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ABSTRACT

PRODUCTION OF BORON NITRIDE NANOTUBES FROM THE REACTION OF
NHs WITH BORON AND IRON POWDER MIXTURE

Noyan, Selin

M.Sc., Department of Chemical Engineering

Supervisor: Assoc. Prof. Dr. Naime Asli Sezgi

September 2012, 103 pages

Boron nitride nanotubes (BNNTSs), which are structurally similar to carbon nanotubes
(CNTs), were synthesized in 1995 for the first time. They are made up by folding
atom sheets which consist of boron and nitrogen atoms into cylindrical form. After
their discovery, BNNTs have been attracting great attention due to their

extraordinary mechanical, thermal, electrical, and optical properties.

In this study, BNNTs were synthesized from the reaction of ammonia gas with the
boron and iron powder mixture in a tubular reactor which was connected to a mass
spectrometer for on-line chemical analysis of the reactor effluent stream. The
synthesized materials were purified with acid treatment. Chemical analysis results
showed that nitrogen and hydrogen gases were present in addition to ammonia gas.
XRD results revealed that the solid phases in the synthesized material were
hexagonal boron nitride, rhombohedral boron nitride, iron, and boron-iron
compounds (FeBss and Fes;B). Reactions taking place in BNNT synthesis were
proposed as the decomposition of ammonia gas which was the only gas phase

reaction, the formation of boron-iron compounds from the reaction of boron with



iron, and boron nitride formation from the reaction of nitrogen with boron-iron

compounds.

Agglomerated, hollow, multi-walled nanotubes were synthesized with an outer
diameter range of 10-550 nm. Both open and close-ended nanotubes were
observed. The interlayer distance between BN sheets was measured about 0.33 nm
and this distance indicated the dg, plane of hexagonal boron nitride. BNNTs
exhibited Type II isotherms with a Type B hysteresis. A decrease in the surface area
of the synthesized BNNTs was observed with an increase in temperature. The
highest surface area was 147.6 m?/g. Average pore diameter of BNNTs synthesized
at different temperatures was around 38 A.

Deposition rate of boron nitride increased with an increase in temperature. After a
certain temperature, deposition rate decreased with temperature due to the
sintering effect. The highest deposition rate was observed when BNNTs were
synthesized with the B/Fe weight ratio of 15/1 at 1300 °C.

Keywords: Boron Nitride, Nanotubes, Nanotechnology, Deposition Rate
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NH3'UN BOR VE DEMIR TOZU KARISIMIYLA REAKSIYONUNDAN BOR NITRUR
NANOTUP URETIMI

Noyan, Selin

Yiiksek Lisans, Kimya Mihendisligi Bolim(i

Tez Yoneticisi: Dog. Dr. Naime Ash Sezgi

Eylil 2012, 103 sayfa

Yapisal olarak karbon nanotiiplere benzeyen bor nitriir nanottpler, ilk olarak 1995
yilinda Uretildi. Bor ve azot atomlarindan meydana gelen atom tabakalarinin silindirik
sekilde katlanmasiyla olusurlar. Kesfedilmelerinden sonra, bor nitrlir nanotipler
olaganistlii mekanik, termal, elektriksel ve optik Ozelliklerinden dolayi biiyik ilgi

toplamiglardir.

Bu galismada; bor nitriir nanotupler, reaktor ¢ikis hattindaki gazlarin sirekli kimyasal
analizi igin kiitle spektrometresine bagli olan tiip reaktérde, amonyak gazinin bor ve
demir toz karigimiyla reaksiyonundan sentezlenmistir. Sentezlenen malzemeler asit
ile muamele edilerek saflagtinimistir. Kimyasal analiz sonuglari, amonyak gazina ek
olarak azot ve hidrojen gazlarinin oldugunu géstermistir. XRD sonuglari, sentezlenen
malzemedeki kati fazlarin hekzagonal bor nitriir, rombohedral bor nitriir, demir ve
bor-demir bilesikleri (FeBsy ve Fe3B) oldugunu belirtmistir. Bor nitriir nanotiip
sentezinde yer alan reaksiyonlar; tek gaz fazi reaksiyonu olan amonyak gazinin
ayrismasli, borun demir ile reaksiyonundan bor-demir bilesiklerinin olusmasi ve bor-

demir bilegikleri ile azotun reaksiyonundan bor nitriiriin olusmasi olarak énerilmistir.

Vi



Dis caplari 10-550 nm aralidinda olan yidin halinde, ici bos, cok duvarli nanotiipler
sentezlenmistir. Hem agik hem kapali uglu nanotipler gdzlenmistir. BN tabakalarinin
arasindaki mesafe yaklasik 0.33 nm olarak dlgulmustir ve bu mesafe hekzagonal
bor nitriirlin dgy,; diizlemini belirtmektedir. Bor nitrlir nanotlipler Tip B histerisis ile
birlikte Tip II izotermini gostermistir. Sentezlenen bor nitrlir nanotiplerin ylizey
alanlarinin sicakliktaki artis ile diistigu gozlenmistir. En yliksek ylizey alani 147.6
m?/g'dir. Degisik sicakliklarda sentezlenen bor nitriir nanotiiplerin ortalama gézenek

cap! yaklasik 38 A'dur.

Sicakliktaki artis ile bor nitrlr birikim hizi artmistir. Belli bir sicakliktan sonra birikim
hizi sinterlesme etkisinden dolayi sicaklikla birlikte dlismustir. Bor nitriir nanotlpler,
1300 °C'de B/Fe adirhk orani 15/1 ile sentezlendiginde en yiiksek birikim hizi

gozlenmistir.

Anahtar Kelimeler: Bor Nitriir, Nanotlpler, Nanoteknoloji, Birikim Hizi
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CHAPTER 1

INTRODUCTION

The idea of nanoscience started with a talk of Richard Feynman at American
Physical Society meeting in 1959 [1]. Richard Feynman entitled his lecture with
“There is plenty of room at the bottom”, which was accepted as a beginning of
science in nanoscale. In mid 1980s, a new term, nanotechnology, was first
introduced by Eric Drexler. The definition of this term was explained as “The
science, engineering, and technology conducted at the nanoscale, which is about 1
to 100 nanometers” by National Nanotechnology Initiative.

Nanotechnology is a science which combines physics, chemistry, and biology with
engineering applications in nanoscale. The discovery of nanotechnology attracted a
great attention and became a popular research area day by day. Although
technology in small scales was widespread in microelectronics and computer
applications; with increasing number of studies on nanotechnology, the application
areas have extended. Nanotechnology has been implemented in many scientific
areas such as pharmaceutical, advanced material technology, electronics,

communication networks, and robotics [2].

These advancements in nanotechnology result in nano-sized materials having
tremendous mechanical, thermal, electrical, and optical properties. The most
intriguing type of nano-sized materials is tubular nanostructures which are called
nanotubes. The first nanotubes were discovered in the study of Iijima in 1991 [3].
The synthesized carbon nanotubes (CNTs) in that study gained remarkable interest
scientifically due to their extraordinary properties. After this discovery, researches
on nanotube production have increased and different materials have been studied in



the production of nanotubes such as, boron nitride, potassium manganese oxide,
titania, and polyphosphazene [4-7]. In accordance with the structural similarity
between graphite and boron nitride, the synthesis of boron nitride nanotubes
(BNNTS) attracted great attention [8].

Methods used in the synthesis of BNNTs are arc-discharge, laser ablation, chemical
vapor deposition (CVD), and other methods. Arc-discharge method was the first
method used in CNT and BNNT synthesis [3, 4]. The requirements of high amount
of energy keep this method at laboratory scale. Similar to arc-discharge method,
laser ablation also requires high temperatures and significant amount of energy
which limits large-scale production. CVD method is a high-yield and low-cost
method compared to the arc-discharge and laser ablation methods in BNNT
production. Other methods used in the BNNT synthesis were ball milling and
annealing, carbon nanotube substitution, and pressurized vapor/condenser (PVC)
method.

In this study, boron nitride nanotubes were synthesized from the reaction of boron
and iron powder mixture with ammonia gas in a tubular reactor. Physical and
structural properties of the synthesized materials were determined using X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), and Multi-Point BET analysis. The synthesized materials were

purified with acid treatment and boron nitride deposition rate was evaluated.



CHAPTER 2

NANOTUBES

Nanotubes are made up by folding specific atom sheets in cylindrical forms. Due to
the rolling direction of these atom sheets or the number of concentric tubes,
classification of nanotubes is made. Their length can reach 100 micrometers and
their diameter varies between few nanometers to hundreds of nanometers. A
nanotube can be either organic or inorganic depending on the material used in the
synthesis. The most popular type of nanotubes is CNTs which was the first
discovered nanotube [3]. According to the structural similarities with CNTs, the
studies on BNNTs have increased [8]. Their extraordinary mechanical, thermal,
electrical, and optical properties attracted great attention for potential
nanotechnology applications.

2.1. Classification of Nanotubes

The common way to classify nanotubes is about the number of concentric tubes.
When a nanotube consists of a single tube, it is called as single-walled nanotube
(SWNT). When a nanotube consists of more than one concentric wall, it is called
multi-walled nanotube (MWNT). In Figure 2.1, examples of single-walled and multi-

walled nanotubes are shown.



(a) (b)

Figure 2.1 (a) Single-walled nanotube (SWNT), (b) Multi-walled nanotube (MWNT)
[9].

Nanotubes are also classified according to the rolling direction of the atom sheets
which is described with a chiral vector, C. The chiral vector on the atom sheet is
perpendicular to the nanotube axis, and consists of a pair of integers called n and m
(Figure 2.2).

Figure 2.2 Schematic representation of a graphene sheet [10].



The type of nanotube is determined with these integers (n, m). When n=m
(6=30°), nanotube is armchair type; when m=0 (8=0°), it is called zig zag type.
Otherwise; when n#m, nanotube becomes chiral type. Relating to these structural
types, the mechanical, optical, and electronic properties of nanotubes are affected
[11]. The configurations of nanotube are shown in Figure 2.3.

(n,0)/ ZIG ZAG
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Figure 2.3 Structural types of nanotubes [12].

2.2. Carbon Nanotubes

The widely known nanotubes are carbon nanotubes which are composed of rolled
graphite sheets. Carbon nanotubes, having diameters of a few to tens of
nanometers, were first synthesized by Iijima in 1991 using arc-discharge method
[3]. Researches on carbon nanotubes have increased after the study of Iijima

because of their superior mechanical, thermal, electrical, and optical properties [13].

The mechanical properties of CNTs are extraordinary compared to other materials

due to their carbon-carbon bonds. The strength of these bonds can be observed



from the values of Young’s modulus and tensile strength. These values are between
0.27-4.15 TPa, and 10-150 GPa, respectively [14]. According to the shape of CNTs,
they show great flexibility under large strains. When 16% of local strain was
implemented, the reversible buckling was observed [15].

Carbon nanotubes exhibit extremely high thermal conductivity which is more than
3000 W/mK [16]. Their high thermal conductivity makes CNTs a good candidate for
polymer composites [17]. The oxidation resistance of CNTs is up to 695 °C [18].

CNTs also have some outstanding electrical properties. Depending on their diameter
and chirality, they can be either metallic or semiconducting [19]. Current capacity of
metallic CNTs is 1000 times greater than that of copper [20].

2.3. Boron Nitride Nanotubes

The discovery of noteworthy properties of CNTs leads to the increase in studies
about nanotube production. BNNT production gained an interest due to the
similarity between the parent materials of CNT and BNNT. Carbon atom sheets are
rolled in the formation of CNTs, whereas the atom sheets made up of boron and
nitrogen are rolled in BNNTs. A single-walled BNNT can be seen in Figure 2.4.

Figure 2.4 A single-walled BNNT [21].



2.3.1. Properties of BNNTs and Comparison with CNTs

Boron nitride nanotubes have extreme properties like their structural analogues,
CNTs. Their mechanical, thermal, and electrical properties are significant when their
density is considered and compared to the materials which are known as strong

materials.

