mass scale
[40].

Jun Dai et al. prepared boron nitride nanotubes at low temperature using mixture
of Mg (BO;).H,0O, NaN3, NH,CI and Mg powder in a small sealed electric heated
autoclave. The mixture was heated in autoclave for 60 hours at 600°C. Typical multi-
walled BNNTs with diameter in the range of 30 to 300 nm and length up to 5 microns
were obtained. Most of nanotubes have one end close. The advantages of this method
are the low cost and straight cylindrical nanotube in final material. Possibility of
catalytic process was proposed but it was not clearly evident. This process also produces
a lot of impurities in the final product and so as-synthesized materials need a thorough

purification procedure [61].
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Peiju Cai et al. used the same method used by Jun Dai et al. [56] but with
different starting material for the synthesis of BNNTs. Boron powder, Fe,O3 and NH,CI
were mixed and heated in an autoclave for 12 hours at 600°C. Nitrogen was used as gas
environment. Nanotubes were not produced without Fe,O3 which suggested that iron
oxide had a role in the growth of BN nanotubes. Nanotubes with diameter up to 100 nm

were produced [62].

Ying Chen et al. obtained BN nanotubes using a supplementary method of ball
milling coupled with annealing after wards. Pure (98%) boron nitride (h-BN) powder
was used as a starting material and placed in a lab scale ball mill with steel balls. The
system was purge with nitrogen gas and the pressure was maintained at 300 kPa during
milling. The milled product was then annealed at 1300°C in nitrogen environment for 10
hours. BNNTs with inner and outer diameters of 3nm and 1lnm were obtained,
respectively. No nanotube was observed in the milled product and also there was no
nanotube when unmilled BN was heated to the reaction temperature. So it was noted that
ball milling played a great role in the formation of nanotubes and it was proposed that
milling creates nucleation sites for nanotubes growth. The annealing temperature affects

the rate of growth of the nanotube and best product was obtained at 1300 °C [38].

Ball milling and annealing method is used for the production of boron nitride
nanotubes by Jun Yu et al. with in situ nitriding. Amorphous boron powder is milled
under NH; environment in a ball mill. During milling nanosized boron nitride phases
were formed due to the reaction of boron with ammonia gas under high impact energy of
steel ball in mill. These nanosized BN phases acted as nucleation sites for BNNTSs
growth in annealing process after milling. Amorphous boron was milled for 150 hours
and then annealed in tube furnace at 1200°C for 8 hours. Nanotubes with less than 10 nm
diameter and length up to several microns were synthesized in this study without using
metal catalyst. The time and temperature of annealing were found to have great effect on
the yield and crystallinity of the final product. Another advantage of balling milling and
annealing method is that it gives large amount of product [63].
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High yield of BNNTs was obtained by Chen et al. using ball milling and
annealing process. Boron powder was milled in a lab scale ball mill with stainless steel
balls under ammonia atmosphere at 300kPa. High mechanical energy due to impact of
steel balls created structural and morphological changes in boron powder which lead to a
high yield product after annealing. The annealing of as-milled product was done in
nitrogen gas flow at 1200°C for 16 hours. Under the same intensity of milling and
heating temperature it was observed that the nanotube yield increased with an increase in
milling time. The reason of this increase was the growth of nano-crystalline BN phases
which acted as nucleation sites for nanotubes growth. Also milling increased the catalyst
(Fe) particles in the mill product. Multi-walled bamboos like nanotubes were the result
of the process used in this study. Increasing the milling time can significantly decrease
the reaction temperature for the growth of nanotubes and prevents the formation of bulk
BN clusters [64].

The first to use Chemical Vapor Deposition (CVD) method for the synthesis of
boron nitride nanotubes were Lourie et al. Milled nickel boride (Ni,B) catalyst was
applied to a silicon wafer substrate and then placed in a tube furnace to heat up to
1100°C. In situ prepared borazine (BsNsHs) gas was flowed through the furnace for 30
minutes. Borazine was prepared by reacting (NH4),SO,4 with NaBH, according to the

following reaction.

3(NH4)2804 + 6NaBH4 2 2B3N3Hg + 3Na,SO,4 + 18H-»

Bulbous nanotubes with root growth mechanism were obtained. Root growth is a
mechanism in which nanotube extends from the ends where catalyst is connected.
Almost all nanotubes were grown on the catalyst particles. Hollow and straight

cylindrical nanotubes were obtained by this method [41].

Tang et al. produced BN nanotube from boron and magnesium oxide. Boron and
magnesium oxide (MgO) mixture with molar ratio of 1:1 was heated in inducting
furnace at 1300°C. Boron reacted with MgO and formed vapors of B,O, and Mg vapors.

The B,0, vapors were treated with ammonia gas in the reaction chamber at 1100°C to
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produce multi-walled boron nitride nanotubes. Vapors of Mg were carried away from
the product area and thus a metal free product was obtained. Argon was used as carrier
gas for transporting vapors into the reaction chamber. The synthesized nanotubes
obtained were up to 70 nm in diameter and length up to 10 micrometers. Open and
fractured end nanotubes were observed. The advantage of using MgO is that final
product does not contains carbon and by product (Mg) can be easily removed [47].
BNNTSs were obtained from the mixture of elemental boron and NiB/Al,O3 in the
study undertaken by Tang et al. The mixture was ball milled for 8 hours. The mixture
was placed in alumina boat and put into tube furnace. Argon gas was used to purge the
system while heating the furnace up to reaction temperatures (1000°C — 1500°C). Then
nitrogen or ammonia was flowed into the tube of furnace for 2 hours. Well crystallized
boron nitride nanotubes with 5-30 nm diameter and several microns length were
produced. Interlayer spacing of multi-walled nanotubes was found to be 0.33 nm.
Bamboo like nanotubes were observed at high temperatures (1400°C and 1500°C).
Nanotube formation was not observed below 1100°C. Some agglomeration of catalyst
was observed at high temperatures. No noticeable difference in the yield and
morphology of nanotubes was observed when nitrogen or ammonia was used as reactant.
Unique flat tips were observed for nanotubes less than 10 nm in diameter. Such

characteristic was not observed in nanotubes with larger diameters [45].

C. Tang et al. prepared BNNTSs using homogenized mixture of amorphous boron
and iron oxide (Fe;O3) with balance ratio as starting materials. The powder mixture was
loaded to alumina boat and boat was placed inside the alumina tube furnace. The furnace
was heated and when the desired temperature (1200°C to 1500°C) was achieved then
ammonia gas was allowed to flow through furnace. Temperature and B/Fe,O3 ratio has
effect on the nanotube structure. Above 1300°C flakes like grains of Fe and wool like
BN aggregates were observed. Frequent bamboo like nanotubes were found when lower
B/Fe,O3 ratio was used. Increasing temperature and amount of Fe,O3 reduces nanotube
formation. It was found that in situ prepared Fe particles are responsible for the growth

of nanotubes and Fe particles in nanoscale have greater catalytic activity as compared to
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larger particles. BN nanotubes with diameter up to 20 nm were observed on High

Resolution Transmission Electron Microscope (HRTEM) [46].

Lee et al. developed a new method for BNNTs production. A mixture of B,
MgO, and FeO (or Fe,O3) was used as a starting material. The precursor mixture was
placed in an one-end closed test tube and loaded into a quartz tube furnace. The quartz
tube was evacuated up to 30 mTorr and heated to 1200°C before the NH3 flow.
Ammonia gas was allowed to flow through the quartz tube while keeping the
temperature at 1200°C. The molar ratio of B:MgO:FeO was kept as 2:1:1. It was
believed that BNNTs were formed due to reaction of BxOy vapor and NHj at this high
temperature. The one-end closed test tube in the furnace was placed opposite to the flow
of ammonia gas in order to avoid direct flow of gas through the reaction zone. It was
observed that this set-up affected the yield of the nanotubes and low yield was obtained
when the open end of test tube was faced directly to the flow of gas. Multi-walled

nanotubes with diameter range of 10-100nm were observed [43].

Ozmen et al. also studied the synthesis of BNNTs. Elemental boron and Fe;Os
were used as precursors and ammonia gas as nitrogen source. For the first time online
mass spectroscopy was employed to analyze the reaction effluent gas. Mixture of boron
and iron oxide with different weight ratios was loaded to alumina boat which was placed
inside horizontal tubular furnace. Different reaction temperatures were used for BNNTs
production. When desired reaction temperature was reached ammonia gas was fed to the
reactor for 2 hours and 15 minutes. From online mass spectroscopy analysis it was
observed that ammonia gas decomposed into nitrogen and oxygen. Nitrogen reacted
with boron while the hydrogen gas produced from the decomposition of ammonia was
released out of the system. In this study it was found that weight ratios of starting
materials, reaction temperatures and flow rate of NH3 play major role on the structure,
crystallinity morphology, quality and quantity of the final product. The nanotubes
obtained were mostly bamboo-line. At inlet gas composition of less than 60 mol%
nanorods were obtained but above 60 mol% bamboo-like or hollow cylindrical

nanotubes were observed. The outer diameters of nanotubes were in the range of 64 to
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136 nm while the inner diameters were in the range of 7 to 38 nm. Type-Il nitrogen
isotherm with type-A and B hysteresis was obtained for the final purified material which
showed the presence of both cylindrical and slit like pores. The amount of final material
obtained through this method was relatively more as compared to other methods but the

as-synthesized material contains considerable amount of impurities [65].

