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Abstract

Boron nitride nanotubes (BNNTSs) are emerging nanomaterials attractive in various
industries like semiconductors, energy storage systems, and aerospace applications because
of their exceptional properties. Theoretical and experimental investigations have increased
in the last two decades to gain new insights on BNNTs. Their exotic properties are
unavailable to their carbon counterpart, carbon nanotubes (CNTs). BNNTs are as strong
as CNTs with Young’s modulus up to 1.3 TPa, and are more thermally stable in air than
CNTs up to 900 ° C. BNNTs exhibit inherent properties such as a piezoelectric function
that can produce electrical responses from stretching and high-neutron absorption that can
provide protection against harmful radiation sources.

Moreover, the wide band gap of BNNT, ~5.5 eV, makes them electrically insulating
yet thermally conductive. Unarguably, compared to CNTs, BNNTs are much less studied
and applied rooting from the mass-production issues and limited liquid and solid processing
technologies. This thesis explores the design of a system to produce high-quality BNNT
dispersion, translated into highly organized nanostructures.

The successful purification of mass-produced BNNTSs fabricated via induction plasma
torch method is discussed. A non-aromatic polymer, ethyl cellulose (EC), was examined to
wrap the BNNTs uniformly and selectively. The wrapping mechanism is supported by the
non-covalent functionalization. This allows the isolation of BNNTs from the hexagonal
boron nitride and boron oxides impurities via sonication and density-gradient separation in
a solution containing EC. Approximately 55 wt.% of BNNT was retained in the colloidal
dispersion using benzyl alcohol as solvent. This yield is higher than the dispersion prepared
with previously studied conjugated polymer dissolved in chloroform.

Generally, one-dimensional (ID) nanomaterials are randomly oriented when
introduced in nanostructures. The hierarchical organization of BNNTs and CNTs to
organized assemblies are substantial to attain optimal properties. From the random BNNT
films fabricated using EC systems, highly organized BNNT-polymer assemblies were
observed when polyvinyl butyral (PVB) was used instead of EC. The alignment
quantification of 1D systems using high-resolution scanning electron microscopy (HR-
SEM) images run on Matlab is applied in this work. The degree of alignment was enhanced
to 78% BNNTs contained in the uniform deposits of the BNNT films.

In the last part of the thesis, I will deliver a summary and perspective scope of the
present research. The initial investigation in this research is valuable for attaining the

optimum behavior of BNNT-based nanostructures for advanced applications.
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Chapter 1

Introduction to Boron Nitride Nanotubes (BNNTSs)



Boron nitride nanotubes (BNNTs) are emerging nanomaterials attractive in various
industries like semiconductors, energy storage systems, nanomedicines, and aerospace
applications because of their exceptional properties’™. The last two decades have
increased theoretical and experimental investigations to gain new insights on BNNTs.
Their exotic properties are unavailable to their carbon counterpart, carbon nanotubes
(CNTs). Unarguably, compared to CNTs, BNNTs are much less studied and applied
rooting from the bulk-production issues and limited liquid and solid processing
technologies®. Therefore, this dissertation explores the design of a system to produce
high-quality BNNTs, translated into highly organized nanostructures.

This opening chapter will provide an overview of the structure, properties, and
processing techniques leading to possible future applications. The literature background
will cover reviews on the available purification and sorting techniques. From there, we
will specify our attempts to contribute to unexplored areas by stating the objectives and

scope of the study.

1.1 Structure and properties

A boron nitride nanotube can be imagined as a planar hexagonal boron
nitride (hBN) rolled into a single layer BN nanotube (Fig. 1.1). It has a similar
tubular structure to its carbon nanotube (CNT) counterpart in which alternating
B and N atoms fully substitute for C atoms. The B—N bonding possesses a
partially ionic character compared to C—C bonding in CNT, resulting to a typical
multi-walled (mw-) BNNT system due to the B—N stacking characteristics®. In

contrast, the weaker van der Waals interaction in CNT makes the formation of a



single-walled (sw-) tubular structure much easier. Transmission electron
microscope (TEM) images show various BNNTs with N-number of walls (Fig.
1.2). The interwall distance of the mw-BNNT is 3.4 A. Previously synthesized

BNNTs have a diameter ranging from 2 to 50 nm and lengths up to 5 um.

XA AL AR

Fig. 1.1 Structural model of BN nanotube rolled from BN. Reproduced from Ref.

[6], with permission from American Chemical Society.

The rolling fashion of the planar hBN, indicated by the corresponding (n,
m) indices (Fig. 1.2) determines the helicity or chirality of BNNT. Armchair (n,
n), zigzag (n, 0), and helical (n, m) orientations of BNNTs are synthesized, zigzag
configurations being the most common. Previous studies have shown a strong
correlation between BNNT walls, each inner wall matching the chirality of the
outer shells”. Contrastingly, all helicities of CNTs are statistically equal, in which
the chirality of the walls are generally random in mw-CNTs®.

BNNT has excellent mechanical properties and high thermal
conductivity®’. The experimental Young’s modulus was measured up to TPa level,

similar to CNTs!*"2, The ionic character of the B—N bond remarkably gives
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BNNT their inherent properties. The charge transfer from B to N atoms increases
the gap between the valence and conduction bands, making BNNT a wide gap
semiconductor. The band gap energy is reported between 5 — 6 eV®'3. Early
theoretical studies found all BNNT structures as semiconducting materials with
band gap higher than 2 eV'. Narrow BNNT with diameter <1 nm has calculated
band gap <2 eV, no experimental studies have produced very small diameter tube.
Increasing the diameter up to about 50 nm increases the band gap up to a limit

similar to the hBN, ~6 eV . This wide band gap is not dependent to the change in

chirality®.