In Table 2.1, properties of BNNTs and CNTs are given. Young’s modulus of BNNTSs is
measured approximately 1.18 TPa, which is a high value as CNTs' [22]. The value of
thermal conductivity for BNNTs is estimated as 600 W/mK which is lower than that
of CNTs [16]. The oxidation temperature of BNNTs is measured around 800 °C [23].
When it is compared to the oxidation temperature of CNTSs, it is seen that BNNTs
have higher oxidation temperature which makes BNNTs desirable for high
temperature applications [24]. As it is mentioned previously, the electrical properties
of CNTs depend on their structure; and as a result of this, CNTs are either metallic
or semiconducting. However, BNNTs are always semiconducting independent of
their structure. Their wide band gaps are between 4 eV and 5.5 eV without
dependence on diameter and chirality [19]. The capability of a modification in band
gap with an external electric field makes BNNTs advantageous in nanoelectronics

[25]. While at room temperature, BNNTs are known as a good insulator[8].

Table 2.1 Properties of BNNTs and CNTs.

BNNTs CNTs
Young'’s Modulus 1.18 TPal* 1.8 TPal**!
Thermal Conductivity 600 W/mK!®! 3000 W/mK!®!
Oxidation Temperature 800 °C!* 695 o8l
. - . o 19] Metallic or
Electrical Properties Semiconducting semiconducting™




2.3.2. Applications of Boron Nitride Nanotubes

BNNTs have a great potential in nanotechnology applications. Due to their similar
structure with CNTs, BNNTs are alternative for mechanical reinforcement and
thermal conductivity improvement [8]. Their progressive properties lead to the
application of BNNTs in transportation, defense industry, or sports equipment. The
lighter and stronger materials are an important necessity in these areas and BNNTs
cover this deficiency as a composite reinforcement. Moreover, having higher
oxidation temperature than CNTs makes BNNTs more useful in high temperature
applications, such as ceramic/polymer-nanotube composites [24]. These composites
are used in aerospace materials or automobiles. The electrical properties of BNNTs
are independent from diameter and chirality [19]. Therefore; having uniform
electrical properties makes BNNTs advantageous in electronics such as; transistors
and electromechanical devices. Another potential application area for BNNTSs is
hydrogen storage. Because of ionic bond between boron and nitrogen, BNNTs are
more preferable in hydrogen storage than CNTs [8].

The outstanding properties and the potential application areas of BNNTs attract
great attention in recent years. However; difficulty of the production of BNNTSs in
large amounts becomes an obstacle for using nanotubes in practical applications.
Therefore; increase in the synthesized amount of BNNTs means improvement in
application areas, because of significant mechanical, thermal, and electrical

properties of BNNTSs.

2.3.3. Production Methods of Boron Nitride Nanotubes

In recent years, numerous researches have been focused on the synthesis of BNNTs
due to their outstanding properties. In order to obtain high yield BNNTs in large
amounts, different production methods have been used. Mostly used methods are;
arc-discharge, laser ablation, chemical vapor deposition, and other production
methods such as, ball milling and annealing, carbon nanotube substitution, and
pressurized vapor/condenser method.



2.3.3.1. Arc-Discharge Method

When CNTs were synthesized for the first time in 1991 using arc-discharge method,
this advancement attracted great attention, and pioneered for other studies in
nanotechnology [3]. Therefore, it is not surprising that BNNTs were first synthesized
with same method in 1995 by Chopra et. al. [4]. An experimental set-up for arc-

discharge method is shown in Figure 2.5.
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Figure 2.5 Experimental set-up for arc-discharge method [26].

In arc-discharge method, electrical arc is obtained between anode and cathode,
which are placed in a vacuum chamber. Mostly, BN-packed tungsten and copper are
used as anode and cathode, respectively. Another type of conductive electrodes
used for both anode and cathode is boride electrodes (e.g., HfB,, ZrB,). As a result
of electric energy between these electrodes, boron source as reactant is vaporized
and the target material is obtained at cathode. Depending on the experimental
conditions, the gas in the vacuum chamber can either be inert gas (e.g., helium,
argon) or reactive gas (e.g., nitrogen, ammonia). When metal borides are used as

electrodes, nitrogen source is used as a reactive gas in the vacuum chamber.



Deposition takes place on the cathode and also on the inner wall of the vacuum
chamber. The disadvantage of this method is the requirement of high temperature
and high amount of energy in the synthesis of BNNTs which makes scaling up more
difficult [26].

2.3.3.2. Laser Ablation Method

Another method used in BNNT production is laser ablation which involves laser-
assisted heating in order to obtain high energy and increase the temperature of the
irradiated zone drastically in a very short time. The set-up used in laser ablation

method is given in Figure 2.6.

(as Furnace Wl
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Figure 2.6 Experimental apparatus for laser ablation method [26].

In the irradiated zone, target material which is a boron source such as, pure BN or
boron, evaporates into ion gas because of the high energy. Under N, gas
atmosphere, BNNTs are synthesized and deposited on trap. The disadvantage of

this method is the requirement of significant amount of energy [26].
2.3.3.3. Chemical Vapor Deposition Method

Another method for synthesizing BNNTs is chemical vapor deposition. A typical

experimental set-up for chemical vapor deposition is demonstrated in Figure 2.7.
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Figure 2.7 A typical CVD reactor [27].

In this method, a volatile boron source reacts with the nitrogen source at high
temperatures and the synthesized materials deposit as a nonvolatile solid on the
substrate such as, Si or Si covered with Co, Ni, and NiB. Chemical vapor deposition
method is estimated to be low-cost and high-yield method compared to the arc-
discharge and laser ablation methods [26].

2.3.3.4. Other Production Methods of Boron Nitride Nanotubes

Other methods used in the BNNT production are ball milling and annealing, carbon

nanotube substitution, and pressurized vapor/condenser method.

An alternative method for BNNT synthesis is ball milling and annealing method
which involves two steps. First, ball milling process is carried out at room
temperature in order to increase the effectiveness of BNNT formation by increasing
the surface to volume ratio. In this process, boron source (boron or BN powders) is
placed in a milling chamber under nitrogen atmosphere. Balls in the chamber rotate
due to gravity and magnetic force which was applied by an external magnet. The
external magnet increases the milling energy in the chamber by applying a pulling
force on the balls. After milling process, boron powders were annealed in a tube

furnace under nitrogen atmosphere at high temperatures. Nitrogen source may be
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N, or NHs; gas. The formation of BNNTs occurs in this step. Ball milling and
annealing method is known to be an efficient method because of the production of
nanotubes in large quantities [26].

In the carbon nanotube substitution method, carbon atoms in the CNTs are
substituted by boron and nitrogen atoms. Boron source (B,0s;) and CNTs are placed
in a crucible and annealed in a furnace at 1500 °C under nitrogen gas atmosphere.
BNNTs are formed from the reaction of boron oxide with CNT under nitrogen
atmosphere; however, there are also carbon and other BN phases in the
synthesized material [26].

In the pressurized vapor/condenser method, vaporized boron source in high
pressure nitrogen gas produces upward stream and boron vapor condenses as liquid
boron droplets. BNNTs form on these droplets under nitrogen atmosphere. The
formation of BNNTs is observed after tens of milliseconds. In this method, the
synthesized BNNTs are very long and having single or few walls. PVC method is
another effective method for mass production of BNNTs [8, 28].

12



CHAPTER 3

LITERATURE SURVEY

In recent years, studies were focused on the production of BNNTs since there has
been a wide area of potential applications. In order to use BNNTs in practical
applications, the synthesized material should be in large amounts with high yields
using the most proper production method. Therefore, researchers have been
investigating to improve the production of BNNTSs since it has been first synthesized
in 1995 by Chopra et. al. [4].

Chopra et al. [4] synthesized BNNTs by arc discharge method for the first time in
1995. Anode used in the system was BN-packed tungsten and cathode was cooled
copper which were placed in carbon-free plasma. The temperature inside the tube
was found to be above the melting point of tungsten due to the spattered solidified
tungsten particles. Multi-walled nanotubes were obtained which have 1-3 nm inner

diameter, 6-8 nm outer diameter, and 200 nm length.

Loiseau et al. [29] produced BNNTs by arc discharge method between HfB,
electrodes in nitrogen atmosphere. The synthesized nanotubes had an inner
diameter between 1.2-4 nm and spacing between the layers of 0.34 nm. Close-
ended, hollow cylindrical nanotubes were synthesized with B:N ratio of

approximately one.

Tang et al. [30] produced nanotubes and nanobamboo structures of boron nitride
by heating a mixture of boron and iron oxide with ammonia gas as a nitrogen
source. The reaction temperature and the B/Fe,0; ratio were found to be important
in order to determine the diameter and morphology of the synthesized materials.

13



Deepak et al. [31] synthesized boron nitride nanotubes and nanowires from heating
boric acid with activated carbon, multi-walled carbon nanotubes, catalytic iron
particles, or a mixture of activated carbon and iron particles under ammonia
atmosphere. Different boron nitride nanostructures were obtained with different
starting materials. When activated carbon was used as a starting material, reaction
temperature was kept at 1300 °C for 3 hours. The reaction conditions were 1000 °C
and 3 hours when multi-walled CNTs were used. Catalytic iron particles were heated
under ammonia gas at 1200 °C for 4 hours; and finally when a mixture of activated
carbon and iron particles was used as a starting material, the reaction temperature
was kept at 1300 °C for 4 hours. The highest yield of BNNTs was observed when

aligned multi-walled carbon nanotubes were used.

Oku [32] synthesized BNNTs by arc-melting method using LaBs and B/FeO, powder
compacts. The catalysts were chosen as LaBg and FeO,. Nitrogen gas was used as a
reactant gas. The diameter of the synthesized BNNTs varied between 10-100 nm.
The study showed that in the fabrication of BNNTs, lanthanum could be a good
catalyst similar to the catalytic effect in the synthesis of CNTSs.

Tokoro et. al. [33] studied on BN nanolayers produced by annealing the mixture of
boron powders and hematite under nitrogen gas. The reaction took place for 2
hours at 1100 °C. The synthesized material consisted of BN nanolayers with 1-10
nm thickness and BN nanotubes having 100 nm diameter and 1 pm length. The
crystal structure of the synthesized BN was hexagonal and rhombohedral, and

nanotubes were multi-walled.

Zhi et. al. [34] produced BNNTSs in large quantities using FeO and MgO as metal
catalysts and boron powder as boron source. Reaction took place in ammonia gas
atmosphere for one hour at a temperature range of 1100-1700 °C. It was found
that there was no effect of temperature on purity and diameter of BNNTs but the

yield increased with an increase in reaction temperature.

Koi et. al. [35] synthesized boron nitride nanomaterials by annealing method. The
mixture of FesN-B powders was prepared with the weight ratio of 9:1 and annealed
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in N, gas at 1000 °C for 1 hour. The produced BNNTs had approximately 1.4 ym
length and 100 nm width. The study on Fe-filed BN nanotubes had great
significance in order to obtain stable BN nanocables at high temperatures which
could be used in nanoscale electronic devices. In this study, formation mechanism
of Fe-filled BNNTs was predicted. FesN reacted with B to form Fe,B and BN. Then,
Fe,B reacts with N,, and as a result, Fe and BN were formed.

Wang et. al. [36] synthesized BNNTs using plasma-enhanced pulsed-laser
deposition (PE-PLD) at 600 °C. The synthesized materials grew directly on substrate
which made BNNTSs possible to be used in device fabrication. BNNTs were observed
on Fe catalyst forming vertical bundles when Fe particles became supersaturated
with BN vapor. It was stated that the synthesized BNNTs could be used without

purification process.

Lee et. al. [37] produced BNNTs using the method of arc jet plasma of high
temperatures (5000 K and 20000 K). BNNTs were synthesized from the reaction of
h-BN with Ni and Y which were used as catalytic metal powder. As a plasma gas, a
mixture of argon and nitrogen gases was used. Multi-walled BNNTs having 3-10 nm
diameters with high crystallinity were synthesized. It was concluded that the
temperature inside the reaction cylinders was an important parameter in the

synthesis of BNNTs using arc jet plasma method.

Chen et. al. [23] produced BNNTs in N, atmosphere with Fe/Cr catalysts using ball
milling and annealing method. The growth of nanotubes observed under the flow of
N, gas at 1200 °C for 8 hours. The synthesized material contained high yield of
nanotubes and a small amount of boron nitride and Fe/Cr particles. Remaining
metal particles and BN nanoparticles were purified by acid treatment and partial
oxidation treatment. After the purification, Fe content was reduced from 4.5% to
less than 0.1% and Cr content was reduced from 0.7% to 0.2%. From the partial
oxidation treatment, it was found that the optimum oxidation temperature for BN

particles was around 800 °C.
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Koi et. al. [38] synthesized BN nanostructures, such as nanotubes, nanohorns, and
nanocoils by annealing the starting materials (Fe;N/B, FeB, and Fe/B) under N, gas
atmosphere. The reaction temperature and time were 1000 °C and 1-24 h,
respectively. From these starting materials, high yield of nanotubes were observed
by annealing Fe;N/B. Metal catalyst, unreacted boron, and bulk BN were purified by
HCI, HNOs, and pyridine treatment, respectively.