Selin Noyan produced BNNTs from the reaction of boron and iron powder
mixture with NHg3 gas in tube furnace. Effluent gases from the furnace were analyzed by
online mass spectroscopy. Agglomerated multi-walled nanotubes were obtained in the
diameter range of 10-550 nm and interlayer spacing of 0.33 nm. Type Il isotherm with
type B hysteresis was observed in nitrogen sorption analysis. B/Fe weight ratio and
reaction temperature found to have influenced the final product. Maximum BET surface
area of BNNTs was 147.6 m%g which decreases with the increase in reaction
temperature. The deposition rate of boron nitride was maximum at 1300°C and 15/1
B/Fe weight ratio. In this study the as-synthesized product was treated with acids (HCI
and HNO3) in order to remove the impurities and unreacted materials from the sample
[66].

Ma et al. synthesized BNNTSs from two different starting materials without using
metal catalyst, B4N3O,H and boron nitride powder and measured its hydrogen
adsorption capacity at room temperature. The precursors were heated up to 2000K in
N2/NH3 gas flow. The nanotubes prepared from B4sN3O,H precursor were multi-walled
cylindrical while from BN powder bamboo like nanotubes were obtained. TEM analysis
showed that nanotubes with diameter range of 10 to 30 nm were synthesized. At the
room temperature hydrogen capacity at 10 MPa was measured to be 1.8 and 2.6 wt% for
multi-walled and bamboo like nanotubes, respectively. Still more researches are needed
to improve the adsorption capacity of BNNTSs at low pressure and room temperature [8].

Tang et al. obtained unexpectedly structurally collapsed boron nitride nanotubes
from novel precursors, B,O, and Mg vapors, using chemical vapor deposition.

Relatively pure nanotubes with very high surface area were produced in this study. Due
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to high surface area of collapsed nanotubes, hydrogen uptake capacity was found to be
high (4 wt %) as compared to multi-walled nanotubes (1.8 wt %) measured by Ma et al.
[25]. Nanotubes were prepared on platinum (and other noble metals like tungsten,
molybdenum, niobium) plate. This might be considered to be the reason of the collapse
structure because when nanotubes were synthesized on graphite plate no noticeable
morphological change was observed. This type of BNNTSs can prove to be a promising

material for gas storage and as a catalyst support due to its very high surface area (789
m?/g) [9].

Ferriera et al. studied production of BNNTs using novel precursors i.e. boron
powder, ammonium nitrate and Fe;O3;. The powder mixture was charged into alumina
boat and heated in tube furnace at 550°C for 1 hour without gas flow. Then, temperature
was increased to 1300°C and nitrogen was allowed to flow at 50 sccm. Ammonia gas
was also introduced following one hour flow of nitrogen. The obtained nanotubes
contained particles of metal catalyst. The nanotubes synthesized might be biocompatible
for application in biomedical science. By functionalizing the BNNTS, it can be used for

cell therapy, cancer treatment and other medical applications [67].

Seo et al. used a method to obtain large amount of BNNTSs. In this method
starting materials were first ball milled for 24 hours and then annealed at 1200°C in tube
furnace. Boron, MgO, FeO, NHjs, and nitrogen were used as precursors. Alumina boat,
charged with precursors, and substrate were placed in one end closed test tube inside the
furnace. Mixture of NH3 (5 vol%) and N; (95 vol%) was flown through the furnace.
Bamboo like and cylindrical nanotubes were obtained with greater quantity. There was

some considerable amount of impurities in the as-synthesized product [68].

Ma et al. achieved synthesis of BN nanotubes using melamine diborate
(C3NgHs.2H3BO3) as precursor without the use of any metal catalyst. The precursor was
first calcined for 3 hours in air at 500°C and annealed in N, environment at 800°C. A B-
N-O intermediate was formed which was then heated in a graphite crucible in an

induction furnace with flow of nitrogen for two hours at 1700°C. A white product was
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obtained on the wall of the crucible. Bulbous nanotubes were observed. Tip filled with
amorphous precursor believed to have played the role of catalyst in the growth process
of nanotubes [53].

Lee at al. performed functionalization of pure BNNTs with biocompatible
PEGylated phospholipid [methoxy-poly(ethylene glycol)-1,2-distearoylsn- glycero-3-
phosphoethanolamine-N conjugates (mMPEG-DSPE)]. BNNTs were synthesized with
CVD and then functionalized with PEGylated phospholipid in ultrasonic bed for various
durations. It was found that the functionalized BNNTSs could be kept suspended in water
for several months. Noticeable thing was that after several hours of sonication length
wise cutting of nanotubes might be achieved. This cutting ability combined with
funtionalization of nanotubes could achieve well dispersion in polymer resin and can

revolutionize the polymer nanocomposites field [10].

Ahmad et al. used a new method for BNNTs synthesis. Amorphous boron
powder, MgO and Y-Fe,O3; nano-powder mixture was placed in alumina boat and boat
was covered with silicon substrate. Alumina boat loaded in one end closed quartz test
tube was placed in electrically heated tube furnace. The system was purge by argon gas
and heated up to 1100°C. NH; was introduced at 1100°C and temperature was raised to
1200°C. Ammonia flow was kept there for one hour after then the system was cooled.
Multi-walled nanotubes with up to 57 nm diameter were observed in high resolution
TEM. Purging system using argon gas instead of vacuum system has decreased the cost
of experiments significantly as no extra accessories are needed. With economic effects,
argon also affected the quality of final product and longer BNNTSs were obtained [48].

Ma, R. et al [8] and Tang et al. [9] performed experiments to measure the
hydrogen adsorption capacity of BNNTSs but the results were not convincing. Hydrogen
storage capacity was observed to be 2-3 wt% at high pressures but still very low at
atmospheric pressure. Tang et al. found a novel morphology of BNNTs when they were
synthesized in the presence of metals like tungsten, molybdenum, and niobium. Partially
or fully collapsed boron nitride nanotubes were observed. This collapsed BNNTs were
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found to have very high surface area (789 mzlg) which might greatly enhance hydrogen
storage capacity of BNNTSs [9, 69].

3.1. Objectives of the study

From the literature survey it has been concluded that most of the study for BN
nanotubes has been done on its synthesis methods, starting materials, reaction
temperature and reaction time effecting the final product. Considerable share of research
has been also focused on the effects of flow rates of source and carrier gases. There is
also a rare study on the effect of temperature and starting materials on the structure and
quantity of the final product. Almost no study has been done on the purification of the
final product. The research is mostly focused on finding different ways to increase the
amount of final product because very little amount of product can be produced using the
present methods. They are investigating different precursors materials, operating
temperatures, reaction time, and gas flow rates etc. There is very rare study in literature
on the adsorption properties of boron nitride nanotubes and chemisorptions on BNNTSs.

Based on the literature survey following are the objectives of this study:

e To synthesize two different samples of boron nitride nanotubes using different
compounds (Fe and Fe,O3) with ammonia and amorphous boron powder and
same synthesis parameters

e To purify the as-synthesized product from impurities produced during synthesis

e To characterize the final products using XRD, FTIR, SEM, TEM, and TGA

e To compare the characterization results of two samples prepared from Fe and
Fe,O3

e To investigate textural properties of BNNTSs using nitrogen adsorption technique

e To investigate carbon dioxide adsorption on BNNTSs

e To study NH3 chemisorptions on boron nitride nanotubes
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CHAPTER 3

EXPERIMENTAL

The objective of this work is to study the adsorption properties of boron nitride
nanotubes. The experimental part of this study can be divided into three sections.

1) Synthesis of BNNTSs
2) Purification of BNNTs

3) Studying adsorption properties and structural characterization of BNNTs

BNNTs were synthesized by the reaction of ammonia and boron and iron oxide or
iron mixture at 1300°C with an inlet ammonia flow rate of 125 cm*/min and boron to
iron oxide or iron ratio of 15/1 [65]. Synthesized product was then purified by acid
treatment using nitric and hydrochloric acids. The method [65, 66] used for synthesis of
BN nanotubes has advantage over other methods because it produces relatively high
amount of final product. The starting materials used are easily available and can be used
in different amount keeping the weight ratio constant to get. The final product contains
impurities but it can easily be removed by acid treatment [66]. The structural, physical
and adsorption properties of purified BNNTs were studied using different characterizing
techniques like X-ray Diffraction (XRD), Scanning Electron microscopy (SEM), Energy
dispersive X-ray spectroscopy (EDX), Transmission Electron Microscopy (TEM),
Fourier Transform Infrared spectroscopy (FTIR), nitrogen and carbon dioxide
adsorption and chemical adsorption analyses. Reproductivity of BN was also

investigated using some of these characterization methods.
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3.1 Synthesis of boron nitride nanotubes

3.1.1 Experimental setup

BNNTs were synthesized by the reaction of ammonia as a nitrogen source with
the powder mixture of boron and iron or iron oxide in a horizontal tubular furnace
(Protherm PTF 16/50/450). Figure 3.1 shows the experimental set-up. Argon gas
(99.99% pure) was used to purge the system before and after the reaction. The reaction
gas, ammonia (99.95% pure), and argon gases were connected to the system through %
inch stainless steel tubing. The flow rates of gases were adjusted using rotameters which
were calibrated for these gases. A three way valve was installed after the ammonia
rotameter in order to regulate the flow through a bypass line before entering into the
tubular furnace. Soap bubble meters were used to measure the flow rates of gases at the
inlet and outlet of the furnace. The powder mixture of boron and iron or iron oxide was
loaded into alumina boat and the boat was placed in the centre of tubular furnace that
has inner diameter of 5 cm and length of 1 m. Temperature inside the furnace was

measured by a thermocouple which is connected to a temperature controller.
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Figure 3.1 Experimental setup of BNNTSs production [65]
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3.1.2 Experimental procedure

0.8 g of thoroughly mixed and homogenized mixture of boron (Sigma-Aldrich)
and iron (Merck) or iron oxide (Sigma-Aldrich) powder with a B/Fe or B/Fe,O3 ratio of
15/1 (boron; 0.75 g, Fe;O3 or Fe; 0.05 g) was loaded into alumina boat. Alumina boat
was placed in the centre of the horizontal tubular furnace and the temperature was
adjusted through the controller. The system was heated at a rate of 8°C/min and argon
gas was allowed to flow through the system at 2 bars and 150 cm*/min. Argon gas was
used to purge oxygen from the whole system. When the temperature inside the furnace
(Figure 3.2) reached 1200°C then ammonia was fed to the bypass line using three way
valve. This had been done to stabilize and adjust the flow of gas to the desired value
before the reaction started as the flow rate of ammonia played important role in the
reaction. When the temperature reached to 1300°C the argon flow was shut off and
ammonia was fed in to the furnace at a rate of 125 cm®min for 2 hours and 15 minutes.
After the completion of reaction time ammonia flow was closed and argon was fed again
into the furnace with the same flow rate. The reactor was cooled down at a rate of
5°C/min and the as-synthesized product was taken from the reactor and weighed.
Experimental conditions are given in Table 3.1. These are the optimum experimental
conditions deduced from the previous studies of our group [32, 65, 66,] studies which

showed that the best and highest amount of product was obtained at these conditions.