.3'/13

7 (m,0) zigzag

N
(n,n) armchair

Fig. 1.2 Chirality, n-wall BNNTs. Reproduced from Ref. [16], from Physics Today

The polarized B=N double bond of BNNT also makes them piezoeletric,
inducing charge difference from applied mechanical forces'”!8. Self-assembled
BNNT thin films produced a piezoelectric coefficient of 41.12 pm/V higher than
commercially available piezoelectrics zinc oxide nanomaterial (12.4 pm/V) and
polyvinylidene fluoride (20-28 pm/V)'°. Molecular dynamics studies have shown
the piezoelectric property of mw-BNNTs (Fig. 1.3)%. For an odd-layer number of
wall, piezoelectric polarization increases linearly with increasing radius but

decreases with number of layers. On the other hand, for an even-layer number of
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wall, the piezoelectric polarization is independent of the radius but increases

linearly with number of layers®.
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Fig. 1.3 Piezoelectric coefficient of multiwalled-BNNTSs. Reproduced from Ref.

[21], with permission from Elsevier.

Boron-based compounds like BNNT show high neutron absorption
characteristics. Natural boron shows thermal neutron absorption about 760 barns
higher than 2*U (549 barns) and lower than °Li (940 barns)?2. This makes them
one of the best candidates for neutron shielding. The reactions capturing neutron
is shown below (Fig. 1.4), summarized by equations 1.1 and 1.2. The °B nucleus
transforms to a meta-stable !'B nucleus after capturing a neutron that instantly

decays to Li and He atoms.

7
‘4 b
/

o
Netlsror\ - ;‘%*_ ™ -
L Gammi

[ 4 J
"\ Boron
\
i

g 4
‘,:_;i _He

Fig. 1.4 Neutron capture mechanism using Boron
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1.2 Methods of synthesis

The theoretical prediction of boron nitride nanotubes in 1994 by Cohen
and its first successful synthesis in 1995 by Zettl’s?® lead to considerable growth
of research on BNNT. Different methods of synthesis have been done to fabricate
BNNTs. The temperature, catalyst, B and N source on these methods have
affected their quality and quantity. The most common methods are presented

below.

1.2.1 Arc-discharge method
The first BNNT was fabricated by arc-discharge between a BN-packed
filament rod and cooled copper electrode®. The anode part was quickly
vaporized when the arc plasma was generated between the cathode and
anode. The fabricated BNNTs had a length of 200 nm and an inner
diameter of 1-3 nm. The arc cone occupies a small volume where BNNTs
are formed, therefore, only small amounts of BNNTs are produced with

this method.

1.2.2 Ball-milling method
The boron powder was ball-milled with ammonia (NH;) gas followed
by annealing in N, atmosphere*. Long milling time promotes the nitration
process between boron and NHj giving a higher yield. The optimal

annealing temperature was also recorded at1200 °C to obtain more BNNT

13



1.2.3

1.2.4

products. However, promising for low-cost industrial production of
BNNTs, the final product contains a considerable number of impurities

such as amorphous boron and boron nitride flakes along with BNNT.

Chemical vapor deposition method

The first attempt to synthesize BNNT using chemical vapor deposition
(CVD) method was carried out using borazine and metal catalyst like Co
and Ni at 100-1100 °C temperature®®. CVD was adopted to fabricate
BNNT based on carbon nanomaterials method of synthesis. Compared to
other methods, it offers better controllability of various parameters like
precursors, catalyst, and experimental setup to obtain high-quality
nanomaterials®. Instead of using gas precursors of B, solid or liquid boron
sources are used along with N sources like N, or NH;. The diameter of
BNNT produced via CVD method ranges from few nanometers to 70 nm,
with length of 10-micrometer. The great control of the experimental
conditions also leads to higher quality of BNNT, however, the yield is still

considerably low.

Laser-ablation method

The first successful fabrication of BNNT using laser-ablation method
was done by Golberg?’. Multi-walled BNNT's were synthesized using cubic
and hexagonal BN melted by laser up to 5000 K under extremely high
pressure of nitrogen gas. In this method, the phase transformation of the

solid boron or boron nitride to liquid due to laser heating increases the

14



1.2.5

reaction between boron and the nitrogen atmosphere resulting in more
efficient growth of BNNT. The method has produced fewer walls of
BNNT of high crystallinity. Gram-scale synthesis has been achieved under
high temperature/pressure conditions using boron metal fibers and

nitrogen gas by LASA Langley Research center.

Plasma processes

The previously presented methods of synthesis have achieved a gram
scale synthesis of higher quality of BNNTs. The milligram per hour rate
via laser-ablation method, however, is still limited due to the restraint on
the area where BNNT can grow. Hence, alternative methods using plasma

have been done?®?

where higher thermal energy can be distributed over a
larger volume making it possible to produce more BNNTs.

Thermal plasma jet method is done using two concentric electrodes, the
anode, and the cathode. The arc plasma jet is formed when gas mixtures
containing Ar, N2, and H, flow between the electrodes®. A high production
rate of 20 grams per hour BNNTs was achieved using Radio Frequency

induction plasma jet process®'. The highly crystalline and few-walled

BNNT formed has a diameter of 5 nm.

15



1.3 Purification, dispersion, and functionalization

The trade-off in the quantity and quality of BNNT produced by existing
fabrication methods has limited large-amount application of high-quality BNNT.
Recent advances in producing gram-scale of BNNT via high temperature and
pressure (HTP) laser ablation techniques and plasma processes greatly improved
the BNNT quality, however, significant number of impurities containing boron
and its oxides, and different forms of boron nitride, most distinguishably
hexagonal boron nitride (h-BN), are also formed®*3. The impurities affect the
dispersibility, solubility, and stability of BNNT in solution®. They alter the
properties of BNNT for various practical applications. The mechanical strength
and thermal conductivity are sub-optimal when BNNT's are used as reinforcement
In nanocomposites.

1.3.1 Removal of elemental boron and its oxides

The removal of elemental boron and its oxides are well established®. The

presence of amorphous boron makes the bulk-produced BNNTSs gray in

comparison to white to yellowish form of oxidized BNNT (Fig. 1.5).

Before

Fig. 1.5 Bulk-produced BNNT before and after oxidation. Reproduced from Ref.