Oku et. al. [39] investigated the synthesis of BNNTs by annealing method. Boron
powder pellets with thin iron film were put in an alumina boat and the boat was
placed in a furnace. The sample was annealed under nitrogen gas at 1000 °C for 1
hour. BNNTs were formed from the reaction of the supersaturated solid solution of
B and Fe nanoparticles with N,. The synthesized BNNTs had a zig-zag type structure
with 10-20 nm diameter and 100-500 nm length. The growth mechanism of BNNTs
was proposed to be similar to that of CNTs which was Vapor-Liquid-Solid (VLS)
model.

Didem Ozmen [40] synthesized BNNTs from the reaction of B and Fe,O; powder
mixture with ammonia gas at different temperatures and boron to iron oxide weight
ratios. The mixture of B and Fe,0s; was put in an alumina boat and placed at the
center of tubular reactor. Ammonia gas, as a reactant gas, was passed through the
system to form BNNTs. The solid phases formed during the reaction were hexagonal
and rhombohedral BN, boron oxide, and cubic iron. The diameter of the synthesized
BNNTs varied between 64 nm and 136 nm. An increase in the surface area of the
synthesized materials was observed with an increase in both reaction temperature
and the B to Fe,O5; weight ratio. The optimum parameter for BNNT synthesis was
found to be 1300 °C of reaction temperature and 20/1 of the B to Fe weight ratio.

Su et. al. [41] produced BNNTs using plasma-assisted chemical vapor deposition
system at 900 °C with Fe/SiO,-Al,03 catalysts and B,H¢ as boron source using
different parameters; plasma power, flow rate of feed gases (B,H¢/NH3), and
oxygen flow rate. The synthesized BNNTs were crystalline, tubular, and zigzag type.
It was found that the addition of O, increased the growth yield of BNNTSs.
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Su et. al. [42] investigated the synthesis of BNNTs by plasma-assisted chemical
vapor deposition (PACVD) using Fe/Al bilayer as a catalyst. The growth of BNNTs
was performed at 900 °C under the feed gases of B,H¢, NH3, O,, and Ar. It was
concluded that the presence of oxygen increased the growth yield of BNNTSs. It was
proposed that more active nucleation sites were provided in bilayer catalyst which
might improve the yield and the quality of BNNTs. The synthesized BNNTs exhibited
a crystalline and bamboo-like structure having hexagonal BN.

Can Demir [27] synthesized BNNTs from the reaction of ammonia gas with the
powder mixture of boron and iron oxide at 1300 °C. The synthesized material was
then used in polypropylene(PP)-BNNT composite material and the effect of
nanotube loading on mechanical and thermal properties of PP-BNNT composite was
investigated. Optimum flow rate of ammonia gas in the BNNT synthesis was found
to be 125 cm®/min. The outer diameters of nanotubes changed between 50-130
nm. In order to use the purified nanotubes in polymer composites, the synthesized
material was treated with HCI and HNO;. Slight increases were observed in the
Young’s modulus and vyield strength of neat PP in case of 0.5 and 1 wt% of the
synthesized BNNT additions. When 0.5 wt% loading of the purified and then surface
modified BNNTs were used in PP-BNNT composite, all mechanical properties slightly
improved. Due to the agglomerated nanotubes, elongation at break and tensile
strength values of composites decreased with an increasing nanotube loading.
Thermal stability improved with BNNT addition to the neat PP.

Qian et. al. [43] produced Fe-filled BNNTs using ball-milling and self-propagation
high-temperature synthesis (SHS). In the SHS method, once the reaction of the
precursor materials started, and then it continued with the energy provided by itself.
In this study, NH4ClI, Mg, FeB; 3, and Fe,0; were used as reagents. NH,Cl and FeB; 3
were milled and after the addition of Mg and Fe,03, the mixture was blended and
pressed in a cylinder. The cylinder was heated under argon gas at 750 °C for 15
minutes in a SHS-furnace. When temperature cooled to room temperature, product
was collected and washed with 5 M HCI, ethanol and distilled water. After washing
process, the material was dried in vacuum at 80 °C for 20 h. The synthesized
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material was h-BNNT filled with iron having 20-150 nm in diameter and more than 5
Mm in length. The interlayer distance of the synthesized nanotubes was 0.34 nm.
The purity of BNNTs was found to be 85 wt%.

Zhang et. al. [44] synthesized BNNTs using CaBs and ammonia gas as boron and
nitrogen sources, respectively. CaB¢ and Fe,0; were mixed for 30 minutes and
heated in SHS-furnace under argon gas at 750 °C for 10 minutes. This porous
precursor was put into an alumina boat and heated for 6 h at 1150 °C under
ammonia gas atmosphere. The synthesized material was stirred in 400 mL HCI
solution at 80 °C for 12 h, in order to eliminate non-BNNT products and metal
particles. The synthesized BNNTs were multi-walled bamboo-like nanotubes having

outer diameter of 60 nm and length of approximately 10 pm.

3.1. Objectives of the Study

Studies in the literature showed that researches were based on different synthesis
methods for BNNTs and different starting materials of boron and nitrogen sources in
the production. It has been observed that there was a lack of study about
purification of the synthesized material. In previous studies conducted by Didem
Ozmen [40] and Can Demir [27], by-product formation was observed, such as
boron oxide. The advancement of this study was usage of metallic iron as a
precursor instead of iron oxide. By this alteration, it was aimed to prevent the
formation of by-products. It has been perceived that studies on surface
characteristics of BNNTs were rare; therefore, multi-point BET surface area
measurements were performed to investigate the physical properties of the
synthesized materials such as, pore size distribution, pore volume and pore

diameter.
Related to these aspects, objectives of this study are;

e To synthesize BNNTs from the reaction of ammonia gas with boron and iron

powder mixture,
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To characterize the synthesized material using XRD, SEM, TEM, and multi-
point BET surface analysis,

To purify the synthesized material and determine the deposition rate of

boron nitride,

To investigate the effects of reaction temperature, volumetric flow rate of
inlet ammonia gas, and initial weight ratio of boron to iron on the structure

of BN and deposition rate.
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CHAPTER 4

EXPERIMENTAL

In this study, it was aimed to produce boron nitride nanotubes from the reaction of
ammonia gas with boron and iron powder mixture. Experimental studies conducted
in this work can be summarized in three groups. The first group was the synthesis
of BNNTs. They were synthesized at different inlet ammonia flow rates and a
temperature range of 900-1500 °C, with different boron to iron weight ratios. The
total number of experiments in the synthesis of BNNTs was 25. The second group
was the characterization of BNNTs. The physical and structural properties of the
materials were determined by X-Ray Diffractometer (XRD), Scanning Electron
Microscope (SEM), Transmission Electron Microscope (TEM), and multi-point BET
surface area analyses. The third group was the purification of the synthesized
BNNTs and the determination of boron nitride deposition rate. The experimental

parts were indicated in three parts:

1. Synthesis of BNNTs
2. Characterization of BNNTs
3. Purification of BNNTs
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4.1. Synthesis of Boron Nitride Nanotubes

4.1.1. Experimental Set-Up

Boron nitride nanotubes were synthesized in a horizontal tubular reactor from the
reaction of ammonia gas with the powder mixture of elemental boron and iron.

Experimental set-up is shown in Figure 4.1.

By-pass Line Vent
T Soap
Bubble vent
RN Soap Bubble » € Meter en
7 N on-o
Rotameter {w eter valve ¥ N T
3;;::? Alumina -— 1]
<
Y Bost Mass —
—_— Spectrometer  Computer
f—————J
i~ I
2 ! 1
Furnace | Alunina ~ Alumina
I Tube  prope
Temperature
Rotameter Controller

Figure 4.1 Experimental set-up for BNNT synthesis [40].

The powder mixture consisted of amorphous boron at practical grade and metallic
iron having particle size less than 10 ym which were purchased from Sigma-Aldrich
and Merck, respectively. The reaction gas ammonia with 99.95 % purity and the
purging gas argon with 99.99% purity were connected to the system. BNNT
synthesis apparatus consisted of a horizontal tubular reactor made of alumina with

inner diameter of 50 mm and length of 1 m. The tubular reactor was heated to the
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desired temperature using furnace and the temperature inside the tubular reactor
was measured by Type B thermocouple which was connected to the temperature
controller. An alumina probe, placed inside the tubular reactor, was connected to a
mass spectrometer (Hiden HPR20) in order to analyze the effluent gases and
monitor them. The pressure of gases passing through the system was set with
regulators and their flow rates were adjusted by rotameters. They were calibrated
for ammonia and argon gases. The calibration curves are given in Appendix A. The
actual flow rates in the inlet and outlet streams of the tubular reactor were
measured using soap-bubble meter during the experiment. Before ammonia gas
was given to the system, it was by-passed the system with a three way valve in
order to regulate the flow rate of ammonia. The three way valve was placed before
the inlet soap-bubble meter. The piping used in the whole system was made from
Ya in stainless steel.

4.1.2. Experimental Procedure

0.8 g of powder mixture, composed of elemental boron and iron, was prepared in
an agate pestle to homogenize the powder with low contamination. The mixture
was weighed and put into an alumina boat. This alumina boat was then placed in
the middle of horizontal tubular reactor and then temperature inside the reactor was
adjusted to the desired reaction temperature. While reactor was heated to the
reaction temperature with a heating rate of 8 °C/min, argon gas was passed
through the system with a flow rate of 150 cm?/min. The reason for passing of
argon gas during the heating was to purge the reactor and remove the oxygen from
the system. When temperature inside the reactor approached to the reaction
temperature, ammonia gas was fed to the by-pass line with three way valve to
regulate the volumetric flow rate before the reaction. Argon gas was shut off when
temperature inside the reactor reached to the reaction temperature and ammonia
gas was given to the system at the flow rate of 150 cm®/min for 135 minutes.
During the reaction, chemical analysis of the reactor effluent stream was performed
continuously using mass spectrometer. At the end of 135 minutes, ammonia gas
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was shut off and reactor was cooled down at a cooling rate of 5 °C/min with argon
gas purging the system at the flow rate of 150 cm?/min. Finally, when system was
cooled down, the product was taken from the reactor and weighed. Experimental
operating conditions are tabulated in Table 4.1.

Table 4.1 Experimental operating conditions for BNNT synthesis.

Volumetric Flow Initial _Weight Reaction
Run Rate of_ Ratio of Temperature
ID Inlet Ammonia Gas| Boron to Iron o

(cm®/min) (w/w) (°C)
SN150311 50
SN080311 75
SN020211 100
SN160211 125 151 1300
SN230112 150
SN060612 175
SN250811 1/1
SN100811 5/1
SN230112 150 15/1 1300
SN230811 20/1
SN231211 25/1
SN080312 900
SN080911 1000
SN140911 1100
SN200911 150 15/1 1200
SN230112 1300
SN220512 1400
SN041011 1500
SN060911 900
SN120911 1000
SN190911 1100
SN220911 150 20/1 1200
SN230811 1300
SN300911 1400
SN071011 1500
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4.1.3. Experimental Parameters

In this study, the effects of three parameters on BNNT synthesis were investigated.

These parameters were;

= Volumetric flow rate of inlet ammonia gas (50, 75, 100, 125, 150,
175 cm®/min)

= Initial weight ratio of boron to iron (1/1, 5/1, 15/1, 20/1, 25/1)

= Reaction temperature (900 — 1500 °C)

In the previous studies conducted by Didem Ozmen [40] and Can Demir [27], the
largest amount of BNNTs was produced when the initial weight of powder mixture
and reaction time were 0.8 g and 135 minutes, respectively. Therefore; in this
study, these values were kept constant.

4.2. Characterization of Boron Nitride Nanotubes

The characterization of the synthesized materials is important in order to obtain the
structural properties and morphology of BNNTs; hence, these materials were
characterized using various methods. The crystalline structure, shape, dimensions,
and surface morphology were figured out. The crystalline phases in the material
were investigated using X-Ray Diffraction (XRD); the surface morphology of the
material was determined using Scanning Electron Microscopy (SEM); the structure
of BNNTs was monitored using Transmission Electron Microscopy (TEM); and
surface characteristics such as surface area, pore size distributions, and pore

volume of BNNTs were investigated using Multi-Point BET method.
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4.2.1. X-Ray Diffraction (XRD)

X-ray diffraction was used to investigate the crystal structure of the synthesized
material. The crystalline structure of the product was analyzed using Rigaku X-Ray
Diffractometer with a CuK, radiation source and a scanning rate of 2°/min at a

Bragg angle range of 10° - 90°.