Figure 3.2 Horizontal tubular furnace (50 mm diameter, length 1m)
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The synthesized materials were named as X-BN-Y-Z where X stands for either
purified (P) or unpurified (UP) samples and BN for boron nitride. Y stands for the
precursor materials either metal oxide (MO:Fe,O3) or metal (M:Fe) from which samples
were synthesized. Z represents the number of material synthesized at the same
conditions but at different times. The names of samples used in this study are given in
Table 3.2. To check the reproducibility of BNNTs production method the material was

synthesized at different times and the same conditions.

Table 3.1 Materials and experimental conditions used in the synthesis of BNNTSs

Reaction Reaction | Ammonia | B/Fe;O3 | B/Fe Boron and Iron
temperature time flow rate | weight | weight iron oxide source
(°C) (min) | cm¥min | ratio ratio source
1300 135 125 15/1 15/1 | Sigma-Aldrich | Merck

3.2 Purification of as-synthesized Boron Nitride Nanotubes

The as-synthesized BNNTSs contain impurities and unreacted materials so the
sample was purified using acid treatment (HCI and HNOg3). The purification method
used in this study is the same as used in the study of Selin Noyan [66] but with few

modifications. Steps that involve in the purification process are as follow.

1.3g of as-synthesized sample was weighed and put into the flask. 25 ml of
deionized water was added and the material was sonicated in ultrasonic bath for 2 hours.
After sonication 25 ml of HNO3; was added and the sample in the flask was thoroughly
mixed by magnetic stirrer. Again 25 ml of both deionized water and HNO3; was added
and mixed. The solution was then filtered with filter paper. This process is repeated five

times in order to remove the unreacted boron completely.
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Table 3.2 Names and codes of samples synthesized with the same

experimental conditions [65, 66,]

Sample code Sample Name Starting materials
SK070714 P-BN-MO-1 Fez0s
SK120814 P-BN-MO-2 Fez0s
SK270814 P-BN-MO-3 Fez0s

SK-3 P-BN-MO-4 Fe20s
SK240714 P-BN-MO-5 Fez0s
sk230614 P-BN-MO-6 Fez0s
5K300814 P-BN-M-1 Fe
5K020914 P-BN-M-2 Fe

SK-2 P-BN-M-3 Fe
k271014 UP-BN-M Fe
CD250310 UP-BN-MO Fe203

The material retained on filter paper was poured into 250 ml of deionized water.
For removal of iron particles, 20 ml of HCI (37%, Merck) was poured into this solution
and its color turned into yellow which is the indication of the presence of elemental iron
particles. Then, 10 ml of HNO3; was added and the solution was heated for 3 hours.
During 3 hours of heating Fe reacted with HCI and HNOs.
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After 3 hours of boiling the solution was cooled and filtered. The white solid on

the filter paper was purified BNNTs which were then dried at 105°C for 2hours.

3.3 Characterization of BNNTSs

Morphological, chemical, surface and adsorption properties of BNNTs were
studied using different characterization and adsorption techniques. X-ray Diffraction
(XRD) was used to study the crystalline structure and surface morphology was studied
using Scanning Electron Microscopy (SEM). Transmission Electron Microscopy (TEM)
was used to determine the detail structure of individual nanotube. Chemical composition
study was done using Fourier Transform Infrared (FTIR). Energy Dispersive X-ray
(EDX) spectroscopy was performed during SEM analysis for finding the elemental
composition in the respective image. Nitrogen and carbon dioxide adsorption techniques
were used to determine the surface properties like surface area, pore size distribution,
total pore volume, micropore volume and other adsorption properties. Chemical
adsorption analysis was also performed for BNNTSs in order to determine the active sites

on the surface.

3.3.1 X-ray Diffraction

X-ray diffraction was used to determine the crystallinity of both the as-
synthesized and purified samples. The equipment used for analysis was Rigaku X-ray
Diffractometer with CuK, as radiation source and scanning speed of 2°/min. The data
was obtained at the Bragg’s angle range of 5°-90°. The analysis was performed at
voltage 40 kV and current 40 mA.
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3.3.2 Fourier Transform Infrared (FTIR) Spectroscopy

Qualitative chemical analysis of the as-synthesized and pure samples was
performed using Fourier Transform Infrared Spectroscopy. The sample to be used for
analysis was first dried at 110°C and then prepared by mixing with Potassium Bromide
(KBr) powder. Approximately 1 mg of sample was well mixed with 100 mg of KBr
powder for FTIR analysis. The analysis was done at room temperature. The equipment

used in the process was Bruker VERTEX 70 series shown in Figure 3.3.

Figure 3.3 FTIR equipment (Brucker Vertex 70)

3.3.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray (EDX) spectroscopy

Surface morphology of the as-synthesized and purified boron nitride nanotubes
was studied using SEM. EDX spectroscopy was used to determine the elemental
analysis of BNNTs. A small amount of sample was placed on conductive carbon tape
and was coated with gold-palladium alloy to make it conductive for analysis. The SEM
equipment used for morphological analysis was 30 kV FEI Quanta 400 scanning
electron microscope.
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3.3.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed for the purified product under
nitrogen gas flow and air in order to show its oxidation resistance. The experiment was
performed from ambient temperature to 900°C with a heating rate of 20°C/min. The air
and nitrogen flow rates were 100 ml/min. The model of the TGA equipment used in this
study was DTG-60H simultaneous DTA-TGA, SHIMADZU, Japan.

3.3.5 Transmission Electron Microscopy (TEM)

Transmission electron microscopy was used to study the detail structure of
different individual nanotubes. Different structural nanotubes were observed in details.
For analysis the samples were poured into ethanol and sonicated in ultrasonic bath for 15
minutes. Then, a drop of ethanol solution containing BNNTs was placed on the copper
grid (400 square Mesh) coated with carbon. 120 kV FEI Tecnai Transmission Electron

Microscope was used in this study.

3.3.6 Nitrogen sorption

To investigate the textural properties of the material nitrogen gas sorption
method was employed. Using nitrogen adsorption/desorption isotherms multipoint BET
(Brunauer-Emmett-Teller) surface area, pore size distribution, total pore volume etc.
were determined for both unpurified and purified samples. BET surface area was
calculated (Appendix D) between the relative pressure (P/P,) range of 0.05-0.30. The
total volume adsorbed by the sample was determined at P/P, value of 0.98. The volume
at P/P, value of 0.02 was the volume adsorbed in only micropores while at 0.96 P/P, the
mesopores volume was obtained. BJH pore size distribution was obtained between P/P,
values of 0.40-0.96. The instrument used in the analysis was Micromeritics TRISTAR 11

shown in Figure 3.4. The samples were pretreated before the analysis, first dried
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overnight at 110°C and then degassed for 3 hours at 300°C in order to remove any
moisture or entrapped gasses in the material. The measurements were carried out at

liquid nitrogen temperature (77K)

Figure 3.4 Micromeritics surface area and porosity measurement equipment

3.3.7 Carbon dioxide adsorption

Carbon dioxide adsorption was performed for the samples in order to study the
micropore volume and micropore surface area. The samples were dried overnight at
110°C and then degassed at 300°C for 3 hours before using for the adsorption analysis.
The measurements were carried out at 0°C. The average amount of sample used for

analysis was 0.05g. Adsorption isotherm was obtained up to 0.30 relative pressure value.

The instrument used was Autosorb-6 from Quantachrome Corporation (Autosorb
1C) shown in Figure 3.5.
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Figure 3.5 Autosorb-6 Quantachrome

3.3.8 Chemical adsorption

Chemical adsorption analysis was performed for purified BNNTS in order to get
information about the surface acidity of sample. Temperature Programmed Desorption

(TPD) was performed using ammonia as probe molecule.

Firstly, the sample was degassed at 300°C for one hour under helium gas flow at
300 ml/min. Then, the sample was cooled down to 45°C and sample was saturated with
NH; gas. The flow rate of ammonia was kept at 30 ml/min. Ammonia supply was
stooped after one hour and again helium gas was allowed to flow through sample for one
hour in order to remove any physisorbed gas from the sample. Finally sample was
heated to 800°C with a heating rate of 20°C/min under 30 ml/min flow of helium. A
TPD profile was obtained.