[32] with permissions from Nanoscale Advances and RSC.

16



The raw materials are oxidized in air to convert amorphous boron to their
oxide form. The thermogram profile (Fig. 1.6) of BNNTSs shows an initial
decrease at 200 °C, releasing volatile impurities. After 400 °C, the mass
gradually increased to 130 wt% of the starting sample. This increase indicates
the formation of boron oxides, B2Os3, from the amorphous boron impurities.

After 800 °C, the hexagonal boron nitride (h-BN) and BNNTSs are oxidized.

1.30 4~ [——98% h-BN in Air
—— AR-BNNTS in Air /i
—— AR-BNNTS in Air Hold @ 800 °C

1.25

1.20 -f

LE |

115+
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C (é‘ef"‘
1004 o / J
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P SR T N Rt

AP . N
0 200 400 600 800 1000
Temperature °C

Fig. 1.6 Thermogravimetric analysis of as received BNNTs. Reproduced from
Ref. [32] with permissions from Nanoscale Advances and RSC.

The oxides formed after the calcination process are easily removed by
washing with warm water followed by filtration. The oxidized and washed
(ow-) BNNT samples appear white in color. The remaining impurities are h-

BN that are treated more especially due to obtain highly pure BNNT.
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1.3.2 Removal of hexagonal boron nitride (h-BN) impurities

Hexagonal boron nitride (h-BN) impurities are harder to remove due to
their chemical resemblance to BNNTs. The difference in the density of h-BN
and BNNT was taken advantaged to increase the purity of BNNT after the
removal of volatile components and boron impurities. Sonication-assisted
isovolumetric filtration (SAIF) was used to enrich the BNNT content of
oxidized then washed (ow) BNNTs by tip-probed sonication in a mixture of
dimethyl formamide (DMF) and acetone®. This promotes exfoliation and
disaggregation of bundled BNNT and hBN that is separated via vacuum
filtration. The difference in the aspect ratio of hBN with BNNT allows the
successful removal of h-BN as it is selectively passed through the nanopores
of the filter membrane.

The cyclic, « -conjugated surface and defects make it possible to
functionalize BNNT. This helps in strategizing separation of h-BN and BNNT
improving compatibility of BNNTs in various systems. Different water-
soluble surfactants have been previously introduced to the surface of BNNTs

to differentiate BNNTs and h-BN.

1.3.3 Functionalization of boron nitride nanotubes

The chemical modification of BNNT is crucial for their successful
dispersion into solvents and different matrices like polymers. BNNT surface
were successfully modified via covalent and noncovalent functionalization® 2,

BNNTs were alkylated after reduction with 1-bromohexane as shown in Fig.

1.7%. Theoretical calculations suggest that reducing BNNTSs, i.e. making the

18



surface negatively charged, would increase their chemical reactivity towards

various radicals like *CHj;, *NH,, and *OH.

»0 Na*(THF), 4,
+ e + Bra~~—
Na*(THF), Na*(THF),

pristine BNNT reduced BNNT alkylated BNNT

Fig. 1.7 Covalent functionalization of BNNT via reduction chemistry.

Reproduced from Ref. [38], from American Chemical Society.

The modification of BNNT via covalent approach increased their
reactivity, however such reduction reactions could also alter the inherent
properties of BNNT. Early studies have improved the dispersibility of
BNNTs in solvents by non-covalent approaches®”443,

Non-covalent functionalization is preferred to keep the high-
mechanical strengths and conductivity of CNTs. However, extended to the
BNNT system, the approach is limited to a few cases. Using highly
conjugated and conductive polymer poly[m-phenylenevinylene-co-(2,5-
dioctoxyphenylenevinylene)], (PmPV) in chloroform, BNNTs were
successfully functionalized®. The = -conjugated rings of BNNT and xz -
system of the polymer creates an effective x - & stacking interactions
between them, forming a homogeneous dispersion of BNNT in

chloroform (Fig. 1.8).
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1.3.4
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Fig. 1.8 BNNT dispersion using polymer dissolved in chloroform. Reproduced

from Ref. [43], from American Chemical Society.

The nanocomposite inks of boron nitride nanotubes

The “dispersion” of BNNT and the “inks” of BNNT will be used

interchangeably throughout the manuscript. Inks refer to any mixture

containing variety of substances such as solvents, polymers, nanotubes,

and other materials. They are used for wide applications such as functional

coatings, ink-jet printed films, and paint technologies. The formulation of

good inks of BNNTSs requires purification and separation of aggregated

BNNTs to form a stable suspension of BNNTSs in the solution. However,

issues arrising from the low purity and poor dispersibility are needed to be

addressed first to produced good inks of BNNTs.

The poor dispersibility of BNNTs via direct solvation, or by using a

single solvent, leads to the design of various approaches previously

discussed. Compared to available CNT processing technologies, the

solution processing techniques for BNNT are far way behind. Solid-state

applications would require excellent dispersion of the nanotubes, to be
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able translate their properties into applications. These fabricated
nanomaterials-based products require uniformly distributed composition.
Moreover, one-dimensional nanomaterials, in general, are randomly
oriented when introduced in nano composites leading to sub-optimal
properties. Hence, hierarchical orders like the alignment of nanotubes in

fabricated nanomaterials are highly sought for optimum properties.

1.4 Objectives and structure of thesis

Therefore, the objectives of this thesis are:

1. Develop a practical purification route for bulk-produced BNNTs.

2. Design a stable dispersion system for BNNTSs.

3. Investigate the assemblies of BNNT in uniform nanofilm deposits.

An introduction to BNNT materials is briefly presented in Chapter 1. It
includes discussion on the properties, fabrication, purification, and
functionalization, stating the primary objectives of the study.

Chapter 2 then proceeds to the development of a purification system
producing a stable and uniform dispersion of BNNTs. A solution-based approach
is discussed avoiding the energy intensive calcination route. Different dispersion
systems, 7e. polymer solvent systems are designed using a wide range of solvent.