4.2.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS)

Scanning electron microscopy was used in order to obtain information about
morphology of the synthesized materials. The images of BNNTs were obtained by
scanning the synthesized and purified materials. Energy dispersive x-ray
spectroscopy was used to perform elemental analysis of the synthesized material.

The microscope used for investigating the morphology of BNNTs was FEI Quanta
400 Scanning Electron Microscope. The BNNT sample was coated with gold-

palladium alloy to make the surface of the sample conductive.

4.2.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy was used to observe structural morphology of
material in detailed due to the higher resolution of this technique. Advance of TEM
was that sample was examined through its atomic arrangement, chirality, and
defects [45].

In the analysis of BNNTs' sample, Jem Jeol 200 kV HRTEM instrument was used.
The purified BNNTs were dispersed into alcohol and sonicated for 30 minutes. Then,

a drop of suspension was placed on holy carbon grid and dried overnight.
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4.2.4. Multi-Point BET Surface Area Measurement

In order to investigate the surface characteristics of the purified material such as
pore size distribution, pore volume and diameter, multi-point BET analysis were
performed.

The instrument used in the analysis was Quantachrome Corporation, Autosorb-6.
The purified BNNT sample was dried at 110 °C overnight and degassed for 4 hours
at 300 °C in order to discard the moisture from the sample. Nitrogen
adsorption/desorption isotherms were obtained, and surface area and pore size

distribution were determined.

4.3. Purification of Boron Nitride Nanotubes

After synthesis of BNNTs, purification of the synthesized materials was performed.
The purified BNNTs were obtained after the acid treatment of the synthesized
materials with HNO; and HCI.

4.3.1. Removal of Boron from the Synthesized Material

Approximately 0.1 g of the synthesized material was weighed and at room
temperature 2.5 mL of deionized water was poured into the sample; then, 2.5 mL of
HNO; (65%, extra pure, Merck) was added. After five minutes, 2.5 mL of deionized
water was added and 2.5 mL of HNO; was poured into the solution. During this step
boron reacted with nitric acid and formed boric acid and nitrite (Reaction 4.1) and
the brown-colored gas was released. Removal of this gas indicated formation of

boric acid.

By + 3HNOs(aq) > H3BO3aq) + 3NOs(q) (Reaction 4.1)
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In order to remove boron completely from the sample, this step was repeated five
times. Then, the solution was filtered to separate BNNTs and iron particles from the
solution. The solution with boron was heated on a hot plate to remove the blurring
and it was taken from plate as soon as boiling started. The solution was completed
to 250 mL with deionized water.

4.3.2. Removal of Iron from the Synthesized Material

Solid part on filter paper containing BNNTs and iron particles were taken to a beaker
and 100 mL from the solution, which was prepared for boron removal, was added.
Then, 20 mL HCI (37%, extra pure, Merck) was poured and the color of the solution
became yellow due to the presence of iron. Subsequently, 10 mL HNO; was added
and the solution was boiled for 3 hours. During the boiling, reactions of iron with
HCI and HNO; took place (Reaction 4.2 & 4.3). After 3 hours of boiling, BNNTs in
the solution were filtered.

Fe + 2HCI - FeCl, + H, (Reaction 4.2)

Fe + 6HNO; > FE(NO3)3 + 3H,0 + 3NO, (Reaction 43)

Solid part remaining on the filter paper was the purified BNNTs and they were dried
at 105 °C for 1 hour and weighed. This process was repeated five times to remove

iron completely from the sample.
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CHAPTER 5

RESULTS and DISCUSSION

In this study, boron nitride nanotubes were synthesized from the reaction of
ammonia gas with the powder mixture of boron and iron at different parameters
such as, volumetric flow rate of ammonia gas, initial weight ratio of boron to iron,
and reaction temperature. The effluent gas analysis during the reaction was
conducted using mass spectrometer. The characterization of the synthesized
materials was performed using XRD, SEM, TEM, and multi-point BET surface area
analyses. The synthesized materials were purified with acid treatment and boron

nitride deposition rate was evaluated.

5.1. Effect of Volumetric Ammonia Gas Flow Rate on the Synthesized
Material Amount

In the previous studies, it was found that the highest BNNT amount was
synthesized at 1300 °C and the B to Fe,0Os weight ratio of 15/1 [40]. Therefore; in
the volumetric ammonia gas flow rate experiments, reaction temperature and boron
to iron weight ratio were chosen as 1300 °C and 15/1, respectively. Boron nitride

nanotubes were produced at six different inlet ammonia gas flow rates.

The experiments at a flow rate of 150 cm®/min were repeated six times and the
experimental error in the amount of the synthesized material was found to be within
+ 6%. The synthesized material amounts at different inlet ammonia gas flow rates

are given in Figure 5.1.
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With an increase in the ammonia gas flow rate, the amount of synthesized material
increased (Figure 5.1). After the flow rate had been reached to 150 cm?/min, the
synthesized material amount remained constant. The amount of the synthesized
material was affected from the diffusion of ammonia gas through the powder
mixture of boron and iron. The molecular diffusion of ammonia gas to the powder
mixture played an important role on the formation of boron nitride nanotube.
However, the reactant gas with a high flow rate minimized the mass transfer effect.
In other words, diffusion limitations were minimized. Taking into the consideration
of the synthesized material amount and the whiteness of the powder, the optimum

flow rate of inlet ammonia gas was determined as 150 cm®/min.
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Figure 5.1 Change of the synthesized material amounts with respect to ammonia
inlet volumetric flow rate (T,x,=1300 °C, B/Fe=15/1).
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5.2. Chemical Analysis of Reactor Effluent Stream

Chemical analysis of the reactor effluent stream was performed qualitatively and
quantitatively using mass spectrometer. It was continuously monitored on the
computer during the reaction. The spectra of the effluent stream at different
temperatures were measured. Using the analysis of these spectra, the chemical
composition of the reactor effluent stream was evaluated. As a result of these
spectra analysis, the formation of hydrogen and nitrogen was detected in the
effluent of the reactor. A typical spectrum of the effluent stream during the
synthesis of boron nitride nanotubes is given in Figure 5.2.

Peak at mass 28 in Figure 5.2 belonged to nitrogen. Peaks of hydrogen were
observed at masses 1 and 2. In addition to the nitrogen and hydrogen peaks, some
other peaks were detected. These were the peaks at 17, 18, 20, and 40. Masses at
17 and 18 correspond to water. The peak at mass 17 was also assigned to the
reactant gas, ammonia. Peaks of argon gas were detected at masses 20 and 40.
This spectrum is consistent with the Mass Spectrometer Cracking Pattern Data in
the literature. The Mass Spectrum Cracking Pattern Data is given in Appendix B.

It was observed that nitrogen, hydrogen, and water gases were formed beside
ammonia gas. Nitrogen and hydrogen gases were present due to the decomposition
of ammonia gas. Water in the system came from ammonia gas since the ammonia

gas contained a trace amount of water.
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Figure 5.2 Typical mass spectrum of the reactor effluent gas during the reaction
with an inlet ammonia flow rate of 150 cm’®/min (T,»=1300 °C;
B/Fe=15/1; t,x,=7 min).

Figure 5.3 represents a typical set of experimental data showing the reactor effluent
gas composition change with respect to time. The quantitative analysis of reactor
effluent stream gave the effluent gas composition change with respect to time as it
was seen from the figure. A rapid increase in hydrogen and nitrogen gases was
observed while argon gas decreased drastically. The mole fraction of hydrogen was
increasing and reached a constant value of 0.76, and similarly, the mole fraction of
nitrogen gas increased until a constant value of 0.22. When ammonia gas was given
to the system and argon gas was shut off, the mole fraction of argon gas was
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decreased and went to zero. After approximately 10 minutes, argon gas completely
left the reactor and the system reached steady-state. A sudden decrease in the
mole fraction of ammonia gas was observed. This was due to the decomposition of

ammonia to nitrogen and hydrogen as soon as it was fed to the reactor.
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Figure 5.3 Change of effluent gas composition with respect to time (Tx,=1300 °C;
B/Fe=15/1).

In Figure 5.4, the change of reactor effluent gas composition was plotted with
respect to the reaction temperature. A slight increase in the mole fraction of
hydrogen and nitrogen was observed until 1300 °C, and then they became constant
at higher temperatures. The stoichiometric ratio of H,/N, for ammonia
decomposition was 3; however, it was observed that this ratio increased with an
increase in temperature. At 900 °C, the ratio was 3.14, whereas it was 3.45 at 1300
°C. This increase might be due to the usage of nitrogen in the formation of BNNTSs.
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Figure 5.4 Change of reactor effluent gas composition with respect to temperature
(100% NH;3 in Ar; B/Fe=15/1).

5.3. Characterization of BNNTs

5.3.1. X-Ray Diffraction Results

X-ray powder diffraction patterns of the BNNTs produced at different volumetric
ammonia flow rates, B to Fe weight ratios, and temperatures were taken in order to

obtain information about the crystal structure.

X-ray diffraction patterns of the synthesized materials produced at different
temperatures with the boron to iron weight of 15/1 are shown in Figure 5.5. Peaks
observed at 26 values of 26.5°, 41.6°, 50.0°, 54.9°, 75.9°, and 82.0° belong to
hexagonal boron nitride. The peaks at 26.5° and 41.6° might also reveal the
presence of rhombohedral boron nitride. Peaks at 44.3°, 64.8° and 81.6°
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correspond to iron. Some other solid phases were observed in the synthesized
materials produced at different temperatures which gave information about BNNT
formation reaction. The peaks at 17.1° and 25.1° revealed the presence of FeBsg
while the peaks at 42.2°, 44.8°, and 47.6° belonged to Fe;B. Unassigned peaks
were observed. XRD data of hexagonal BN, rhombohedral BN, Fe, FeB4y, FesB, and

the synthesized materials are given in Appendix C.
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Bragg Angle, 26 (°)

Figure 5.5 XRD patterns of the synthesized materials produced with the B to Fe
weight ratio of 15/1 at different reaction temperatures: (a) 1500 °C,
(b) 1400 °C, (c) 1300 °C, (d) 1200 °C, (e) 1100 °C, (f) 1000 °C, and
(g) 900 °C.

X-ray diffraction patterns of the synthesized materials produced at 1300 °C with an
inlet ammonia flow rate of 150 cm®/min and different boron to iron weight ratios are

shown in Figure 5.6.
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Figure 5.6 XRD patterns of the synthesized materials produced at 1300 °C with
different B/Fe weight ratios: (a) 25/1, (b) 20/1, (c) 15/1, (d) 5/1, and
(e) 1/1.

X-ray diffraction patterns of the synthesized materials produced at different weight
ratios were similar to the diffraction patterns obtained at different temperatures.
The solid phase formed in the synthesized materials produced at different B to Fe
weight ratios was h-BN in addition to iron.

The crystallinity, the appearance, and the color of the synthesized materials were
different at different temperatures and B/Fe weight ratios. The intensity of h-BN
peaks increased with an increase in temperature and the B/Fe weight ratio (Figures
5.5-5.6). At 900 °C, the color of the synthesized materials was light brown and it
was in powder form. This color showed the presence of impurities such as iron and
unreacted boron in the synthesized material. The color became whiter with respect
to temperature due to the increase in the formation of BNNTs. In other words, the

color change with temperature might be due to an increase in conversion to boron
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nitride. At 1300 °C, the synthesized material was white with some greyness in a
particular form. The same color and appearance were observed at higher
temperatures. When the B/Fe weight ratio was 1/1, the synthesized material was
grey in a powder form. The color and the appearance changed with an increase in
the B/Fe weight ratio and the synthesized material became whiter and particular at
higher weight ratios. This was due to the increase in the BNNT formation with an
increase in the B/Fe weight ratio. In other words, the increase in the B/Fe weight
ratio enhanced BNNT formation reaction.