The equipment used for analysis was Micromeritics AutiChem Il chemisorption

analyzer.
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3.3.9 Solid density measurement

Skeletal density of powder product was calculated (Appendix F) using gas
pycnometer technique. A gas pycnometer detects change in pressure from the
displacement of gas by solid material. Helium gas was used as displacement fluid in the
equipment. Also, its behavior as an ideal gas was desirable. The amount of sample used
was approximately 0.05g. The equipment used in density analysis was Micromeritics
Multivolume pycnometer 1305. Figure 3.6 shows the general schematic drawing and

picture of the gas pycnometer.
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Figure 3.6 General schematic drawing (a) and picture (b) of the gas expansion

pycnometer [70]
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CHAPTER 4

RESULTS AND DISCUSSION

In this study, boron nitride nanotubes were synthesized and their properties were
studied. Powder mixture of amorphous boron and Fe or Fe,O3; with ammonia gas was
used as reactant for synthesis of boron nitride nanotubes. Ammonia gas was used as a
source of nitrogen. Boron to iron oxide or iron weight ratio was kept at 15/1 as
previously shown that this ratio gives the best product [65, 66]. The temperature of the
reaction was 1300 °C for 135 minutes with ammonia flow rate of 125 sccm. The amount
of reactants (B and iron oxide or iron) used was 0.8 g while the average amount of as-
synthesized product obtained was 1.3 g. 1.3 g of as-synthesized product was purified and
after purification the average amount of final product left was approximately 0.72g
which shows 45 % decrease from the initial amount. The percent yield obtained was 96
% for both purified products synthesized from iron oxide and iron precursors. Yield was
calculated from the ratio of purified material weight to boron weight used in reaction.
This decrease was due to the removal of impurities and unreacted reactants. The color of
the as-synthesized product was mostly grayish with some white color but after
purification the color of the material was white. The as-synthesized and pure products
were characterized using XRD, FTIR, EDX, SEM, TEM and TGA. Textural properties
like BET surface area, pore size distribution, pore volume etc. were analyzed using

nitrogen adsorption.
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4.1 Characterization of synthesized boron nitride

4.1.1 X-ray Diffraction Patterns

X-ray diffraction patterns of synthesized materials were obtained to get
information about crystal structure. XRD patterns of both purified and unpurified
product were obtained and compared. The XRD pattern of these samples were given in

Appendix A.

XRD patterns of good representive of purified products synthesized from iron
oxide and iron are shown in Figure 4.1. The peaks at the Bragg angle 26.4°, 41.9°, 43.0°,
50.1° 54.3° 76.1° and 82° (Figure 4.1a) belong to hexagonal boron nitride while the
peaks at 26.7°, 42.6° and 75.9° are assigned to rhombohedral boron nitride. The small
peaks at 44.5° 65.2°, and 77.3° reveal the presence of cubic iron. d-spacing values of
hexagonal boron nitride, rhombohedral boron nitride and cubic iron are given in

Appendix A.

Intensity,a.u

(a)

(b)

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20, degrees

Figure 4.1 X-ray diffraction patterns of purified material synthesized at 1300°C using
iron oxide (P-BN-MO-2) (a) and iron (P-BN-M-3) (b)
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XRD pattern of purified material synthesized using iron (Figure 4.1b) also shows
the presence of hexagonal and rhombohedral boron nitride phases. The XRD pattern of
synthesized material were consistent with the XRD patterns of BN in the literature [61,
65, 66]. The effect of using metal oxide or metal in the synthesis of BN was not
observed in the XRD patterns.

Figure 4.2 shows comparison between the XRD patterns of the purified product
synthesized with same condition using iron oxide (a-d) and iron (e-f). All XRD patterns
are same and consistent with the literature and those XRD patterns show reproducibility
of the material by the method used in this study. Some additional peaks were observed
in the samples shown in Figure 4.2 which were not present in XRD patterns of samples
shown in Figure 4.1. They correspond to some impurities in the material. These
additional peaks at Bragg angle 44.5° 65.2°, 78.1° in (Figure 4.2a) corresponds to cubic
iron despite the fact that no elemental iron was used in synthesis of this sample but the
presence of this peak is because of a reaction proposed by Ozmen et al. [65] between

iron oxide and boron. Reactions are as follow:

2NHs (g) <> 3H2(9)+N2(9) (4.1)
(1+x+y) B(s) +(1+x)/2 Fe;03 —» Fe(s) +FesBy (s) +(1+x)/2 B,O3(s)  (4.2)
yNo+2Fe,By(s) — 2y BN(s) + 2xFe (s) 4.3)

Due to the use of iron as a starting material the iron peak is obvious to be
observed in the XRD patterns (Figure 4.2). the following reactions [66] take place in the
synthesis of BN from iron.

2 NH3(g)«> 3Hz(9) + N2(9) (4.4)
y B (s) + x Fe (s) — FexBy () (4.5)
FexBy (s)+ y/2 N2 (g) — y BN (s) + x Fe (s) (4.6)
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(a) P-BN-MO-1
(b) P-BN-MO-2
(c) P-BN-MO-3
(d) P-BN-MO-4
(e) P-BN-M-1
(f) P-BN-M-2
(g) P-BN-M-3

Intensity,a.u

(g) _,/‘MW,/W

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

206, degrees

Figure 4.2 X-ray diffraction patterns of purified material synthesized from boron and
iron oxide (a,b,c,d) or iron (e,f,g) synthesized under same conditions.

So based on reactions 4.2 and 4.3 Fe is produced and its peak can be observed in
some samples synthesized using Fe,Os. The peak at 26 value of 38.5° belongs to iron
boron compound (FeBag) in Figure 4.2 a and this peak can also be found in the XRD
pattern of some other samples in Figure 4.2 ¢, e and f. The iron peak in Figures 4.2 e and
f is obvious that iron was used as reactant material for the synthesis of BN. In Figure 4.2
e peaks at 20 values 44.5° 65.2° and 78.1° corresponds to cubic iron.

Presence of iron boron compounds and cubic iron peaks in some of the XRD
patterns is the evidence of some impurities remaining in the sample while the
synthesized materials in Figures 4.2 b and g are well purified as no extra peaks other
than hexagonal and rhombohedral boron nitride can be observed. This might be due to
insufficient purification cycle. In other words those samples need more purification
cycle. The iron particles may be embedded in the agglomerated areas which were
difficult to remove. Probably by increasing the sonication time these entanglements and
agglomeration can be reduced which could eventually help to remove the iron impurities

from the synthesized materials.
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XRD results showed that the final product is mainly composed of hexagonal and
with some rhombohedral boron nitride and impurities like cubic iron and iron boron

compounds. The starting material has almost no effect on final product.

XRD patterns of purified and unpurified (as-synthesized) samples were
compared in Figures 4.3 and 4.4; it was observed that the intensities of the peaks for
unpurified samples were very small compared to the peak intensities of purified
material. This difference in intensity of peaks was observed in XRD patterns of both
samples synthesized from Fe,O3; and Fe. This increase in XRD peak intensities
suggested the removal of amorphous impurities after the acid purification process.
Before purification there were a lot of amorphous boron and impurities in the as-

synthesized material and they were removed after purification.
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Figure 4.3 XRD patterns of (a) purified and (b) unpurified material synthesized using

iron oxide.
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Figure 4.4 XRD patterns of (a) purified and (b) unpurified material synthesized using

iron.

4.1.2 Fourier Transform Infrared (FTIR) spectroscopy

For chemical analysis of synthesized material Fourier Transform Infrared

Spectroscopy was performed.

Figure 4.5 shows the FTIR spectra representive for purified materials synthesized
using iron oxide and iron. The spectra in Figure 4.5 are consistent with the spectra in the
literature for boron nitride [11, 61, 62, and 65]. The two strong peaks at 1379 cm™ and
815 cm™ are ascribed to characteristic adsorption peak of BN. The peak at 1379 cm™ can
be assigned to in-plane B-N stretching vibrations while the peaks at 815 cm™ can be
assigned to out of plane B-N-B bending vibrations. The small broad peak near 2300 cm™
can be ascribed to boron. However, boron peaks were not observed in XRD patterns

(Figures 4.1-4.4) because amorphous boron was used in this study. Another
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characteristic peak was observed at 3200 cm™ which belong to water absorbed on the
sample. The characteristic peak observed between 3400-3500 cm™ belongs to N-H
stretching vibration. This might came from raw material used or formed during

purification step.

(a)

(b)

Transmittance (a.u)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Figure 4.5 FTIR spectra of purified boron nitride synthesized using iron (P- BN-
M-2) (a) and iron oxide (P-BN-MO-5) (b)

These peaks were also found in the FTIR spectra of unpurified material (Figure 4.6). So
it suggested that these samples are not fully purified. A small peak was observed in

Figure 4.5b at wave number 590 cm™ which was assigned to iron oxide.

Figure 4.6 shows the FTIR spectra of unpurified and purified materials
synthesized from iron and iron oxide. In all spectra obtained at different times
characteristic peaks for BN was observed near 1379 cm™and 815 cm™. The spectra in
Figure 4.6a and 4.6d showed characteristic peaks in region of 3400-3500 cm™ which



were assigned to N-H stretching vibration. Small peaks were observed in Figure 4.6d
and e at wave number 545 cm™ which were assigned to unreacted iron oxide. Spectra in
Figure 4.6a and 4.6d correspond to unpurified or as-synthesized material synthesized
using iron and iron oxide, respectively while spectra in Figures 4.6 b, ¢ and e belong to
purified material. FTIR results are almost consistent with XRD results and same spectra

observed for samples produced at different times.
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(a) UP-BN-M
(b) P-BN-M-1
(c) P-BN-M-2
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Figure 4.6 FTIR spectra of purified and unpurified BN synthesized using iron and

iron oxide.

The FTIR spectra of purified materials were almost the same which was because
of the reproducibility of the material by method used in this study. This reproducibility
can also be observed previously in the XRD results (Figure 4.1-4.4).