Chapter 3 then discusses the attempt to improve the alignment of BNNT in
uniformly deposited films. In includes high control of the alignment of the BNNT

by studying parameters such as polymer addition and substrate treatment. The
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chapter also includes a discussion on the alignment quantification technique we
employed using high-resolution images run on a software.
Chapter 4 finally gives the summary of the research. Additionally,

recommendations and prospects are covered for this emerging nanomaterials.
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Chapter 2

Purification and Formulation of the Inks of Boron Nitride

Nanotubes (BNNT's)
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2.1 Introduction

The application of boron nitride nanotubes (BNNTs) are limited
compared to their well-studied carbon nanotubes (CNTs) counterpart, mainly
due to the low purity of mass-produced BNNTs and the low selectivity in
dispersing BNNTs containing other impurities in almost all solvents®3*4.

Recent bulk-production methods produced tubes with significant amount
of impurities containing boron and its oxides, and different forms of boron nitride
(BN), most distinguishably hexagonal boron nitride (hBN), has been proven
difficult to remove, due to its chemical resemblance with BNNT**5. Moreover,
various researches have focused on the functionalization of the tube’s surface with
polymers, surfactants, and peptides or biomolecules to enhance its dispersibility
in wide range of solvents®***%, Here, we report the versatility of a non-aromatic
polymer ethyl cellulose (EC) to functionalize and disperse BNNTs.

We will discuss a simplified and more practical approach of the
simultaneous purification and dispersion of BNNTs from a bulk-produced source.
The results presented in this chapter were published [A] and patented [B] as

follows:

[A] De los Reyes FD, Fujieda T, Takeuchi A, Kawai T, Nonoguchi Y.
“Isolation of exfoliated boron nitride nanotubes via ethyl cellulose wrapping”.
Nano Select. 2021; 2(8), 1517-1524 (Wiley, selected as journal issue cover).

[B] Et: 1F, 20O #E£2Z, 7l vid+ FLY TR LAfIX

(Florencio Delen De los Reyes), & AL, 1T B, "Method of
producing boron nitride nanotubes", Patent No. W02022/102741, (2022)
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2.1.1 Non-covalent functionalization

The functionalization of BNNTs can be done via covalent or non-
covalent modifications. Covalent functionalization offers higher reactivity
and stability due to the functional moieties chemically introduced to the
tube, however, this process alters the intrinsic properties of BNNTSs
because of significant structural damage during the chemical reactions®,
Hence, non-covalent functionalization is more preferred, employing a
simplistic and less destructive approach while maintaining their inherent
characteristics*'.

The x -conjugated rings of B=N structure in BNNTs make it
possible for small, big, or long molecules to bond non-covalently on its
surface via x -interactions. Early studies on the functionalization of
BNNTs have used aromatic polymers like poly(m-phenylene-co-2,5-
dioctoxy-p-phenylenevinylene) (PmPV) to form dispersion in organic
solvents, stabilized by x -7 stacking interactions®*. On the other hand,
non-aromatic polymers have been used for non-covalent functionalization
of CNTsvia CH- 7 and OH- x interactions. Though effective interactions
are expected when highly conjugated polymers are used to functionalize
BNNTs, various systems that are widely available and inexpensive are
continuously being explored including surfactants and non-aromatic

polymers®®.
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2.1.2 Ethyl cellulose

Ethyl cellulose (EC) is nontoxic and soluble in various organic
solvents. It is also cost-effective and readily available compared to the
established highly-conjugated PmPV for dispersing BNNTs**, It has
been previously used by our group, to prepare the inks of CNTs resulting
to higher CNT yield and great stability. Furthermore, it is highly flexible
with alkyl and hydroxyl groups in its backbone, that makes it a great
candidate material to functionalize BNNT surface via non-covalent
bonding®. In the present study, EC was thus employed and studied in

preparing BNNT dispersions in wide range of solvents.
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2.2 Materials and Methods

2.2.1 Isolation of BNNTSs via EC-assisted dispersion and

centrifugation in organic solvents

BNNTs (BNNT-R No. 34235, Tekna Advanced Materials Inc.) were
mass-produced based on induction plasma-torch methods with a reported
BNNT percentage by weight of approximately 50%, and impurities hexagonal
boron nitride (h-BN) and boron oxides of about 30 wt.% and 20 wt.%,
respectively. Ethyl cellulose (EC) polymer (45-55 mPa-s, Tokyo Chemical
Industry Co.) was dissolved in various solvents such as acetone, benzyl alcohol,
butanol, ethanol, methanol, propanol, tetrahydrofuran, and toluene (Wako
Pure Chemical Corporation) to prepare the dispersion media, referred here as
the polymer-solvent (PolSol) system. In a preliminary experiment, EC
samples of different viscosity results in almost the same BNNT dispersions.
Therefore, EC (45-55 mPa-s) was conventionally used in the present
study.

About 5 mg of the original material was mixed with 20 mL of PolSol system
in a vial. The system was dispersed using QSonica ultrasonic dispersion
machine and was centrifuged using Kubota 7000 to separate the colloidal
dispersion and residue for characterization. The sonication time was varied at
10, 20, 60, and 90 minutes. The centrifugation rate and time were also varied
at 10000, 20000 and 30000 relative centrifugal force (RCF); and 60mins,
120mins and 180mins, respectively. The actual photo of the BNNT

dispersions was shown in Figure 2.1.
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The PolSol concentrations were varied from 0.050%, 0.025%, 0.125%,
0.250%, and 0.500% mg EC per mL of solvent used, respectively. For
comparison, ow-BNNTs were used in preparing the dispersion using the
PolSol system. The percent (%) BNNT in the colloidal dispersion was also

analyzed by mass analysis.

Fig. 2. 1 Sample BNNT dispersions at varying EC concentrations, left to right, from
0.500, 0.250, 0.125, 0.060, 0.030, 0.015, and 005 wt.% of EC per solvent (mg/L).