In order to obtain information about the BNNT formation and by-products formed
during the reaction, the powder mixture was heated under argon gas. The initial
powder mixture of boron and iron was heated up to 1300 °C under argon gas
atmosphere and during the reaction time (135 min), argon gas passed through the
reactor instead of ammonia gas. Figure 5.7 shows the diffraction pattern of the
synthesized material produced at 1300 °C with the B to Fe weight ratio of 15/1

under argon atmosphere.

The peaks at 26 values of 44.4°, 65.1°, and 82.3° correspond to iron. The peaks of
FeB4s were observed at 17.3° and 24.7°. Another boron-iron compound observed at
Bragg angle value of 17.3° and 25.0° belong to Fe, 1,B103.36. The peaks observed at
42.9° and 44.4° revealed the presence of Fes;B. Solid phases formed under argon
atmosphere were Fe, FeBsy, Fe;12B103.3, and FesB. Some unassigned peaks were

observed. XRD data of Fe; 1,B103.36 iS given in Appendix C.
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Figure 5.7 XRD pattern of the synthesized material produced under argon
atmosphere (Tx,=1300 °C; B/Fe=15/1).

According to the chemical analysis performed using mass spectrometer, nitrogen
and hydrogen gases were present in the reactor effluent stream which indicated
that ammonia gas decomposed in the system to hydrogen and nitrogen gases
(Reaction 5.1). Solid phases obtained from XRD results were BN, Fe, FeBy,
Fe,.1,B103.35, and Fe3B. The presence of FeByy, Fe 1,B103.35, and FesB might indicate
the reaction of boron with iron to form boron-iron compounds (Reaction 5.2). The
ratio of H,/N, was higher than the stoichiometric ratio which showed that nitrogen
was used in BN formation (Reaction 5.3). Therefore, the possible reactions were
proposed as;
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2NH; & N, + 3 H; (Reaction 51)
y B + x Fe - FeB, (Reaction 5.2)

FeB, + y/2 N, > y BN + x Fe (Reaction 5.3)

X-ray diffraction patterns of the synthesized and purified BNNTs are given in Figure
5.8. BNNTs were synthesized with an inlet ammonia flow rate of 150 cm?/min and
the B/Fe weight ratio of 15/1 at 1300 °C. It was observed that after the purification
of the synthesized materials, the intensity of the h-BN peaks sharply increased. This

indicated that the impurities in the synthesized material were removed with
purification.
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Figure 5.8 XRD patterns of the synthesized and purified BNNTs produced at 1300

°C with an inlet ammonia flow rate of 150 cm®/min and B/Fe weight
ratio of 15/1.
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5.3.2. Scanning Electron Microscopy Results

SEM analysis was performed to image the shape and dimensions of the synthesized
materials. In Figure 5.9, SEM images of BNNTs, which were synthesized with
different B/Fe weight ratios and the inlet ammonia flow rate of 150 cm®/min at 1300

°C, are shown.

12/23/2010| HV mag WD | det [spot] ———3um 121132011 | HV mag WD | det |spot [e— T p—
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Figure 5.9 SEM images of BNNTs synthesized at 1300 °C with an inlet ammonia
flow rate of 150 cm*/min and different B to Fe weight ratios: (a) 1/1,
(b) 5/1, (c) 15/1, and (d) 20/1.
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Nanotube formation was observed rarely at the B to Fe weight ratio of 1/1 (Figure
5.9a). An increase in the formation of nanotubes was observed at the B to Fe
weight ratio of 5/1 (Figure 5.9b), when it was compared to the nanotubes produced
at the B to Fe weight ratio of 1/1. In other words, number of nanotubes increased
with an increase in the B/Fe weight ratio (Figure 5.9 ¢ & d). The synthesized
nanotubes were agglomerated (Figure 5.9 c¢ & d). This might be due to the
entanglement of nanotubes during the growth stage.

Outer diameter distributions of the synthesized nanotubes at different weight ratios
are given in Figure 5.10. In order to evaluate the outer diameter distribution of the
synthesized BNNTs, diameters of 20 nanotubes were measured. When the
formation of BNNTs was rare, ten nanotubes were measured. Outer diameters of
nanotubes synthesized at different B/Fe weight ratios were not uniform. Their
diameters changed between 50-550 nm. The diameter of nanotubes depended on
the particle size of iron due to the growth mechanism of BNNTs. The nanotubes
might be base or tip growth and their diameter varied because of the iron particles
having different particle size [44]. When the B to Fe weight ratio was 1/1, outer
diameter range of nanotubes (40%) was 150-200 nm (Figure 5.10a). When the
weight ratio of B to Fe was increased to 5/1, 70% of nanotubes were having an
outer diameter between 100-175 nm. In Figure 5.10c, at the B to Fe weight ratio of
15/1, 52% of the nanotubes were in the outer diameter range of 100-150 nm.
However, when the weight ratio was 20/1, a decrease in outer diameters of
nanotubes was observed (Figure 5.10d). The outer diameter of 56% of the
nanotubes was between 30-60 nm. Outer diameters of the synthesized nanotubes

increased with an increase in the B/Fe weight ratio except the weight ratio of 20/1.
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Figure 5.10 Outer diameter distributions of BNNTs synthesized at 1300 °C with an
inlet ammonia flow rate of 150 cm®/min and different B to Fe weight
ratios: (a) 1/1, (b) 5/1, (c) 15/1, and (d) 20/1.

In Figure 5.11, SEM images of BNNTs synthesized at different temperatures with an
inlet ammonia flow rate of 150 cm*®/min and the B to Fe weight ratio of 15/1 are
given. At the lowest reaction temperature, 900 °C, nanotube formation was very
rare. However; an increase in the number of nanotubes was observed with an
increase in temperature. At 1000 °C and 1100 °C, nanotube formation was detected
more than as it was 900 °C. The formation of nanotubes was clearly observed at
higher temperatures (Figure 5.11 ¢, d, e, and f). This result was also consistent with

XRD results. Agglomeration was observed in the synthesized BNNTs which was a
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result of entanglement of nanotubes. Nanotubes entangled during formation
because of their high aspect ratio [46].

In Figure 5.12, the outer diameter distributions of the synthesized nanotubes at
different temperatures are given. As it was seen from the figure, outer diameter
distributions of nanotubes were not uniform similar to the nanotubes synthesized at
different weight ratios. The range of these diameters was 10-400 nm. In Figure
5.12a, it was seen that 45% of nanotubes synthesized at 1200 °C was in the range
of 10-70 nm and 30% of nanotubes were formed with an outer diameter between
40-70 nm. For nanotubes synthesized at 1300 °C, a narrow distribution of diameters
was observed. 52% of them were in the outer diameter range of 100-150 nm
(Figure 5.12b). The outer diameter of 30% of nanotubes synthesized at 1400 °C
were between 30-90 nm, while 25% of nanotubes were between 90-150 nm, and
25% of nanotubes were formed with an outer diameter between 150-210 nm
(Figure 5.12c). The diameter distribution of these nanotubes was wider compared to
the distribution at 1300 °C. When the reaction temperature was 1500 °C, 40% of
the synthesized nanotubes were having an outer diameter between 50-90 nm and

35% of nanotubes were between 90-130 nm, as it was seen in Figure 5.12d.
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Figure 5.11 SEM images of BNNTs synthesized with an inlet ammonia flow rate of
150 cm?/min and the B to Fe weight ratio of 15/1 at different
temperatures: (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, 1300 °C, (c)
1400 °C, and (d) 1500 °C.
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Figure 5.12 Outer diameter distributions of BNNTs synthesized with an inlet
ammonia flow rate of 150 cm?/min and the B to Fe weight ratio of
15/1 at different temperatures: (a) 1200 °C, (b) 1300 °C, (c) 1400
°C, and (d) 1500 °C.

Figure 5.13 represents the SEM images of BNNTs synthesized at different
temperatures with an inlet ammonia flow rate of 150 cm?/min and the B to Fe
weight ratio of 20/1. The formation of nanotubes at 900 °C was very rare. The
number of nanotubes increased when temperature was increased to 1000 °C and
1100 °C. After the temperature of 1200 °C, the agglomerated nanotubes were
observed obviously as seen in Figure 5.12. The red-framed part of the SEM image

(Figure 5.13d) may represent the bulk of unreacted boron or iron.
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Figure 5.13 SEM images of BNNTs synthesized with an inlet ammonia flow rate of
150 cm?/min and the B to Fe weight ratio of 20/1 at different
temperatures: (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, 1300 °C, (c)
1400 °C, and (d) 1500 °C.
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The outer diameter distributions of the synthesized BNNTs with the B to Fe weight
ratio of 20/1 at different temperatures are given in Figure 5.14. The distribution of
outer diameters was not uniform similar to the distributions observed when the B/Fe
weight ratio was 15/1. The outer diameters of the synthesized nanotubes were in
the range of 20-510 nm. The range of outer diameters of the nanotubes
synthesized at 1200 °C was 20-110 nm (Figure 5.14a) and 32% of the nanotubes
having an outer diameter between 35-50 nm. At 1300 °C, a narrow diameter
distribution was observed. The synthesized nanotubes were mainly formed with an
outer diameter between 30-60 nm (Figure 5.14b). For nanotubes synthesized at
1400 °C, 56% of nanotubes were observed between 90-160 nm in Figure 5.14c. At
1500 °C, the distribution of outer diameters was wide and the synthesized
nanotubes were observed with an outer diameter between 50-92 nm. SEM images

of the synthesized materials are given in Appendix D.
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Figure 5.14 Outer diameter distributions of BNNTs synthesized with an inlet
ammonia flow rate of 150 cm?/min and the B to Fe weight ratio of
20/1 at different temperatures: (a) 1200 °C, (b) 1300 °C, (c) 1400
°C, and (d) 1500 °C.

An open-ended, hollow nanotube synthesized at 1100 °C with the B/Fe weight ratio
of 20/1 was observed (Figure 5.15). The outer diameter of the nanotube was
approximately 364 nm, while the inner diameter was about 243 nm. The hexagonal

structure adjacent to the nanotube might show the bundle of BNNT.
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Figure 5.15 The SEM image of the synthesized BNNT at 1100 °C with an inlet
ammonia flow rate of 150 cm?/min and the B/Fe weight ratio of 20/1
(a) 30000x magnification, (b) 120000x magnification.

The EDS spectrum of the synthesized BNNTs at 1400 °C with an inlet ammonia flow
rate of 150 cm®/min and the B/Fe weight ratio of 15/1 is given in Figure 5.16. As it
was seen from the figure, boron, nitrogen, and iron were present in the synthesized
material. The gold peak originated from the Au-Pd alloy which was coated to make
sample conductive, and the carbon peak was due to the carbon tape. The O, Mg,
and Al peaks were irrelevant to the synthesized materials; therefore, they might be
present because of the instrument used. Other EDS spectra of the synthesized
materials are similar to Figure 5.16 and they are given in Appendix D.
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Figure 5.16 EDS spectrum of the synthesized BNNTs produced at 1400 °C with an

inlet ammonia flow rate of 150 cm®/min and the B/Fe weight ratio of
15/1.

Figure 5.17 showed the SEM image of the purified BNNTs synthesized at 1400 °C
with an inlet ammonia flow rate of 150 cm®/min and the B/Fe weight ratio of 15/1.
The purified nanotubes were entangled as seen in the figure. Their outer diameter
range was 50-350 nm and 40% of nanotubes were formed having an outer
diameter between 50-100 nm.
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Figure 5.17 SEM image of the purified BNNTs synthesized at 1400 °C with an inlet
ammonia flow rate of 150 cm®/min and the B to Fe weight ratio of
15/1.

5.3.3. Transmission Electron Microscopy Results

The purified BNNTs synthesized at different temperatures were monitored using
HRTEM. In Figures 5.18-5.21, TEM images of the purified BNNTs synthesized at
different temperatures are shown. The synthesized nanotubes were hollow cylinder
(Figures 5.18-5.20) having both open (Figure 5.20) and closed ends (Figure 5.19).
The black dots on the nanotubes shown in red circles were observed in the TEM
image (Figure 5.20b). These might be due to either impurities or local irregularities
in the structure of boron nitride. In Figure 5.18, the hollow cylinder shape was
clearly observed. The inner diameter of the nanotube was not uniform and varied
between 5-8 nm. The outer diameter was about 32 nm which was consistent with
SEM results. The parallel fringes in Figure 5.18 presented BN sheets that were
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concentrically rolled over to form a multi-walled nanotube. The light fringe was the
distance between the rolled BN sheets. The distance was measured as 0.33 nm

which corresponds to dgy, plane of h-BN. The Miller indices (hkl) in the plane of the
synthesized BNNT were (002) [43].