4.1.3 Energy Dispersive X-ray (EDX) spectroscopy

EDX spectroscopy was performed for the synthesized material in order to get

information about the elements present in the samples. Figure 4.7 shows EDX spectrum
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of sample produced using Fe,O3. Clear peaks of boron and nitrogen can be observed in
the spectrum confirming that the sample is boron nitride. The gold peaks are due to the
conductive coating on the sample applied in pretreatment for analysis. The carbon peak
Is due to the carbon tape on which the sample was placed for the analysis. Oxygen peak
may be assigned to the oxygen adsorption on the surface of the material from

atmosphere or the presence of boron oxide in the material.
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Figure 4.7 EDX spectrum of boron nitride produced from B and Fe;O3; (P-BN-MO-5).

Figure 4.8 shows EDX spectrum of sample synthesized using iron. Sharp peaks
of boron and nitrogen can be clearly observed suggesting that sample is boron nitride.
Some iron peaks can also be seen because Fe was used in a reactant material for
synthesis of BN. The EDX results were consistent with the XRD (Figure 4.1-4.4) results
showing presence of B and N with iron impurities in some samples. Gold and palladium
peaks are due to the Au-Pd alloy coating on the sample before the analysis to make it
conductive. Carbon peaks comes from the carbon tape while the oxygen peak may be
assigned to the oxygen gas adsorption on the material.
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Figure 4.8 EDX spectrum of boron nitride produced from boron and iron (UP-BN-M).

4.1.4 Thermogravimetric analysis of synthesized material (TGA)

Figure 4.9 shows TGA curves of purified BN synthesized using iron oxide in air
and nitrogen environment, respectively. Approximately 1% weight loss was noticed for
iron oxide samples below 200°C which might be due to removal of moisture in the
samples. This shows the oxidation and thermal stability of BN up to 900°C in both air

and nitrogen environment.

Figure 4.10 shows TGA curves of purified BN synthesized using iron in air and
nitrogen environment, respectively. Weight loss of approximately 2.7% and 2.2 % were
observed for samples analyzed in air (Figure 4.10 a) and in nitrogen (Figure 4.10b). This
might be due to removal of some impurities and moisture in the samples. Same and
gradual decrease in the weight for both air and nitrogen environment was observed. This

behavior showed only removal of impurities, not formation of other compounds.
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Figure 4.9 TGA curve of purified BN (P-BN-MO-6) synthesized from boron and

iron oxide under (a) air and (b) nitrogen environment.

BN have excellent oxidation resistance capability compared to CNTs [50] that
can be observed in thermogravimetric analysis curves shown above. Therefore BN

might be used as a catalyst or catalyst support in temperature range of 200-900 °C.
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Figure 4.10 TGA curve of purified BN (P-BN-M-1) synthesized from boron and

iron under (a) air and (b) nitrogen environment.

4.1.5 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was performed in order to get information

about dimensions and morphology of synthesized boron nitride materials.

In Figure 4.11, SEM images of BN synthesized using metal oxide (Fe,O3) are

shown. SEM images showed the presence of nanotubes in the material produced by the
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method used in this study. Generally nanotubes with outer diameter of 10-300 nm
(Figures 4.11 and 4.12) were observed but most of the nanotubes have outer diameter in
the range of 15-100 nm. The nanotubes with up to several microns long were produced.
Agglomeration of BNNTs can be observed between nanotubes. Figures 4.11 a and b
show agglomeration of nanotubes.

In Figure 4.11 c, d and e magnified images of BNNTSs are shown that are mostly
entangled. Some straight and long cylindrical nanotubes were also observed one of them
shown in Figure 4.11f. The diameter and length of this particular nanotube between the
red arrows were 59 nm and 2.91 microns, respectively. The diameter of the nanotube
shown in Figure 4.11 d by red arrows is 49 nm. Also some longer nanotubes were
observed in SEM images.

In Figure 4.12, SEM images of BNNTSs produced using Fe. Large number of entangled
nanotubes can be observed in Figure 4.12 a and b. Nanotubes pointed in Figure 4.12 a
and b have diameters of 118 nm and 215 nm, respectively. Cylindrical nanotube can be
seen in Figure 4.12 c with diameter and length of 40.9 nm and 688.2 nm, respectively.
Few very large nanotubes were also observed one shown in Figure 4.12 d (diameter:
428.9 nm, length~5.02 um). A spherical particle in Figure 4.12 e is iron and its diameter
is around 5.01 um. A very dense agglomeration of nanotubes protruded from a spherical
iron particle is shown in Figure 4.12 e. This high density of nanotubes on the spherical
iron is the evidence of root growth mechanism in the formation of nanotubes rather than
tip growth mechanism. SEM images of some other samples are given in Appendix B.

Magnified image of iron particle surface in Figure 4.13a shows nanotube (outer
diameter of 55 nm) grown perpendicular (red arrows) to the surface of the iron particle
as well as nanotubes grown horizontally on the surface of iron particle. The spherical
particle is iron which was confirmed from EDX analysis (Figure 4.13c) and Back
Scattered Electron (BSE) image (Figure 4.13b) during SEM analysis. Some of the bright
spots pointed by red arrows on BSE image (Figure 4.13 b) are iron particles and also a

large iron peak in Figure 4.13 ¢ can be observed.
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Figure 4.11 SEM images of BNNTs produced using iron oxide unpurified (a and e)
purified (b, ¢, d and f) samples. (d) 400000x magnification (c) 200000x
magnification
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Figure 4.12 SEM images of BNNTSs produced using iron unpurified (a, b, e, and f) and
purified (c and d) samples.
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Figure 4.13 SEM images of iron particles found in material synthesized iron: (a) iron

particle (b) back scattered electron image (c) EDX spectra of sample shown
in (a).

It can be concluded from SEM results that considerable amount of nanotubes
were obtained with different geometries from both type of precursors materials (Fe,O3
and Fe). Almost the same yield and type of nanotubes were produced from both types of

precursor materials and samples synthesized at different times.
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4.1.6 Transmission Electron Microscopy

The synthesized purified BNNTs were analyzed for detail images of individual
nanotube on Transmission Electron Microscope (TEM). In Figure 4.14 TEM images of
purified BNNTs synthesized using iron oxide are shown. Both bamboo like and
cylindrical nanotubes with closed and open ends (Figure 4.14 c) were observed.
Nanotubes were all multi-walled. In Figure 4.14 a and b bamboo-like and hallow
cylindrical nanotubes can be observed with outer diameters of 45.6 nm and 45 nm and
the inner diameters of 17 nm and 15 nm, respectively. In the magnified image (Figure
4.14 c) open end nanotube can be seen with an outer diameter of 35 nm. The inner
diameter of the nanotube (Figure 4.14 c) at the narrow region (yellow arrows) was about

6.3 nm while in the broad region (red arrows) inner diameter was 14 nm.

Multi-walled bamboo-like nanotube in Figure 4.14 d has inner diameter varying
from 7.6 nm to 11.5 nm while the outer diameter was about 40 nm. The wall thickness

of the nanotube in Figure 4.14 d was 15 nm (red arrows).

In Figure 4.15 TEM images of BNNTs synthesized from boron and iron are
given. Multi-walled cylindrical and bamboo-like nanotubes were observed in TEM
images similar to BNNTs synthesized using iron oxide. In Figures 4.15a and b long
straight cylindrical nanotubes were seen with outer diameters of about 32.6 nm and 28.9
nm, respectively. Bamboo-like nanotube was seen in Figure 4.15 ¢ and d. The outer
diameters of nanotubes pointed out by red arrows in Figure 4.15 ¢ and d were found to
be 38.9 nm and 92 nm, respectively. The small nanotube in Figure 4.15 d (yellow arrow)
has a diameter of 34.5 nm. Some other bamboo-like nanotubes can also be seen in
Figure 4.15 d. The black spots seen in some of the nanotubes are due to impurities
attached to the nanotubes.

Both bamboo-like and hollow cylindrical nanotubes were observed in the
material synthesized from boron and iron or iron oxide. The inner (Figures 4.14 c and d)
and outer diameters (Figures 4.14 a and 4.15 b) of some of the nanotubes were not

uniform and there were slight variations in both outer and inner diameters.
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Figure 4.14 TEM images of purified BNNTSs produced using Fe,O3

In the material synthesized using iron more cylindrical nanotubes were observed
as compared to the iron oxide. More bamboo-like nanotubes were observed in the
material synthesized using iron oxide. Some other TEM images of the samples are given
in Appendix C.
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Figure 4.15 TEM images of purified BNNTSs produced using Fe

4.1.7 Nitrogen adsorption and surface characterization

Textural properties of boron nitride nanotube were investigated using nitrogen
adsorption. Brunauer—-Emmett-Teller (BET) surface area, total pore volumes and pore
size distributions were determined using nitrogen adsorption. In Figure 4.16, nitrogen
adsorption and desorption isotherms of as-synthesized (unpurified) BNNTs are shown
while nitrogen isotherms for purified BNNTSs can be observed in Figure 4.17. Isotherms
obtained for BNNTs resemble Type-Il isotherm which suggests that adsorption occurs
on non-porous or material with pores other than micropores. Hysteresis was obtained
due to capillary condensation in mesopores. The hysteresis obtained resembles to both
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Type A and Type B which indicate the presence of cylindrical and slit like pores. So
hysteresis showed that adsorption occurred inside the nanotubes as well as between the
walls of multi-walled nanotubes. The starting point of hysteresis was at P/P, value of
0.46. The isotherms for the as-synthesized material (Figure 4.16) showed that mostly
mesopores and considerable macropores but little amount of micropores were also
present. Macropores were present due the small void spaces in the agglomeration of

entangled nanotubes.
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Figure 4.16 Nitrogen isotherms of unpurified BNNTs synthesized using Fe,Os (filled
symbols: Adsorption branch; empty symbols: Desorption branch)