Fig. 2.2 summarizes the flow of the purification process by isolating the

polymer-wrapped BNNT from the de-bundled source, dispersed in organic

solvents.
™\ 4 ™ 4
Polymer-Organic > N > Centrifusati
Solvent System (PolSol) Sonication entrifugation
\ j// \
L Colloidal .
Calcination Dispersion Residue

Fig. 2.2 BNNTs were purified directly (red arrow, =) without prior
heat treatment via mixing followed by centrifugation in the polymer-
organic solvent systems. Previously reported purification involves

heat-treament before dispersion (black arrow, =)
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2.2.2 Characterization

Ultra high -resolution field emission scanning electron microscopy (UHR
FESEM) was carried out using Hitachi SU9000 equipped with a secondary
electron detector. The equipment features superior low-kV performance
utilizing in-lens SEM optics and improved vacuum technology. The samples
were run using an acceleration voltage ranging from 1 to 5 kV. The samples
were prepared by drop casting the BNNT dispersion in a cleaned silicon (Si)
wafer which was either dried or calcined prior to imaging.

Transmission electron microscopy (TEM) was carried out using JEOL
JEM-3100FEF operating at 300 kV. The samples were prepared by drop
casting the BNNT dispersion on a high-resolution copper grid coated with
thin layer of carbon for adhesion (HRC-C10 STEM Cul00P).

Fourier transform infrared spectroscopy (FT-IR) measurements were
performed using a JASCO 4200 spectrophotometer equipped with a reflection
ATR accessory for the powder samples.

The optical absorption spectra of the colloidal dispersion were measured
using a SHIMADZU UV-3600Plus spectrophotometer.

Thermogravimetric (TG) analysis was conducted on the remaining
residue after dispersion and centrifugation, using Shimadzu TGA-60. The
temperature was ramped up from 30 °C to 1100 °C at 10 °C min' with
continuous supply of dry air across the sample at 100 mL hr'. The
thermogram profile was used for the percent (%) BNNT dispersion yield

calculation via mass analysis.
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2.3 Results and Discussion

2.3.1 Morphology of BNNT before and after purification

The mass-produced BNNT source were imaged using scanning electron
microscope (SEM) before the purification process. The SEM micrograph of
as-received (ar-) materials with reported composition of 50% BNNT, 20%
hBN, and 30% other impurities including boron nitride (BN) cages and
volatile components, is shown below (Fig. 2.3a). After the optimal cleaning
process, the purified BNNTs (p-BNNTs) were imaged using SEM and
transmission electron microscope (TEM) as shown (Fig. 2.3b, c, d). Minimal
amount of impurities remained (Fig. 2.3b), suggested to be traces of BN cages
and nanoparticles, which are attached to BNNTs (Fig. 2.3c) making it more
difficult to be removed without damaging the nanotubes. BNNT was
selectively and individually wrapped by EC (Fig. 2.4) which forms a very stable
dispersion of BNNT in the PolSol system. The red arrow shows the uniform
wrapping of EC, differentiated by TEM characterizations. The wrapping

mechanism is provided in Fig. 2.5%.
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Fig. 2.3 SEM images of (a) as-received BNNTs with impurities, (b) purified
BNNTs via dispersion, casted and dried in silicon wafer, and TEM images (c-

d) showing individual BNNT wrapped with EC polymer

Fig. 2. 4 TEM images of purified BNNTs showing individualized tubes, uniformly
wrapped with the dispersant EC indicated by the red arrows.
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2.3.2 Functionalization of BNNTs with EC in organic solvents

The ar-BNNT source formed a transparent, yellowish, colloidal dispersion
with EC in the polymer-solvent (PolSol) systems after mixing and
centrifugation (Fig. 2.5). EC is a non-aromatic polymer bearing alkyl and
hydroxyl groups in its backbone suggesting that wrapping is due to the CH-n
and OH-r interactions between EC and BNNT. These non-covalent bonds
can be stabilized by a solvent that can form additional interactions to the tube

and polymer. We choose common organic solvents that can all dissolve EC but

differs in polarity, hydrophobicity, and aromaticity.

BNNT source

Mixing
+ —
Centrifugation

Polymer-Solvent System
-

Colloidal Dispersion

| of Isolated BNNTs

> &
D

.

b Impurities

Ethyl Cellulose

Benzyl Alcohol

Boron nitride nanotube

Fig. 2.5 The isolated BNNT after mixing and centrifugation is stabilized by

EC wrapped in its surface via non-covalent functionalization, dispersed in

BnOH. Reproduced from Ref. [50] with permissions from Wiley and Nano

Select.

2.3.3 Absorption of BNNT dispersion using different solvents

The degree of dispersibility of BNNT was highest in the EC-benzyl alcohol
(BnOH) system based on the UV-Vis absorption spectra of the dispersion

obtained from 300-600 nm (Fig. 2.6A), where absorbance is expected
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proportional to solute concentration on the basis of the Lambert-Beer’s law.
BnOH possesses polarity and aromaticity, capable of forming H-bonding and
hydrophobic interactions with EC. BnOH can also adsorb in the unwrapped
or exposed surface of BNNT held by n-r interactions when the aromatic ring
is oriented towards the tube. In addition, the polarizability of the B-N bonds
in BNNT can offer additional N-H interactions, adding stability to the

dispersion system.
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Fig. 2.6 UV-Vis absorption spectra of (A) BNNTs dispersed in EC dissolved using common
organic solvents and (B) BNNT dispersion at increasing concentration of EC using BnOH
as solvent, with inset absorbance values versus different EC concentrations, of the

dispersion at 300 nm.
The optimum amount of EC needed to disperse the maximum amount of
BNNT in a fixed volume of BnOH was also determined from the UV-Vis
absorption spectra of BNNT dispersions at varying PolSol concentrations,
measured from 300-600 nm (Fig. 2.6B), with inset absorbance values versus
different EC concentrations, of the dispersion at 300 nm. At 0.125% mg EC per
mL of a solvent used, the maximum absorbance was observed indicating the

maximum amount of the EC-wrapped BNNT in the PolSol system.
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Lah ST
1200 nm .