Figure 5.18 TEM image of the purified BNNTs synthesized at 1300 °C with an inlet
ammonia flow rate of 150 cm®/min and the B to Fe weight ratio of
15/1.

In Figure 5.19, close-ended nanotube was illustrated with the internal tubular space
which was pointed by white arrows. The inner diameter of the nanotube was about
2 nm while its outer diameter was around 28 nm which was in accordance with the
SEM results.
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Figure 5.19 TEM image of the purified BNNTs synthesized at 1300 °C with an inlet
ammonia flow rate of 150 cm®/min and the B to Fe weight ratio of
15/1.

The open-ended nanotubes with the hollow cylindrical shape were noticeable
(Figure 5.20). The outer diameter of the nanotube synthesized at 1400 °C was
around 22 nm and the inner diameter was about 7 nm (Figure 5.20a). The
monitored nanotube had an outer diameter of 57 nm approximately and the inner
diameter of about 11 nm (Figure 5.20b). The outer diameters of the nanotubes
were in consistent with SEM results.

Figure 5.21 a & b shows the nanotube bundles. TEM images of the synthesized
BNNTSs are given in Appendix E.
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(b)

Figure 5.20 TEM images of the purified BNNTs synthesized with an inlet ammonia
flow rate of 150 cm?/min and the B/Fe weight ratio of 15/1 at
different temperatures: (a) 1400 °C, (b) 1500 °C.
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(b)

Figure 5.21 TEM images of the purified BNNTs synthesized with an inlet ammonia
flow rate of 150 cm?/min and the B/Fe weight ratio of 15/1 at
different temperatures: (a) 1400 °C, (b) 1500 °C.
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5.3.4. Surface Characterization Results

Figure 5.22 represents the nitrogen adsorption/desorption isotherms of the purified
BNNTSs synthesized with the B to Fe weight ratio of 15/1 at different temperatures.
According to the Brauner-Deming-Deming-Teller (BDDT) classification, the isotherm
of BNNTs corresponds to Type II isotherm. Type II isotherm occurs when the

material is non-porous or porous (pore diameters larger than micropores) [47].
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Figure 5.22 Nitrogen adsorption/desorption isotherms of the purified BNNTSs
synthesized with the B to Fe weight ratio of 15/1 at different
temperatures: 1300 °C, 1400 °C, and 1500 °C (filled symbols:
adsorption branch; empty symbols: desorption branch).

A hysteresis was observed at a relative pressure of 0.45 for the purified nanotubes
synthesized at different temperatures. The type of hysteresis was Type B which
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indicated the presence of slit-shaped pores or the space between parallel plates
[48].

The nitrogen adsorbed volumes for BNNTs synthesized at 1300 °C with the B to Fe
weight ratio of 15/1 were found to be 30.1 and 328.3 cc/g at P/P, value of 0.05 and
0.95, respectively. The adsorbed volumes of nitrogen for BNNTs synthesized at
1400 °C were 28.2 and 319.2 cc/g at P/P, value of 0.05 and 0.95, respectively. The
volume of adsorbed nitrogen at P/P, of 0.05 was 18.2 cc/g while the adsorbed
nitrogen volume was 236.4 cc/g at P/P, of 0.95 at 1500 °C. At different
temperatures, it was seen that the volume of nitrogen adsorbed at the P/P, value of
0.05 was very low with respect to the nitrogen adsorbed volume at the P/P, value of
0.95. This indicated that BNNT material had small amount of micropores. A
decrease in the nitrogen adsorbed volume was observed with an increase in the

temperature.

Physical properties of the purified BNNTs are tabulated in Table 5.1. Surface areas
of the purified BNNTs synthesized at the B to Fe weight ratio of 15/1 and at
different temperatures were measured. Surface areas were found to be decreasing
with an increase in temperature. The highest surface area was observed when
BNNTs were synthesized at 1300 °C. This decrease might be due to the sintering of
the material. The average pore diameter of the synthesized nanotubes was 38 A

and there was no change in pore diameters with temperature.

Table 5.1 Physical properties of the purified BNNTSs.

Reaction Multi-Point BET Total Pore Pore
Temperature Surface Area Volume Diameter
(°© (m?/g) (cc/g) (R)
1300 147.6 0.71 38.02
1400 135.4 0.73 38.04
1500 86.3 0.54 37.97
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In Figure 5.23, the pore size distributions of the purified BNNTs synthesized at

different temperatures are given.
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Figure 5.23 Pore size distribution of the purified BNNT synthesized with the B to Fe

weight ratio of 15/1 at different temperatures.

The purified BNNTs showed bimodal pore size distribution. Two peaks observed at
around 38 A and 60 A corresponded to the mesopores in the material. The intensity
of the main peak decreased with an increase in temperature. The pore size
distribution of BNNTs was in good agreement with the nitrogen

adsorption/desorption isotherms.
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5.4. Influence of Reaction Parameters on Boron Nitride Deposition Rate

Boron nitride nanotubes were produced from the reaction of ammonia gas with
boron and iron powder mixture. Different parameters were experimented and
characterization of BNNTs was performed. With acid treatment the synthesized
materials were purified. From the purified BNNTs, deposition rate of boron nitride

was determined from the following equation.

Mpurified
%Xmsynthesized .
Ry = (Equation 5.1)

tI‘Xl‘l

where mgmpie is the weight of the sample treated with acid, Myurireq iS the weight of
the purified sample, Mgyninesized iS the weight of the synthesized material, and t, is

the reaction time.

Deposition rates of boron nitride synthesized with different inlet ammonia flow rates
at 1300 °C with the B to Fe weight ratio of 15/1 are shown in Figure 5.24. An
increasing trend was observed with an increase in the inlet ammonia flow rate due
to the minimization of diffusion limitations. BN deposition rates at the inlet ammonia
flow rate of 150 cm®/min and 175 cm®/min were closed to each other; therefore, it
can be stated that BN deposition rate remained constant after the inlet ammonia

flow rate had reached to 150 cm?/min.
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Figure 5.24 Effect of inlet ammonia flow rates on BN deposition rate
(Txn=1300 °C and B/Fe=15/1).

Deposition rates of boron nitride synthesized at 1300 °C with an inlet ammonia flow
rate of 150 cm®/min and different B/Fe weight ratios are given in Figure 5.25. It was
observed that BN deposition rate increased with an increase in the B/Fe weight ratio
and decreased slightly when the B/Fe weight ratio was 20/1. At lower weight ratios
such as 1/1 and 5/1, boron was the limiting reactant in the formation of boron-iron
compounds (FesB,) during the BNNT synthesis. When the weight ratio of B/Fe was
increased to 15/1, there were enough boron and iron in the initial powder mixture
to form the Fe,B, compounds. Therefore; an increase in the deposition rate of BN
was observed with an increase in the B/Fe weight ratio. The slight decrease in the
BN deposition rate at the B/Fe weight ratio of 20/1 was due to the decrease in the
iron amount in the initial powder mixture which might decrease the formation of
boron-iron compounds (Fe,B,). The Fe,B, compounds formed in the synthesis might
affect the formation of boron nitride, thereby the deposition rate of boron nitride.

59



100

~l [e2] O
o o o
TT T T

(=2}
o
r

BN Deposition Rate (g/min) x10*
N w Y (€]
o o o o
| ]
[ ]

—
o
T

o

1}1 5}1 15/1 20}1

Weight Ratio of B to Fe (w/w)

Figure 5.25 Effect of the B to Fe weight ratios on BN deposition rate
(Txn=1300 °C).

The deposition rate of BN with respect to temperature for boron nitride nanotubes
synthesized with the B to Fe weight ratio of 15/1 is given in Figure 5.26. An increase
in the deposition rate of BN was observed with an increase in the temperature. After
temperature reached 1300 °C, a decrease in the BN deposition rate was observed.
The BNNT formation reaction rate increased with an increase in temperature.
However, there was a decrease after 1300 °C, which might be due to the sintering
of the materials at higher temperatures. The decrease in surface areas and pore
volumes of the synthesized nanotubes also supported this effect. Similar trend was

observed when the B/Fe weight ratio was 20/1.
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Figure 5.26 Effect of temperature on BN deposition rate (B/Fe=15/1).

It was found that the highest deposition rate was obtained when boron nitride
nanotubes were synthesized with an inlet ammonia flow rate of 150 cm®/min and
the B/Fe weight ratio of 15/1 at 1300 °C.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Boron nitride nanotubes were successfully synthesized from the reaction of

ammonia gas with the powder mixture composed of boron and iron.

From the chemical analysis, nitrogen and hydrogen gases were observed in

addition to ammonia.

X-ray diffraction analysis showed that hexagonal boron nitride,
rhombohedral boron nitride, and boron-iron compounds (FeBs and Fe;B)

were solid phases in the synthesized material in addition to boron and iron.

The outer diameter of the synthesized nanotubes varied between 10-550
nm. Agglomerated, hollow, multi-walled nanotubes having open and closed-
ends were observed in the synthesized material. The interlayer distance
between BN sheets was measured about 0.33 nm which indicated the doo;

plane of hexagonal boron nitride.

The purified BNNTs synthesized at different temperatures exhibited Type II
isotherm with Type B hysteresis. Surface areas of the purified BNNTs
decreased with an increase in temperature. The highest surface area was
147.6 m%/g. Average pore diameter of BNNTs synthesized at different
temperatures was around 38 A.

Deposition rate of BN increased with an increase in temperature. After
temperature reached 1300 °C, a decrease in the BN deposition rate was

observed due to the sintering effect. The highest deposition rate was
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observed when BNNTs were synthesized with the B to Fe weight ratio of
15/1 at 1300 °C.

In agreement with the results obtained from this study, it is recommended
that the effect of inlet gas composition on the reaction kinetics can be
investigated. Different boron sources can be used to observe the effect on
the BN deposition rate. The sonication of the synthesized materials can be
performed before the purification in order to increase the dispersion of the
entangled nanotubes.
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APPENDIX A

VOLUMETRIC FLOW RATE CALIBRATION CURVES FOR ARGON AND
AMMONIA ROTAMETERS

A.1. Calibration Curve for Argon Rotameter
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Figure A.1 Volumetric flow rate calibration curve for argon rotameter.
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A.2. Calibration Curve for Ammonia Rotameter
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Figure A.2 Volumetric flow rate calibration curve for ammonia rotameter.
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APPENDIX B

THE MASS SPECTROMETER CRACKING PATTERN DATA FOR SYSTEM

GASES

For effluent gases, the cracking pattern data obtained from the library of the Hiden
Analytical HPR 20 Mass Spectrometer’s software, MASsoft, are tabulated in Table

B.1-B.5.

Table B.1 Mass Spectrometer Cracking Pattern Data for NHs.

Mass Intensity (%)
14 2.2
15 7.5
16 80
17 100
18 0.4

Table B.2 Mass Spectrometer Cracking Pattern Data for Ar.

Mass Intensity (%)
20 10.7
36 0.3
38 0.1
40 100
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Table B.3 Mass Spectrometer Cracking Pattern Data for H,.

Mass Intensity (%)
1 10
2 100

Table B.4 Mass Spectrometer Cracking Pattern Data for H,0.

Mass Intensity (%)
2 0.7
16 1.1
17 23
18 100
19 0.1
20 0.3

Table B.5 Mass Spectrometer Cracking Pattern Data for N,.

Mass Intensity (%)
14 7.2
28 100
29 0.8
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APPENDIX C

X-RAY DIFFRACTION DATA

C.1. XRD Data of the Synthesized Materials and Reference Compounds

XRD data of the hexagonal BN, rhombohedral BN, Fe, FeBsy, FesB, Fe; 12B103.36, and
the synthesized materials produced at different inlet ammonia flow rates, B to Fe
weight ratios, and the reaction temperatures are tabulated in Table C.1-C.31.

Table C.1 XRD data of hexagonal BN.

Catalog no: 34-0421
Hexagonal BN
Rad:CuKa1l (A:1.5406 A)

d (A) 20 (°) Intensity h k 1
3.328 26.76 100 0 0 2
2.169 41.59 23 1 0 0
2.062 43.87 10 1 0 1
1.817 50.14 16 1 0 2
1.663 55.16 12 0 0 4
1.550 59.55 <2 1 0 3
1.319 71.41 5 1 0 4
1.252 75.93 13 1 1 0
1.172 82.17 14 1 1 2
1.134 85.51 <3 1 0 5
1.109 87.94 <3 0 0 6
1.084 90.53 <3 2 0 0
1.031 96.66 3 2 0 2
1.000 100.68 10 1 1 4
0.908 115.93 <4 2 0 4
0.831 135.63 <4 0 0 8
0.830 136.14 4 1 1 6
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Table C.2 XRD data of rhombohedral BN.