From the Figure 4.16, volumes of adsorbed nitrogen gas were found to be 48 cm®/g and
4.2 cm®/g at P/P, values of 0.96 and 0.02, respectively. From Figure 4.17, volumes of
adsorbed nitrogen gas were found to be 259.5 cm®/g and 27.2 cm®/g at P/P, values of
0.96 and 0.02, respectively. It was observed from the isotherm in Figures 4.16 and 4.17
that the amount of nitrogen adsorbed at relative pressure (P/P,) 0.96 for purified BNNTs

was more than 5 times as compared to as-synthesized material. Almost the same
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increase was noticed in the value of nitrogen adsorbed in micropore region at P/P, 0.02.
The volume percent adsorbed in micropores was around 10 percent of the total volume
adsorbed at P/P, 0.96. For almost all the purified samples there were approximately 10%
micropores, 70-75 % mesopores and 10-15 % macropores. Micropore and mesopores
percentages were calculated from the fraction of volume adsorbed at P/P, values of 0.02
and 0.96 to total volume adsorbed at 0.98, respectively. Macropore percentage was
calculated from the difference of volume adsorbed at P/P, values of 0.98 and 0.96. The
nitrogen adsorbed amount for purified samples was much higher than the as-synthesized
material because in the as-synthesized material there were a lot of impurities which were
removed after purification. The total pore volumes of BNNTSs produced from Fe,O3 and
Fe were found to be 0.44 cm*/g and 0.45 cm®/g at P/P, value of 0.98, respectively. Total
pore volumes for as-synthesized material were 0.09 cm®/g and 0.08 cm®(g produced
from Fe,O3 and Fe, respectively. Five time increase was also noticed in total pore
volumes after purification. The calculations related to BET surface area are given in

Appendix D.
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Figure 4.17 Nitrogen isotherms of purified BNNTs synthesized using Fe,O3; or Fe,
(Filled symbols: Adsorption branch; empty symbols: Desorption branch)
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In general, isotherms obtained for both samples synthesized using iron oxide and
iron were almost same. These results revealed that no considerable difference in the

structure of nanotubes was observed no matter which precursor was used for synthesis.

Brunauer-Emmett-Teller (BET) surface area of purified BNNTs synthesized
from boron and iron oxide was found to be 145.2 m?/g as compared to 23.80 m?/g BET
surface area of unpurified BNNTs. BET surface area of purified BNNTSs synthesized
from iron was observed to be 141.43 m%g as compared to 19.41 m?/g of unpurified
sample. On other hand the BET surface area of CNTs with walls more than 15 is about
200 m?/g [72]. An increase in surface area of about 6 to 7 times was observed after
purification of the materials. This might be due to the removal of impurities and
unreacted reactants. Unpurified samples also contain lot of agglomerated nanotubes
(Figures 4.11, Figure 4.12) which were debundled after purification. It was found that
during purification process the amount of sample reduced to half of the initial amount in
these start of purification which suggested that significant amount of impurities (site
products, unreacted reactants) has been removed from the as-synthesized product. It can
be observed from the isotherm that the micropores and mesopores significantly

increased after purification.

Before and after purification, a difference in the shapes of hysteresis loops was
observed for both samples. It can be observed in Figures 4.16 and 4.17 that the width of
hysteresis loop increased after purification which shows the presence of more mesopores
in purified samples compared to unpurified samples. It may be due to the removal of
impurities and unreacted materials from the pores and opening the ends of the nanotubes
by removal of unreacted boron and iron particles during purification. The opening of
pores or the end of nanotubes allowed the gas molecules to enter inside the cylindrical
nanotubes and that is why more gas was adsorbed in purified samples. The shape of
hysteresis loop is almost the same for both the purified samples synthesized using Fe;O3
and Fe. Using iron oxide or iron as a starting material for BNNTs synthesis did not

affect the amount of mesopores.
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Isotherms of four (4) purified samples synthesized using Fe,O3 and three (3)
purified samples produced using Fe are shown in Figure 4.18. The overall shape of all
the purified samples isotherms was found to be almost same which shows the
reproducibility of BNNT by the method used in this study. These materials were
produced using iron oxide and iron at different time using same condition. Little
difference in some of the isotherms was observed which may be due to some impurities
in some of the samples. Almost exactly the same behavior was observed in the
micropore and monolayer coverage regions of all sample. The amount of nitrogen
adsorbed at a relative pressure (P/P,) of 0.96 was very close for each samples produced
at different times. BET surface areas and total pore volume of some samples produced at
different times using same conditions are shown in Table 4.1. The average surface area
and total pore volume for all the purified samples were found to be 133.66 m?/g and 0.42

cm®/g, respectively.
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Figure 4.18 Nitrogen isotherms of purified BNNTSs synthesized using Fe,O3 or Fe
(filled symbols: Adsorption branch; empty symbols: Desorption branch)
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Table 4.1 BET surface area and total pore volume of BNNTSs synthesized at 1300°C

using iron oxide or iron (sample names were explained in Chapter 3)

BET Surface Area Total Pore Volume
(P/P, 0.05-0.3) (P/P, 0.98)
Sample
(m?/g) (cm°/g)
P-BN-MO-1 126.63 0.36
P-BN-MO-2 145.20 0.44
P-BN-MO-3 131.20 0.46
P-BN-MO-4 130.42 0.41
P-BN-M-1 122.70 0.40
P-BN-M-2 141.43 0.45
P-BN-M-3 132.80 0.43
UP-BN-MO 23.80 0.09
UP-BN-M 19.41 0.08

4.1.7.1 Pore size distribution

Pore size distribution plots (Figure 4.19) were obtained using Barrett-Joyer-
Hallender (BJH) method in the relative pressure range of 0.40-0.96. Main peak was
observed at 41.7 A for the sample synthesized from iron oxide (P-BN-MO-2) and
presence of a small peak at 66.6 A was also observed for this sample. For the sample

synthesized from iron (P-BN-M-2) main peak was observed at 37.5 A. Average pore
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size for iron (Fe) sample was found to be smaller than that of iron oxide (Fe,O3). The
presence of main peak in mesoporous region showed that nanotubes diameters were in
mesoporous region. A small peak near 70 A can also be observed. The diameters of
nanotubes are not uniform which is consistent with SEM results. Some macropores were
also observed in the purified material because of the agglomeration between the
nanotubes. In Figure 4.19, pore size distributions of two other samples synthesized under
same conditions at different times are compared. The BJH plots for all samples were
found to be almost identical in shape with slight difference in the average peak values

which is consistent with isotherm shapes.
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Figure 4.19 BJH pore size distribution of purified BNNTSs synthesized at different times
using Fe,O3 or Fe

Horvath-Kawazoe (H-K) micropore size distribution for slit geometry is shown
in Figure 4.20. For sample synthesized using iron oxide the peak was on 9.1A while the
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main peak for iron sample was observed at 9.3A. The pore distribution curves for both
samples were observed to be almost same. Micropore peak was obtained due to
adsorption of N, between the walls of multi-walled nanotubes and nanotubes with very

small diameters.
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Figure 4.20: Horvath-Kawazoe (H-K) micropore size distribution (slit geometry) for
purified BNNTSs synthesized at different time at 1300°C using Fe,Os (Red:
P-BN-MO-2) or Fe (orange: P-BN-M-1)

4.1.7.2 t-plots

This method was developed by Lippen and De Boer to analyze microporous
materials [57]. This method allows the estimation of micropore volume and micropore
area. t-plots for the sample synthesized using iron oxide is shown in Figure 4.21. There
are two linear regions in the curve shown by straight lines in the figure. When the upper
linear region is extrapolated to the adsorption axis the intercept corresponds to
micropore volume which was found to be 0.05 cm®g for this sample. Similarly

micropore volume for the sample synthesized using iron (Figure 4.22) was found to be

78



350

300 L ad

250

200

150 *

100

Volume adsorbed (cm3/g)

50

0 5 10 15 20
t (A)

Figure 4.21 t-plot for purified BNNTSs synthesized using Fe,O3 (P-BN-MO-1)
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Figure 4.22 t-plot for purified BNNTSs synthesized using Fe (P-BN-M-2)
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be 0.05 cm®g. The slope of lower linear region in the t-plot gives total surface area
while the slope of upper linear region gives external surface area (Sex:. surface area
excluding micropore surface area). The difference of total surface area and Sex gives
micropore surface area of the material [57]. The micropore surface areas for both
samples were found to be 11.14 m?%g. From t-plot results it was concluded that both

samples contain almost the same amount of micropores.

4.1.8 Carbon dioxide adsorption

For micropore analysis carbon dioxide adsorption technique was used. Due to
small diameter of carbon dioxide as compared to nitrogen [71], carbon dioxide
adsorption technique is preferred over nitrogen adsorption for micropore analysis. Also,
CO, analysis was carried out at 273.15 K and at this temperature diffusion rate of

molecules in tortuous and small micropores is higher [57].