Fig. 2.7 SEM images of BNNTs (a) before purification, and after

centrifugation at (b) 10,000, (c) 20,000, and (d) 30,000 applied relative

centrifugal force to the BNNTs wrapped with EC in benzyl alcohol.
2.3.4 Effect of sonication and centrifugation on BNNT dispersion

The applied centrifugation rate on the BNNT dispersion after mixing was

varied using the optimum concentration of PolSol system. Before
centrifugation, the ar-BNNT source contains bundles and aggregates of
BNNT, hBN, and B oxides as shown in the SEM image (Fig. 2.7A). The
certificate of analysis reported about 50% BNNT, 30% h-BN and 20% B and
oxides, contained in the ar-BNNT source. Upon increasing centrifugation rate
from 10,000 to 30,000 relative centrifugal force (RCF), the amount of
impurities is reduced significantly (Fig. 2.7B, C, D). Very minimal impurities
of less than 40 nm diameter are noticeable after applying 30,000 RCF where

the size distribution of the traces of impurities becomes narrow (Fig. 2.8).
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These impurities were further reduced when the centrifugation time was
increased from 60 to 180 minutes (Fig. 2.9). The effect of varying sonication
time examined at 10, 20, 60, and 90 minutes (Fig. 2.10) showed that de-
bundling with minimal destruction was achieved using the shortest time,
therefore all the dispersions were sonicated for 10 minutes to avoid possible
damage on the tubes during mixing. It is noteworthy that the BNNT used in

preparing the dispersion systems were provided by two companies, BNNT-R

Tekna and BNNT LC.
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Fig. 2.8 Size distribution of the remaining impurities at increasing

relative centrifugal force (RCF) applied to the BNNT dispersion

Fig. 2.9 SEM images of the colloidal dispersion after (a) 60, (b) 120, to (c)
180 minutes centrifugation time at 30,000 applied RCF
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2.3.5 Quantification of purity via FTIR methods

The FT-IR spectra of the as-received (ar-) and purified (p-) BNNT are
shown below (Fig. 2.11A,F). After the purification, p-BNNT shows distinct
peaks centered at 1366 and 811 cm’!, corresponding to the in-plane B-N
optical mode (TO) and the B-N-B out-of-plane buckling modes (R) of BNNT,
respectively’”s!. This shows almost similar peak positions to ar-BNNT but
with evident differences on the general shapes, height, and width of the peaks.
A broader peak from 1600 to 1200 cm™ is observed for the ar-BNNTs,
explained due to the overlap of the tangential and longitudinal frequency
modes of B-N bonds from BNNT and the impurities present, mainly hBN®2,
The narrowing and increase in the symmetry of the peak of p-BNNT suggests
an increase in the purity of BNNT after the isolating the EC-wrapped BNNT
from the source. The observed shift in the absorption of ar-BNNT from 803
to 811 cm™ of p-BNNT also supports this increase in purity of BNNT, similar
to the recent studies of Harrison et. a/ on FT-IR spectroscopy technique for
the quantification of hBN impurities in BNNTs*’. They showed that the
height ratio of the peaks at 780 and 1327 cm™, corresponding to the R and TO

modes, respectively, shows direct proportionality to the amount of hBN.
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Fig. 2.10 SEM images of the colloidal dispersion after (a) 10, (b) 20, (c) 60,

and (d) 90 minutes sonication time.

(@) ar-BNNT Y T \_/—

——— (b) ox-BNNT
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—(d) hBN \/ U
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Fig. 2.11 FT-IR spectra of hexagonal boron nitride (hBN) and as-received
(ar-), oxidized (o-), oxidized-washed (ow-) and purified BNNTs.
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BNNTs were isolated (p-BNNT) from unpurified source (ar-BNNT)
without any other pre-heat treatment as reported earlier where boron impurities
are converted first to its water-soluble oxide form (ox-BNNT) for easier removal
by water or ethanol washing, leaving only the mixture of hBN and BNNT (ow-
BNNT)®*. Therefore, we only considered the R/TO ratios of the ow-BNNT and
p-BNNT reliable (Table 2.1), as there are no overlapping FT-IR absorptions in
their R and TO peaks, aside from the absorptions from BNNT and hBN. A
decrease in the R/TO ratio of the isolated BNNT, down to 0.32, implies a
significant removal of hBN, hence enhancement in the purity of BNNT which is

also confirmed from our high-resolution electron microscope images.

Table 2.1. B-N-B out-of-plane and B-N in-plane

mode ratio, R/TO, of samples containing BNNT.

Samples R/TO ratio
ar-BNNT 0.35
ox-BNNT 0.42
ow-BNNT 0.49
p-BNNT 0.32
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2.3.6 BNNT yield calculation via TGA methods
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Fig. 2.12 TG analysis curve of recovered residue of BNNT mixtures in (a)
ethyl cellulose (EC), and (b) poly(m-phenylene-co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV)

Finally, the amount of the BNNT dispersed in the PolSol system
was quantified using mass conversion measurements based on the paper
by Smith McWilliams ez a/*. The residue after the centrifugation process
was carefully separated from the colloidal dispersion, dried, weighed, and
characterized using thermogravimetric (TG) analysis to calculate the
amount of BNNT retained in the PolSol system (Fig. 2.12). Using EC-
BnOH, approximately 55% by mass of BNNT was retained in the colloidal

dispersion using our optimum conditions (10 minutes sonication time and
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30,000 RCF for 180 minutes). This is higher compared to the dispersion
we prepared using a highly conjugated polymer, poly(m-phenylene-co-
2,5-dioctoxy-p-phenylenevinylene) (PmPV)*®, with a 42% dispersion
yield, using chloroform (CHCl;) as a solvent. This is supported,
qualitatively with the SEM images (Fig. 2.13) of the colloidal dispersion
showing more BNNT in the EC-BnOH than the PmPV-CHCI; system.
The SEM sample was prepared using 30 pL of the colloidal dispersions,
casted and dried in a 20x20 mm? cleaned Si wafer for a more reliable

comparison.