Catalog no: 45-1171
Rhombohedral BN
Rad:CuKal (A:1.5406 A)

d (A) 20 (°) Intensity h k 1
3.334 26.71 100 0 0 3
2.119 42.61 20 1 0 1
1.989 45.56 12 0 1 2
1.666 55.06 8 0 0 6
1.638 56.07 4 1 0 4
1.470 63.18 2 0 1 5
1.251 75.95 8 1 1 0
1.193 80.41 <3 1 0 7
1.172 82.11 11 1 1 3
1.112 87.66 <3 0 0 9
1.077 91.23 <3 0 2 1
1.059 93.22 <3 2 0 2
1.001 100.62 7 1 1 6
0.831 135.85 4 1 1 9
0.816 141.13 4 2 1 1
0.808 144.53 4 1 2 2

Table C.3 XRD data of cubic Fe.

Catalog no:06-0696

Cubic Fe

Rad:CuKa1l (A:1.5405 A)
d (A) 26 (°) Intensity h k 1
2.026 44.67 100 1 1 0
1.433 65.20 20 2 0 0
1.170 82.33 30 2 1 1
1.013 98.94 10 2 2 0
0.906 116.38 12 3 1 0
0.827 137.13 6 2 2 2
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Table C.4 XRD data of FeBy,.

Catalog no:39-0418
Boron Iron (FeB,o)

Rad:CuKal (A:1.5406 A)

d (R) 20 (°) Intensity h k [

8.803 10.04 1 1 0 1

7.950 11.12 2 0 0 3

7.419 11.92 17 0 1 2
5.474 16.18 36 1 1 0
5.046 17.56 100 1 0 4
4.648 19.08 10 0 2 1

4,507 19.68 2 1 1 3

4.405 20.14 5 2 0 2
4,261 20.83 1 0 1 5
3.975 22.35 19 0 0 6
3.544 25.11 48 2 1 1

3.432 25.94 2 1 2 2
3.363 26.48 2 2 0 5
3.217 27.71 1 1 1 6
3.161 28.21 3 3 0 0
3.072 29.04 1 2 1 4
2.937 30.41 7 3 0 3

2.865 31.19 10 1 2 5
2.768 32.32 17 0 2 7
2.651 33.79 1 0 0 9
2.615 34.27 3 1 3 1

2.588 34.63 1 2 2 3
2.568 34.91 6 3 1 2
2.525 35.53 2 2 0 8
2.474 36.28 7 0 3 6
2.406 37.34 20 1 3 4
2.386 37.67 5 1 1 9
2.359 38.11 1 4 0 1

2.325 38.69 9 0 4 2
2.292 39.27 3 1 2 8
2.203 40.93 12 4 0 4
2.167 41.65 2 3 2 1

2.131 42.38 5 0 2 10
2.123 42.54 4 0 4 5
2.114 42.73 8 0 1 11
2.069 43.71 3 4 1 0
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Table C.4 (cont’d) XRD data of FeBys.

d (A) 20 (°) Intensity h k I

2.044 44.28 5 3 2 4
2.031 44.57 5 0 3 9
2.003 45.24 4 1 4 3

1.980 45.80 6 2 3 5
1.973 45.96 8 3 1 8
1.946 46.63 4 4 0 7
1.891 48.08 2 0 5 1

1.869 48.68 1 1 1 12
1.856 49.05 1 1 2 11
1.836 49.62 2 1 4 6
1.825 49.93 7 3 3 0
1.807 50.45 1 0 5 4
1.802 50.61 2 1 0 13
1.787 51.07 2 2 4 1

1.779 51.32 8 3 3 3

1,767 51.69 5 1 3 10
1.763 51.83 10 5 0 5
1.758 51.98 22 2 3 8
1.716 53.34 3 2 4 4
1,712 53.49 7 0 2 13
1.699 53.92 1 5 1 1

1.683 54.48 6 0 3 12
1.678 54.64 5 4 2 5
1.674 54.80 3 3 1 11
1.638 56.11 4 5 1 4
1.609 57.21 1 2 2 12
1.600 57.54 1 0 4 11
1.586 58.10 1 2 4 7
1.550 59.58 12 0 6 3

1.536 60.19 5 2 3 1
1.528 60.56 2 1 1 15
1.524 60.73 3 5 1 7
1.509 61.41 3 4 3 4
1.492 62.18 1 5 2 3

1.473 63.06 1 1 0 16
1.469 63.26 4 6 0 6
1.451 64.11 5 4 0 13
1.444 64.49 4 1 6 1

1.433 65.03 9 2 4 10
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Table C.4 (cont’d) XRD data of FeBys.

d (A) 20 (°) Intensity h k I

1.430 65.17 10 3 1 14
1.421 65.65 9 0 3 15
1.419 65.78 8 4 3 7
1.406 66.46 1 1 6 4
1.384 67.64 7 6 1 5
1.382 67.77 11 3 4 8
1.369 68.49 3 4 4 0
1.358 69.13 2 6 0 9
1.353 69.43 3 3 5 1

1.349 69.64 6 4 4 3
1.345 69.90 6 3 3 12
1.340 70.20 3 1 5 1
1.331 70.70 1 1 6 7
1.321 71.33 4 3 5 4
1.318 71.53 4 2 5 9
1.307 72.23 3 1 2 17
1.303 72.45 5 0 7 5
1.301 72.58 6 6 1 8
1.298 72.80 4 1 3 16
1.288 73.44 1 1 1 18
1.282 73.84 3 2 4 13
1.266 74.95 2 3 4 11
1.263 75.19 2 4 0 16
1.259 75.44 3 3 5 7
1.245 76.45 1 1 0 19
1.241 76.75 3 1 7 3

1.238 76.98 2 6 0 12
1.234 77.27 1 0 7 8
1.227 77.77 1 6 2 7
1.223 78.11 1 0 3 18
1.207 79.32 1 2 5 12
1.204 79.59 1 6 1 11
1.198 80.04 1 7 1 6
1.190 80.69 1 5 4 4
1.184 81.17 1 0 8 1

1.182 81.38 1 3 6 3

1.178 81.64 1 3 5 10
1.151 84.05 1 8 0 5
1.146 84.43 1 2 4 16
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Table C.4 (cont’d) XRD data of FeBys.

d (A) 20 (°) Intensity h k I
1.144 84.65 2 5 4 7
1.137 85.26 1 2 7 4
1.132 85.76 1 1 2 20
1.128 86.10 1 5 0 17
1.116 87.27 1 4 1 18
1.102 88.73 1 8 0 8
1.099 89.04 2 2 5 15
1.095 89.39 2 5 5 0
1.090 89.92 1 3 5 13

Table C.5 XRD data of FesB.

Catalog no: 39-1316

Boron Iron (Fes;B)

Rad:CuKa1l (A:1.5406 A)
d (A) 20 (°) Intensity h k |1
6.150 14.39 3 1 1 0
3.067 29.09 10 2 2 0
2.881 31.02 1 2 1 1
2.740 32.66 7 3 1 0
2.400 37.44 10 3 0 1
2.160 41.79 8 0 0 2
2.102 43.00 100 3 2 1
2.034 44,51 50 1 1 2
1.940 46.79 30 4 2 0
1.930 47.05 20 2 0 2
1.891 48.08 60 4 1 1
1.763 51.82 15 2 2 2
1.696 54.03 40 3 1 2
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Table C.6 XRD data of Fe,.1oF€103.36.

Catalog no: 30-0646

Boron Iron (Fe2_12B103_35)
Rad:CuKal (A:1.5406 A)

d (R) 20 (°) Intensity h k [

8.796 10.05 2 1 0 1

7.943 11.13 1 0 0 3
7.413 11.93 27 0 1 2
5.469 16.19 44 1 1 0
5.042 17.58 100 1 0 4
4.644 19.10 11 0 2 1

4.503 19.70 4 1 1 3
4.401 20.16 7 2 0 2
4.255 20.86 5 0 1 5
3.973 22.36 34 0 0 6
3.542 25.12 55 2 1 1

3.429 25.96 2 1 2 2
3.360 26.51 3 2 0 5
3.206 27.80 4 1 0 7
3.157 28.24 3 3 0 0
3.069 29.07 2 2 1 4
2.936 30.43 11 3 0 3
2.864 31.21 12 1 2 5
2.765 32.35 23 0 2 7
2.648 33.83 3 0 0 9
2.610 34.33 4 1 3 1

2.585 34.67 1 2 2 3
2.565 34.95 5 3 1 2
2.521 35.59 3 2 0 8
2.472 36.31 11 3 0 6
2.404 37.37 26 1 3 4
2.385 37.69 4 1 1 9
2.357 38.15 2 4 0 1

2.323 38.73 12 0 4 2
2.291 39.30 4 1 2 8
2.202 40.96 16 4 0 4
2.164 41.70 2 3 2 1

2.129 42.42 5 0 2 10
2.113 42.76 6 0 1 1
2.068 43.74 2 4 1 0
2.042 44.32 5 3 2 4
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Table C.6 (cont’d) XRD data of Fe; 1,Fe103.36.

d (R) 20 (°) Intensity h k I

2.030 44.60 6 3 0 9
2.001 45.28 6 4 1 3
1.978 45.84 7 2 3 5
1.945 46.66 3 4 0 7
1.889 48.12 1 0 5 1

1.867 48.72 1 1 1 12
1.855 49.08 1 0 4 8
1.834 49.67 3 4 1 6
1.824 49.97 8 3 3 0
1.806 50.49 2 0 5 4
1.801 50.64 2 1 0 13
1.786 51.11 3 2 4 1

1.777 51.37 8 3 3 3

Table C.7 XRD data of the synthesized material with the inlet ammonia flow rate of

50 cm®/min and the B to Fe weight ratio of 15/1 at 1300 °C.

20 (°) d (A) I/1,
26.40 3.3733 100
41.16 2.1914 33
53.86 1.7008 10
75.88 1.2529 15
81.42 1.1810 7

Table C.8 XRD data of the synthesized material with the inlet ammonia flow rate of

75 cm®/min and the B to Fe weight ratio of 15/1 at 1300 °C.

26 (°) d (R) 1/1,
27.02 3.2973 100
41.00 2.1996 41
54.28 1.6886 11
75.86 1.2531 19
81.52 1.1798 9
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Table C.9 XRD data of the synthesized material with the inlet ammonia flow rate of

100 cm*/min and the B to Fe weight ratio of 15/1 at 1300 °C.

20 (°) d (A) I/1,
26.92 3.3093 100
41.58 2.1702 28
54.28 1.6886 11
75.80 1.2540 13
81.42 1.1810 7

Table C.10 XRD data of the synthesized material with the inlet ammonia flow rate

of 125 cm*/min and the B to Fe weight ratio of 15/1 at 1300 °C.

20 (°) d (R) I/I,
27.04 3.2949 100
41.58 2.1702 30
54.06 1.6950 11
75.82 1.2537 17
81.52 1.1798 9

Table C.11 XRD data of the synthesized material with the inlet ammonia flow rate

of 150 cm®/min and the B to Fe weight ratio of 15/1 at 1300 °C.

26 (°) d (A) 1/1,
25.88 3.4399 100
41.60 2.1692 33
54.16 1.6921 11
75.82 1.2537 16
81.42 1.1810 9
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Table C.12 XRD data of the synthesized material with the inlet ammonia flow rate

of 175 cm*/min and the B to Fe weight ratio of 15/1 at 1300 °C.

20 (°) d (A) I/1,
26.48 3.3633 100
41.62 2.1682 32
54.16 1.6921 13
75.80 1.2540 16
81.52 1.1798 9

Table C.13 XRD data of the synthesized material with the B to Fe weight ratio of

1/1 and the inlet ammonia flow rate of 150 cm?®/min at 1300 °C.

20 (°) d (R) I/I,
25.98 3.4269 100
41.68 2.1652 39
44.26 2.0448 30
54.16 1.6921 13
75.66 1.2559 17
81.64 1.1784 13

Table C.14 XRD data of the synthesized material with the B to Fe weight ratio of

5/1 and the inlet ammonia flow rate of 150 cm*/min at 1300 °C.