In Figure 4.23, carbon dioxide adsorption isotherm for different BNNTs samples
synthesized at different times are shown. It was observed that quantity of carbon dioxide
adsorbed by purified BNNTs produced using metal oxide (Fe;O3;) was higher as
compared to BNNTSs produced using metal (Fe) precursor. This might be suggested that
metal oxide samples were considerably more microporous than iron samples or samples
synthesized from metal (Fe) were not well purified that is why they adsorbed less
amount of carbon dioxide. Quantity of CO, adsorbed by unpurified samples was almost
same. Using CO, adsorption data and Dubinin-Radushkevich (D-R) method [57],
micropore volumes of purified samples were found to be 0.053 cm®/g and 0.040 cm®/g
for BNNTSs produced from iron oxide (Fe,O3) and iron (Fe), respectively. The micropore
volumes for unpurified samples synthesized using iron oxide or iron were observed to be
0.0046 cm®/g and 0.003 cm®/g. As-synthesized samples adsorbed less quantity of carbon
dioxide. This might be due to presence of impurities and unreacted reactants were
present in unpurified samples which suggested that reactant iron oxide and iron are

nonporous.
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Figure 4.23 CO, adsorption isotherms of purified and unpurified BNNTSs synthesized at
different times using Fe,O3 or Fe

The micropore volumes for both the samples using t-plot and nitrogen adsorption
data were found to be same (0.05 cm®/g). The shapes of isotherms were almost same.
The difference in the micropore volumes may also be due to not well purified sample or
use of different portions of the same sample in the analyses. Carbon dioxide adsorption
technique is used for microporous material and our material was not microporous so the

results of micropore volume were same for both nitrogen and carbon dioxide adsorption.

4.1.9 Chemical adsorption

Chemical adsorption analysis of BNNTs was performed using ammonia as a
probe molecule in order to find the surface acidity. TPD curves are shown in Figure 4.24
for purified BNNTSs synthesized using iron oxide and iron. The first peak between 75-
325°C in Figure 4.24b corresponds to weak adsorption on the non active surface sites
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while the second peak between 380-760°C corresponds to chemisorption of ammonia on
actives sites. The area under the two peaks can quantify the number of active sites
available. Almost the same peaks were also observed for iron sample (Figure 4.24a)
between 110-420°C and 435-760°C. Calibration curve for the chemisorption analysis of
BNNTSs is given in Appendix E. Total acidity was calculated using the calibration curve

and area under the TPD curve. TPD results revealed the presence of some acid sites on
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Figure 4.24 TPD spectra of purified BNNTSs synthesized using iron oxide (red, P-BN-
MO-5) and iron (blue, P-BN-M-1) (Probe gas: ammonia)

the material. The total acidity was found to be 0.136 and 0.155 mmol NH3/g for BNNTs
synthesized using iron oxide and iron, respectively. The total acidity is comparable to
Ni/Al-SBA-15 catalyst [73] and zeolites (Mordenite) [74] which suggested the

possibility of using BNNTSs as a catalyst.
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4.1.10 Solid density measurement

Skeletal density of powder product was measured using gas pycnometer
technique. A gas pycnometer detects change in pressure from the displacement of gas by
solid material. Then by using ideal gas law, first volume was calculated for a given
amount and density was calculated using weight of sample. Helium gas was used in
analysis. The densities of purified and unpurified boron nitride nanotubes synthesized
using iron and as-synthesized sample were found to be 2.4 g/cm® and 1.3 g/lcm®,
respectively. The density of h-BN is 2.3 g/cm® [75] which is almost equal to the purified
BNNTSs. The density of CNTs is about 1.6 g/cm® which is less compared to BNNTSs. The

calculations used for density measurement are given in Appendix F.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Boron nitride nanotubes were successfully synthesized from the reaction of
powder mixture of boron and iron oxide or iron with gaseous ammonia in a

tubular reactor.

X-ray diffraction analysis showed that hexagonal boron nitride, rhombohedral
boron nitride, and boron-iron compound (FeBa.g) were solid phases in the as-

synthesized material in addition to boron and iron.

Multi-walled hallow cylindrical and bamboo-like nanotubes with outer diameter

range of 10-300 nm were obtained.

The purified BNNTs showed Type-1l isotherm with hysteresis resembling to
both Type A and Type B suggesting presence of slit like and cylindrical pores.

The highest BET surface area of purified BNNTs synthesized using iron oxide

and iron were 145.2 m?/g and 141.4 m?/g, respectively.

The average pore diameters and micropore volumes of purified BNNTs

synthesized using iron oxide and iron were 41.7 A and 37.5 A, respectively.

Micropores volume for both samples was found to be 0.05 cm®/g using nitrogen
sorption and for carbon dioxide sorption these were 0.053 cm®/g and 0.040 cm®/g

for iron oxide and iron samples, respectively.
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Chemical adsorption analysis showed the presence of some acid active sites on

the BNNT material. So there is possibility of use of BNNTSs as catalyst.

Properties of BNNTSs synthesized from iron are relatively good compared to iron

oxide.

In future, adsorption of BNNTs can be observed using different gases like

hydrogen.

Achieving synthesis of BNNTs with single or few walls can greatly increase
their specific surface area which could eventually enhance the adsorption and

catalytic properties.

Doping of metal particles on BNNTSs can be achieved for tuning its electrical and

catalytic properties like previously metal particles doped on CNTSs.

Funtionalization of BNNTSs can be done to change their acidic degree.
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APPENDIX A

X-RAY DIFFRACTION DATA

A.1 XRD data of synthesized material and reference compounds

XRD data of BN nanotubes synthesized using Fe>Os and Fe and other reference
materials are given in Tables A.1- A.6.

Table A.1 XRD data of BN synthesized at 1300°C and boron to iron oxide
ratio of 15 and ammonia flow rate of 125cm3/min

20(°) Intensity (1/10) d (A)
26.4 100 3.3733
44.5 41.78 2.0343
41.9 26.42 2.1544
65.2 17.43 1.4297
75.9 15.00 1.2526
77.3 14.38 1.2333
38.5 13.93 2.3364
54.3 10.78 1.6880
82.2 10.51 1.1718
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Table A.2 XRD data of BN synthesized at 1300°C and boron to iron ratio of
15 and ammonia flow rate of 125 cm3/min

20(°) Intensity (1/10) d (A)
26.40 100 3.3733
41.90 24.53 2.1543
42.19 23.58 1.1470
44,75 22.64 2.0235
75.99 15.09 1.2513
54.97 11.79 1.6691
82.06 10.85 1.1734
82.44 10.38 1.1690
65.12 9.90 1.4313
78.27 9.43 1.2204
38.46 6.60 2.3388

Table A.3 XRD Data of Hexagonal BN

Catalog No: 34-0421
Hexagonal BN
Radiation:CuKal(A:1.5406A)

d(A) 20 (9 Intensity(1/1o) h kI
3.328 26.76 100 002
2.169 41.59 23 100
2.062 43.87 10 101
1.817 50.14 16 102
1.663 55.16 12 004
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Table A.3 (cont’d)

d(A) 20 (9 Intensity(1/1o) h kil

1.550 59.55 <2 103
1.319 71.41 5 104
1.252 75.93 13 110
1.172 82.17 14 112
1.134 85.51 <3 105
1.109 87.94 <3 006
1.084 90.53 <3 200
1.031 96.66 3 202
1.000 100.68 10 114
0.908 115.93 <4 204
0.831 135.63 <4 008
0.830 136.14 4 116

Table A.4 XRD data of rhombohedral BN

Catalog No: 45-1171
Rhombohedral BN
Radiation:CuKal(A:1.5406A)

d(R) 20 (°) Intensity(1/1o) h kil
3.334 26.71 100 003
2.119 42.61 20 101
1.989 45.56 12 012
1.666 55.06 8 006
1.638 56.07 4 104
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Table A.4 (cont’d)

d(A) 20 (°) Intensity(1/1o) h kil
1.470 63.18 2 015
1.251 75.95 8 110
1.193 80.41 <3 107
1.172 82.11 11 113
1.112 87.66 <3 0009
1.077 91.23 <3 021
1.059 93.22 <3 202
1.001 100.62 7 116
0.831 135.85 4 119
0.816 141.13 4 211
0.808 144,53 4 122

Table A.5 XRD data of cubic iron

Catalog No: 06-0696

Cubic iron

Radiation:CuKal(A:1.5406A)
d(A) 20 (°) Intensity(1/1o) h kI
2.026 44.67 100 110
1.433 65.20 20 200
1.170 82.33 30 211
1.013 98.94 10 220
0.906 116.38 12 310
0.827 137.13 6 222
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Table A.6 XRD data of iron oxide

Catalog No0:33-0664
Fe203
Rad:CuKal (A:1.5406)

d(R) 20 () Intensity(1/1o) h k|
3.684 24.14 22 0 1 2
2.700 33.15 100 1 0 4
2519 35.61 75 1 1 0
2.292 39.28 4 0 0 6
2.207 40.85 24 1 1 3
2.077 43.52 4 2 0 2
1.840 49.48 59 0 2 4
1.694 54.09 72 1 1 6
1.636 56.15 2 2 1 1
1.603 57.43 8 1 2 2
1.485 62.45 17 0 1 8
1.453 63.99 55 2 1 4
1.413 66.03 <2 1 2 5
1.349 69.60 6 2 0 8
1.311 71.94 21 1 0 10
1.306 72.26 12 1 1 9
1.259 75.43 17 2 2 0
1.227 77.73 9 3 0 6
1.214 78.76 4 2 2 3
1.189 80.71 11 1 2 8
1.163 82.94 12 0 2 10
1.141 84.91 17 1 3 4
1.103 88.54 17 2 2 6
1.076 91.34 5 0 4 2
1.055 93.71 18 2 1 10
1.042 95.24 <3 1 1 12
1.039 95.66 8 4 0 4
0.989 102.28 11 3 2 8
0.971 104.91 <3 2 2 9
0.960 106.61 14 3 2 4
0.958 107.02 11 0 1 14
0.951 108.08 14 4 1 0
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APPENDIX B

SEM IMAGES OF PURIFIED BNNTs

B.1. SEM Images of BNNTSs Synthesized Using Iron Oxide

SEM images of purified BNNTs synthesized using iron oxide are given in Figures B.1-
B.4

6/16/2015 HY | mag WD det | spot 500 nm
3:43:40 PM [20.00 kV | 200 000 x |11.4 mm|ETD| 3.0 METU CENTRAL LAB