Fig. 2. 13 SEM images of colloidal dispersion prepared using (a)
anon-aromatic EC and (b) a highly-conjugated PmPV
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2.5 Conclusion

The enhancement in the purity of BNNT, simultaneously de-bundled and
dispersed in a non-aromatic polymer-organic solvent system was successfully
achieved and reported from this work. The stable colloidal dispersion contained
highly pure individualized BNNT with very minimal trace of nanosized hBN
impurities, qualitatively and quantitatively supported by comprehensive
characterizations including FESEM and TEM images, UV-Vis and FT-IR spectra,
and TG analyses. Our method using the polymer EC has provided us a deeper
insight to the versatility of using nontoxic, widely available, and inexpensive non-
aromatic polymeric systems, further amplified by a chosen solvent, to enhance the
dispersibility and stability of sorted BNNTs in the system. In particular, using a
simplified and less destructive approach without heat treatment, we have isolated
and dispersed individual nanotubes in our designed system. This contribution in
the solution-based processing of BNNTs, using EC dispersant in various solvents,
can provide a wider range of applications specifically for production of composite

materials that requires large amount of high-quality BNNTs.
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Chapter 3

Alignment Studies of Boron Nitride Nanotubes (BNNTSs)
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3.1 Introduction: Evaporative-driven hierarchical

assemblies of BNNT's

Boron nitride nanotubes (BNNTs) are ideal reinforcing fibers for
composites for extreme applications because of their exceptional mechanical
properties, and superior thermal conductivity, on top of their inherent
piezoelectric properties and neutron absorption capability. For example, using
BNNT as reinforcements in composites has increased their mechanical strength
and thermal conductivity®*°. The behavior of the composites depends on the
spatial control and dispersion of the individual nanotubes, like BNNTs or CNTs,
in the matrix, such as polymer®>°.

The hierarchical organization, i.e., alignment or unidirectional orientation
of nanotube systems like BNNTs and CNTs, in composites has improved their
performance®®, This chapter will discuss the successful fabrication of BNNT-
based films showing uniform deposits of highly aligned BNNTSs, via evaporative-
driven mechanisms. The well-studied carbon nanotube system will be the major

basis of the alignment studies of BNNTs. Moreover, the uniform film deposition

will be modulated based on the coffee-ring effect (CRE) phenomenon.

Controlling the coffee-ring effect towards uniformly deposited films

The evaporation of sessile drops containing dissolved or suspended particles
leaves ringlike structures on surfaces. A ring-like stain is observed when a drop of
coffee is left dried on paper. This refers to the natural phenomenon known as the

coffee ring effect (CRE). The ring-like deposit is formed if the contact line of the
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evaporating drop is fixed or pinned®*. The outward capillary flow driven by the
surface tension as solvent is evaporated, carries the suspended particles to the
periphery of the sessile drops. CRE includes not only coffee but any fluid involving
a drying sessile drop containing non-volatile compounds like blood, inks, paints,

6970 Many industrial

and solutions of polymers, nanoparticles, or nanofibers
processes depend on uniform deposits of non-volatile components, hence efforts
have focused on the modulation of the CRE to obtain homogenous patterns, rather

617175 A sugar-assisted uniform patterns of coffee powder

than peripheral rings
was obtained at a threshold sugar concentration’’. The CRE pattern can be
suppressed via occurrence of depinning contact line, disturbing the outward flow
via Marangoni, or prevention of particles to transport to the edge. During
evaporation, the transport of suspended compounds depend on the size™".
Smallest particles were observed on the outermost periphery of the deposits
followed by bigger particles. An order to disorder arrangement of this particles
with different size was observed via scanning electron microscopy. Generally,
controlling deposits requires multi-step procedures or expensive equipment to
achieve uniform patterns™’®”. Hence, this chapter attempts to form uniformly
distributed and well-aligned BNNT in deposited films with conventional solvent
evaporation process.

The alignment of the nanotubes will be analyzed and quantified via image
analysis, using software applied previously to networks of one-dimensional
systems such as collagen fibers and poly vinylidene fluoride-based polymer

80-82

composites To the best of my knowledge, the image-based analysis

procedure® has not been reported and applied to nanotube system.
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3.2 Materials and Methods

3.2.1 Preparation of BNNT dispersion

The dispersion of BNNT was prepared using polymer as
dispersant in an organic solvent system. 5 mg of BNNT (BNNT-R No.
34235, Tekna Advanced Materials Inc.) was added in a solution containing
polyvinyl butyral (PVB). Similar to the EC system, PVB was chosen due
to its cost-efficiency, availability and wider solubility in many organic
solvents. Common organic solvents such as acetone, benzyl alcohol,
ethanol, methanol, tetrahydrofuran, and toluene (Wako Pure Chem.
Corp.) were used to prepare the polymer solution. The solution was
sonicated using QSonica tip-probed dispersion machine for 20 minutes;
after which a stable BNNT dispersion was collected by centrifugation at
30,000 relative centrifugal force (RCF) for 3 hours. The BNNT
dispersions were prepared at 0.005, 0.025, 0.125, 0.250, and 0.500 wt% of
PVB per 20.0 mL of the solvent. The BNNT films were fabricated using

these dispersions.

3.2.2 Fabrication of BNNT film

The films of BNNT were fabricated by drop casting method. The
dispersion of BNNT was dropped in a 10x10 mm? cleaned silicon substrate.
The solvent was evaporated at a temperature above its boiling point. Slower
heating rate (5 °C/min) kept up to the drying temperature and was kept for 3
hours prior to characterization. Multilayer deposited BNNT films were also

fabricated by repeated drop casting of the BNNT dispersion.
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3.2.3 Morphology Characterization

The structure and morphology of the film was investigated using
Hitachi SU9000, an ultra-high-resolution field emission scanning electron
microscope (UHR FESEM) equipped with a secondary electron detector.
The nonconductive films of BNNT-polymer hybrid were imaged using an
acceleration voltage between 1 to 5 kV, without prior coating. The
equipment can obtain high-resolution images at lower kV requirement by
utilizing in-lens optics and improved vacuum technology. Multiple SEM
images with varying field of view (FOV) were acquired at different areas
of the film including the center, near the center, and edges of the film for

alignment investigation.