26 (°) d (R) 1/1,
26.18 3.4012 100
41.68 2.1652 36
54.38 1.6858 11
75.80 1.2540 17
81.42 1.1810 8
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Table C.15 XRD data of the synthesized material with the B to Fe weight ratio of

15/1 and the inlet ammonia flow rate of 150 cm®/min at 1300 °C.

20 (°) d (A) I/1,
26.48 3.3633 100
41.64 2.1672 32
54.06 1.6950 11
75.80 1.2540 16
81.52 1.1798 10

Table C.16 XRD data of the synthesized material with the B to Fe weight ratio of

20/1 and the inlet ammonia flow rate of 150 cm?/min at 1300 °C.

20 (°) d (R) I/I,
26.50 3.3608 100
41.64 2.1672 31
54.28 1.6886 12
75.88 1.2529 17
81.64 1.1784 9

Table C.17 XRD data of the synthesized material with the B to Fe weight ratio of

25/1 and the inlet ammonia flow rate of 150 cm®/min at 1300 °C.

26 (°) d (R) 1/1,
26.26 3.3910 100
41.74 2.1623 37
53.74 1.7043 12
75.90 1.2526 17
81.52 1.1798 7
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Table C.18 XRD data of the synthesized material at 900 °C with the B to Fe weight
ratio of 15/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (A) I/1,
26.32 3.3834 100
32.20 2.7777 9
34.70 2.5831 9
37.46 2.3989 11
41.72 2.1632 35
44.66 2.0274 48
44.80 2.0214 39
47.60 1.9088 20
54.36 1.6863 13
57.14 1.6107 11
64.60 1.4416 9
75.94 1.2520 17
79.14 1.2092 9
80.22 1.1956 9
82.16 1.1723 20
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Table C.19 XRD data of the synthesized material at 1000 °C with the B to Fe
weight ratio of 15/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (R) 1/1o
26.62 3.3459 100
32.20 2.7777 19
34.64 2.5874 22
37.20 2.4150 19
41.74 2.1623 41
42.10 2.1446 34
44.60 2.0300 69
47.22 1.9233 19
49.70 1.8330 19
54.52 1.6818 19
55.80 1.6462 16
56.54 1.6264 13
64.74 1.4388 16
75.96 1.2517 19
79.02 1.2108 13
80.22 1.1956 13
82.08 1.1732 22
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Table C.20 XRD data of the synthesized material at 1100 °C with the B to Fe
weight ratio of 15/1 and the inlet ammonia flow rate of 150 cm?/min.

26 (°) d (R) 1/1,
26.46 3.3658 100
27.44 3.2478 38
32.22 2.7760 19
37.22 2.4138 19
41.56 2.1712 41
44.60 2.0300 78
47.20 1.9241 19
54.38 1.6858 19
64.74 1.4388 16
75.80 1.2540 19
79.04 1.2105 9
82.12 1.1727 28

Table C.21 XRD data of the synthesized material at 1200 °C with the B to Fe
weight ratio of 15/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (A) I/1,
26.92 3.3093 100
34.38 2.6064 12
41.62 2.1682 37
54.12 1.6933 14
75.92 1.2523 20
81.80 1.1765 10
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Table C.22 XRD data of the synthesized material at 1300 °C with the B to Fe

weight ratio of 15/1 and the inlet ammonia flow rate of 150 cm?/min.

26 (°) d (R) 1/1,
26.48 3.3633 100
41.64 2.1672 32
54.06 1.6950 11
75.80 1.2540 16
81.52 1.1798 10

Table C.23 XRD data of the synthesized material at 1400 °C with the B to Fe

weight ratio of 15/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (R) I/I,
26.62 3.3459 100
30.28 2.9493 2
33.02 2.7106 3
35.88 2.5008 2
41.00 2.1996 22
50.00 1.8227 5
54.12 1.6933 10
75.86 1.2531 15
81.62 1.1786 9
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Table C.24 XRD data of the synthesized material at 1500 °C with the B to Fe
weight ratio of 15/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (A) I/1,
16.42 5.3942 8
19.56 4,5348 5
26.78 3.3263 100
30.28 2.9493 5
32.54 2.7495 7
35.90 2.4995 8
41.68 2.1652 24
50.00 1.8227 7
54.24 1.6898 11
58.18 1.5844 7
60.44 1.5304 5
63.90 1.4557 4
75.88 1.2529 15
81.52 1.1798 8

Table C.25 XRD data of the synthesized material at 900 °C with the B to Fe weight
ratio of 20/1 and the inlet ammonia flow rate of 150 cm*/min.

26 (°) d (R) 1/1,
25.88 3.4399 100
31.66 2.8238 15
36.84 2.4378 13
41.60 2.1692 35
44.68 2.0266 45
46.98 1.9326 20
53.78 1.7032 15
75.82 1.2537 18
78.82 1.2133 8
81.60 1.1789 10
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Table C.26 XRD data of the synthesized material at 1000 °C with the B to Fe
weight ratio of 20/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (R) 1/1o
16.62 5.3297 13
17.38 5.0983 16
18.14 4.8864 16
19.26 4.6047 22
20.02 4.4316 22
25.72 3.4609 100
31.78 2.8135 19
34.18 2.6212 16
41.62 2.1682 44
45.28 2.0011 63
46.82 1.9388 19
50.00 1.8227 19
54.04 1.6956 16
56.06 1.6392 13
64.14 1.4508 13
75.72 1.2551 19
78.68 1.2151 13
81.80 1.1765 19
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Table C.27 XRD data of the synthesized material at 1100 °C with the B to Fe
weight ratio of 20/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (A) I/1,
16.62 5.3297 13
17.38 5.0983 16
18.14 4.8864 19
19.14 4.6333 19
20.02 4.4316 22
27.18 3.2783 100
31.66 2.8238 16
36.72 2.4455 19
37.48 2.3976 13
41.52 2.1732 38
44.52 2.0335 50
46.82 1.9388 16
53.90 1.6996 16
64.02 1.4532 13
75.32 1.2608 16
78.68 1.2151 9
81.46 1.1805 16

Table C.28 XRD data of the synthesized material at 1200 °C with the B to Fe
weight ratio of 20/1 and the inlet ammonia flow rate of 150 cm?/min.

26 (°) d (R) 1/1,
25.70 3.4636 100
40.88 2.2057 35
53.78 1.7032 12
75.78 1.2543 19
81.22 1.1834 10
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Table C.29 XRD data of the synthesized material at 1300 °C with the B to Fe

weight ratio of 20/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (A) I/1,
26.50 3.3608 100
41.64 2.1672 31
54.28 1.6886 12
75.88 1.2529 17
81.64 1.1784 9

Table C.30 XRD data of the synthesized material at 1400 °C with the B to Fe

weight ratio of 20/1 and the inlet ammonia flow rate of 150 cm?/min.

20 (°) d (R) I/I,
15.60 5.6758 5
20.32 4.3668 9
25.88 3.4399 100
33.30 2.6884 5
40.88 2.2057 28
53.90 1.6996 9
75.78 1.2543 16
81.22 1.1834 8
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Table C.31 XRD data of the synthesized material at 1500 °C with the B to Fe
weight ratio of 20/1 and the inlet ammonia flow rate of 150 cm?/min.

26 (°) d (R) 1/1,
15.72 5.6328 2
26.46 3.3658 100
41.56 2.1712 28
43.54 2.0769 17
50.00 1.8227 7
53.78 1.7032 10
64.14 1.4508 2
75.80 1.2540 20
81.82 1.1763 12
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C.2. XRD Pattern of Iron Used in the BNNT Synthesis
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Figure C.1 XRD pattern of iron used in the BNNT synthesis.



APPENDIX D

SEM IMAGES AND EDS SPECTRA OF THE SYNTHESIZED BNNTS

D.1. SEM Images of the Synthesized BNNTs

SEM images of the synthesized BNNTSs are given in Figure D.1-D.8.

7124/2012 HV mag spot 5um

11:56:55 AM ‘20.00 kV|15000x|11.0 mm|ETD| 2.0 Central Laborato

Figure D.1 SEM image of BNNTs synthesized at 1300 °C with an inlet ammonia
flow rate of 150 cm®/min and the B to Fe weight ratio of 5/1.
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12/13/2011 ‘ HV mag WD det | spot — pm —
10:46:39 AM [10.00 kV| 40 000 x|10.2 mm|ETD| 2.5 Central Laboratory

Figure D.2 SEM image of BNNTs synthesized at 900 °C with an inlet ammonia flow
rate of 150 cm®/min and the B to Fe weight ratio of 15/1.

12/13/2011 HV mag WD | det | spot L R —
10:50:44 AM [10.00 kV| 100 000 x |10.3 mm|ETD| 2.0 Central Laboratory

Figure D.3 SEM image of BNNTs synthesized at 1000 °C with an inlet ammonia
flow rate of 150 cm?/min and the B to Fe weight ratio of 15/1.

95



A L V]
¢ ‘m )
7124/2012 HV ‘ mag wD det | spot — 4 pm

10:52:49 AM |30.00 kV| 25 000 x|10.9 mm|ETD| 4.0 Central Laboratory

Figure D.4 SEM image of BNNTs synthesized at 1200 °C with an inlet ammonia
flow rate of 150 cm®/min and the B to Fe weight ratio of 15/1.

‘ HV mag WD | det |spot 5um
4:21:36 PM|30.00 kV|16 000 x |11.0 mm|ETD| 5.0 Central Laboratory

12/23/2010

Figure D.5 SEM image of BNNTs synthesized at 1300 °C with an inlet ammonia
flow rate of 150 cm?/min and the B to Fe weight ratio of 15/1.
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X

71242012 | HV | mag | WD | det |spot 10 um
11:07:29 AM [20.00 kV|8 000 x|10.7 mm|ETD| 2.0 Central Laboratory

Figure D.6 SEM image of BNNTs synthesized at 1400 °C with an inlet ammonia
flow rate of 150 cm®/min and the B to Fe weight ratio of 15/1.

¢

12M3/2011 | HV | mag | WD | det |spot T p—
11:38:40 AM [10.00 kV| 59 969 x |10.1 mm|ETD| 2.0 Central Laboratory

Figure D.7 SEM image of BNNTs synthesized at 1300 °C with an inlet ammonia
flow rate of 150 cm?/min and the B to Fe weight ratio of 20/1.
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12/28/2011| HV mag WD | det |spot 4pum
3:00:03 PM [30.00 kV |24 000 x [11.1 mm|ETD| 6.0 Central Laboratory

Figure D.8 SEM image of BNNTs synthesized at 1400 °C with an inlet ammonia
flow rate of 150 cm?/min and the B to Fe weight ratio of 20/1.
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D.2. EDS Spectra of the Synthesized BNNTs

EDS spectra of the synthesized BNNTs are given in Figure D.9-D.11.

Mg

2.00 4.00 6.00 8.00 10.00 12.00 keV

Figure D.9 EDS spectrum of the synthesized BNNTs produced at 1000 °C with an
inlet ammonia flow rate of 150 cm®/min and the B/Fe weight ratio of
15/1.

99



Fe Fe Au

4.00 5.00 6.00 7.00 8.00 9.00 keV

Figure D.10 EDS spectrum of the synthesized BNNTs produced at 1200 °C with an
inlet ammonia flow rate of 150 cm®/min and the B/Fe weight ratio of
20/1.

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 keVv

Figure D.11 EDS spectrum of the synthesized BNNTs produced at 1500 °C with an
inlet ammonia flow rate of 150 cm®/min and the B/Fe weight ratio of
15/1.
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APPENDIX E

TEM IMAGES OF THE PURIFIED BNNTS

TEM images of the purified BNNTs are given in Figure E.1-E.4.

Figure E.1 TEM image of the purified BNNTs synthesized at 1300 °C with the B to
Fe weight ratio of 15/1 and the inlet ammonia flow rate of 150

cm?/min.
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Figure E.2 TEM image of the purified BNNTs synthesized at 1400 °C with the B to
Fe weight ratio of 15/1 and the inlet ammonia flow rate of 150

cm?/min.

Figure E.3 TEM image of the purified BNNTs synthesized at 1400 °C with the B to
Fe weight ratio of 15/1 and the inlet ammonia flow rate of 150

cm®/min.
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Figure E.4 TEM image of the purified BNNTs synthesized at 1500 °C with the B to
Fe weight ratio of 15/1 and the inlet ammonia flow rate of 150
cm?®/min.
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