Figure B.1 SEM image of BNNTs (UP-BN-MO) synthesized using iron oxide at
1300°C
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6/16/2015 HV mag WD det | spot — 200 nm

3:15:39 PM [20.00 kV| 400 000 x [11.5 mm|ETD| 3.0 METU CENTRAL LAB

Figure B.2 SEM image of BNNTs (P-BN-MO-4) synthesized using iron oxide at
1300°C

6/16/2015 HV mag WD det | spot 500 nm
2:26:25 PM |20.00 kV| 200 000 x [11.4 mm|ETD| 3.0 METU CENTRAL LAB

Figure B.3 SEM image of BNNTs (P-BN-MO-6) synthesized using iron oxide at
1300°C
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6/16/2015 HV mag WD det | spot 500 nm
2:19:15 PM |20.00 kV| 200 000 x [11.4 mm |ETD| 3.0 METU CENTRAL LAB

Figure B.4 SEM image of BNNTs (P-BN-MO-6) synthesized using iron oxide at
1300°C
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B.2. SEM Images of BNNTs Synthesized Using Iron

SEM images of BNNTSs synthesized using iron are shown in Figures B.5-B.6

6/2/2015 HV mag WD | det |spot 500 nm
2:48:26 PM |30.00 kV| 200 000 x | 9.4 mm |[ETD| 3.0 METU CENTRAL LAB

6/16/2015 | HV mag WD | det | spot 500 nm
4:02:00 PM | 20.00 kV/| 200 000 x| 11.4 mm|ETD| 3.0 METU CENTRAL LAB

Figure B.5 SEM images of BNNTs (P-BN-M-1) synthesized using iron at 1300°C
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/16/2015 HV mag WD det spot\ —— 500 nm
3:35:08 PM | 20.00 kV| 200 000 x |11.5 mm|ETD| 3.0 | METU CENTRAL LAB

6/16/2015 HV ‘ mag WD det |spot| =———1pm

3:31:33 PM |20.00 kV| 100 000 x [11.5 mm|ETD | 3.0 METU CENTRAL LAB

Figure B.6 SEM images of BNNTs (UP-BN-M) synthesized using iron at 1300°C
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APPENDIX C

TEM IMAGES OF PURIFIED BNNTs

TEM images of purified BNNTSs synthesized using iron oxide and iron are shown in
Figures C.1-C.6, respectively

[—T,

Figure C.1 TEM image of purified BNNT (P-BN-MO-2) synthesized using iron oxide
at 1300°C
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[ — 200 nm

Figure C.2 TEM image of purified BNNT (P-BN-MO-2) synthesized using iron oxide
at 1300°C

[—

Figure C.3 TEM image of purified BNNT (P-BN-MO-2) synthesized using iron oxide
at 1300°C
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Figure C.4 TEM image of purified BNNT (P-BN-MO-2) synthesized using iron oxide
at 1300°C

Figure C.5 TEM image of purified BNNT (P-BN-M-1) synthesized using iron at
1300°C
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Figure C.6 TEM image of purified BNNT (P-BN-M-1) synthesized using iron at
1300°C
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APPENDIX D

BET SURFACE AREA CALCULATIONS

The Brunauer-Emmett-Teller (BET) method is the most widely used procedure
for the determination of the surface area of solid materials and involves the use of
BET equation (1). Where V is the amount of gas adsorbed at a relative pressure, P/P,
Vm is amount of gas adsorbed in the monolayer on solid surface and C is BET constant;

indication of the magnitude of the adsorbate/adsorbent interaction.

/ / c-1( P
' S 1)
Vm (l)u/l))'l) VmC VmC Po
s &L 2)
W”i(‘
l
R ©)
m(‘

The BET equation requires a linear plot of 1/[V(Po/P - 1)] versus relative
pressure (P/Po). For most solids nitrogen is used as adsorbate . The BET equation is
applied to the data in the P/P, range of 0.05-0.30. The standard multipoint BET
procedure requires a minimum of 3 points in this range. Equation (2) and (3) is the slope
and intercept of the BET plot, respectively. Vi can be obtained using equation (4).

1

S+1

The total surface area of the sample can be calculated from the following equation

S= (Vin* A* Na )/22400
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Example:

BET surface area of a sample (P-BN-MO-2) is calculated as an example. All the
surface area values used in this work are calculated and not taken from the equipment

results sheets.

Table D.1 Relative pressure (P/Po) and volume adsorbed

(V) data used for calculation of surface area

Relative Pressure
(P/P0) V (cm®/g) 1/[V(Po/P —1)]
0.299790332 45.04137854 0.009506
0.240724966 41.29399399 0.007678
0.201127702 39.00658702 0.006454
0.162763456 36.90334172 0.005268
0.140647984 35.69348956 0.004585
0.120382452 34.58091073 0.003958
0.100367059 33.45243456 0.003335
0.081390802 32.33461236 0.00274
0.060314342 30.93374964 0.002075
0.050008437 30.16631726 0.001745

A graph (Figure D.1) is plotted between P/P, and 1/ [V (Po/P)-1] and from the slope and
intercept the surface area is calculated

Using slope and intercept BET surface area can be calculated as

Slope= 0.0296

Intercept= 0.0004

Vm=1/ (0.0296+0.0004)

Vm=33.33 cm*/g

BET surface area= (33.33*16.2*102°%6.023*10%%)/22400
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BET surface area= 145.2 m?/g

0,018
0,016 +

y =0,0296x + 0,0004
R?=0,9901

0,014 +
0,012 +
0,010 +
0,008 +

1/[V(P,/P-1)]

0,006 +
0,004 +
0,002 +

0,000 e I e e

0,00 0,05 0,10 0,15 0,20 0,25 0,30

Relative presuure, P/P,

Figure D.1 Plot between 1/ [V(Po/P - 1)] and relative pressure for surface area
calculations
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APPENDIX E

CHEMICAL ADSORPTION AND TOTAL ACIDITY

Figure E.1 shows the calibration curve obtained for the chemisorption analysis of
BNNTSs using ammonia as a probe gas. Table E.1 shows the area under the curve
calculated from using the chemisorption curves for BNNTSs. Also the temperature ranges

in which peaks are obtained are shown in Table E.1.

0,800

0,700 y = 0,06845515x + 0,00093355
R? = 0,99952594

0,600
0,500

0,400

NH; mmol/g

0,300
0,200

0,100

0,000
0 1 2 3 4 5 6 7 8 9 10 11

Arealg

Figure E.1 Calibration curve for NHz chemisorption
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Table E.1 Area under the curve and total acidity calculation

Area 1st peak | Area 2nd peak Total acidity
P-BN-M-1 | (110-420°C) | (435-760°C) | 'C@IArC/G | (ol NHs/g)
0.58926 1.66674 2.25600 0.15537
Area 1st peak | Area 2nd peak
(73-325°C) (380- 760 °C) 1.98030 0.13650
P-BN-MO-5
0.27011 1.71019

116




APPENDIX F

DENSITY MEASUREMENT CALCULATIONS

Skeletal density of powder product was measured using gas pycnometer technique. A
gas pycnometer detects change in pressure from the displacement of gas by solid
material. Volume was calculated using gas law. Density was calculated using volume
and mass of sample used in experiment. Helium gas was used as displacement fluid in
the equipment as it is inert and due to small atomic size it can penetrate to very small
pores and it is assumed that He gas behaves ideally. Figure 3.4 shows the general
schematic of the gas pycnometer. Equipment consists of sample chamber (Vcen),
reference chamber of precisely known volume (Vexp), gas flow control valve, and
pressure transducer. The sample was charged into the sample cell and gas was allowed
to pressurize the chamber up to 20 psig. The pressure was recorded (P1) then the valve
between sample and reference chambers was slowly opened in order to allow the gas to
expand. The pressure was reduced after expansion and when equilibrium was achieved
pressure value (P2) was recorded. Volume and density of the sample were calculated
using these pressure, volume and weight of the sample. Analysis was performed at

ambient temperature.

Vexp

Vsample = Vecell + m

[64]

where Vsample is the calculated volume of sample and P1, P2 are recorded directly from

the digital display on the equipment and Vcen is the volume of sample chamber/cell.

The pressure data obtained from the equipment for purified BNNTs sample (P-BN-
M-3) is given in Table F.1. Gas law was used to calculate the volume of sample and

from the volume and known mass of sample density was calculated.
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Table F.1 Pressure readings from apparatus for calculation of density

P1 (psi) P2 (psi)
19.876 11.289
19.891 11.295
19.955 11.361
19.916 11.312
19.953 11.332

P1 is the pressure before opening the valve between the sample and reference
chambers and P> is the pressure after opening that valve. For density measurements the
average values of pressures given in Table F.1 were used. Volume of sample
chamber/cell (Vcen) was measured by taking pressure values using a metal sphere of

known volume in the sample chamber as follow.

Vc(P1-P2)
P1-P2—(P/P2(Ple—P2e)

Vcell = =6.27 Cm3

V. is volume used for calibration which was taken from equipment manual (2.42 cm?®)

Here P1 and P, are the pressures when sphere was present in the sample chamber. P1e
and P2 are the pressures measured before and after opening the valve between the
chambers when the sample cell was empty.

Volume of reference or expansion (Vexp) chamber was calculated from Veen

Vexp= VceII(Ple'PZe)/PZe
Vexp:4.76cm3

Then, volume of sample was calculated from the Vcen and Vexp
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Vsample: Veell - (Kf%: 0.006 cm?®

P2
Here P1 and P> are the pressures when sample was present inside the sample chamber
0.0145 g of sample was used in the experiment so the density of sample was obtained as

Density of sample = 0.0145 g/0.006 cm® = 2.4 g/cm?
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