3.2.4 Alignment Quantification

The alignment of BNNTs in drop-cast films was quantified using
image analysis. The Image-Based Fiber Orientation Calculator (Academic
Use License) using MATLAB, developed by University of Minnesota
(reference) was used in the analyses. The acquired FESEM images were
pre-processed by cropping into a square dimension and removing areas
with scale bar, text, and noise, for a more accurate results. The degree of
alignment is calculated from the orientation matrix generated from the

MATLAB algorithm, discussed in the previous chapter.
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3.2.5 Mechanical Scratching via Soft-friction Transfer Method

The aligned gratings on the cleaned silicon substrate was introduced
by brushing the surface with a cellulose membrane based on previously
reported method®. The mechanical scratches contains cellulose that can
serve as template for molecular alignment. For comparison, a brushed

substrate was cleaned again before deposition. The aligned BNNTSs on

non-brushed, brushed, brushed then washed substrate was investigated.

Fig. 3. 1 Preliminary observation of alignment of BNNT in drop cast film with
polyvinyl butyral (PVB): dispersions centrifuged at (A) 20,000 vs (B) 30, 000 x g rate.
[Scale: 2 pm]
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3.3 Results and Discussion

Fig. 3.1A shows the SEM image of a drop cast and dried dispersion of
BNNT in PVB dissolved in benzyl alcohol, BNOH, along with other impurities.
The image shows high order assemblies of BNNT and PVB after solvent
evaporation which was clearly revealed in Fig. 3.1B upon the removal of the
impurities. The group or arrays of BNNTSs oriented in one direction, enclosed in
box, were observed for the first time when we introduced PVB in our dispersion

sytem.

A B
RO R=Hor «+“~CH;4
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0
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Fig. 3. 2 Structure of ethyl cellulose (A) and polyvinyl butyral (B)

RO R

PVB contains butyral, alcohol and acetate side groups compared to the
alkyl and hydroxyl group of EC (Fig. 3.2). The relative amounts of the side groups
can be controlled in PVB but they are generally distributed throughout the chain.
They are used primarily for applications that require strong binding due to their
high flexibility and stronger interactions®. The aliphatic backbone supporting
Van der waals interactions and the oxygen-bearing sidegroups capable of stronger
polar interactions, suggest the formation of the strong BNNT/PVB assemblies.
The high order assemblies of BNNT/PVB was not observed in BNNT/EC.

The heterogeneous deposited BNNT film resulting from the evaporative-
driven coffee ring phenomenon shown in Fig. 3.3A surprisingly produced arrays
of aligned BNNT-PVB assemblies. Hence, the CRE patterns and corresponding

nanomorphologies at different concentrations of PVB were investigated.
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3.3.1 BNNT/PVB Coffee-ring pattern: Effect of concentration

Fig. 3.3 shows patterns of the BNNT/PVB assemblies at
increasing concentrations of PVB. The BNNT dispersion contains 0.005,
0.025, 0.125, 0.250, and 0.500 wt.% of PVB in benzyl alcohol. After drop
casting a 10 u L of the dispersion, circular patterns of about 7 mm in
diameter was observed. Our previous results show that for 20 mL volume
of the dispersion the optimum amount of dispersed BNNT is reached at
0.125 wt.% of the dispersant. The pattern with the lowest PVB
concentration shows a peripheral ring with uneven and heterogeneous
deposits concentrated on the left portion of the circle. Increasing the
concentration by five times (5x) has completely covered the circular

pattern.

Fig. 3. 3 Coffee ring patterns A
of drop cast BNNT prepared
with increasing

concentrations of
PVB/BnOH system:

(A) 0.005% (B) 0.025%
(C) 0.125% (D) 0.250% and
(E) 0.500%

[Scale: 1 mm]

C
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At 0.125 wt.%, uniformly deposited film was obtained in which,
deposits appear to start concentrating in the center of the pattern. At 0.250
wt.%, the BNNTSs starts to build up, shown as the yellowish deposits.
Interestingly, concentric circular rings indicated by different colors in the

pattern was obtained at the highest amount of the surfactant used.

Image intensity profile: Uniform film deposits analysis

The analysis of the intensity of the deposited materials was done
by linearly profiling the pixels of the acquired images. All the images were
converted to grayscale prior to intensity analysis using Image] software.
The plots of the grayscale value versus distance in pixels unit were shown
in Fig. 3.4. The fluctuations in the grayscale values of the intensity profile
plots indicate non-uniform deposition of the BNNT over the substrate.
For example, Fig. 3.4A shows the appearance of two peaks between 100-
150 pixel distance. These peaks indicate the heterogeneous and uneven
deposits of the materials at those areas. Fig. 3.4B, on the other hand, shows
two peaks at distance near 0 and near 150, corresponding to the
peripherical or outer ring of the deposits. Between 0 and 150 pixels, there
is a uniformly, thin deposits of BNNTSs in the substrate.

The uniformly deposited BNNT films at 0.125 wt.% of PVB was
confirmed best using the intensity profile characterization (Fig. 3.4C).
Compared to other plots, it shows a “thick” deposits between the
peripheral rings, shown by a higher grayscale values between 0 to 150 pixel

distance.
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Fig. 3. 4 Intensity profile characterization of BNNT films containing increasing

PVB concentration
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Fig. 3. 5 SEM images of BNNT
prepared with increasing
concentrations of PVB/BnOH system:
(A) 0.005% (B) 0.025% (C) 0.125%
(D) 0.250%

[Scale: 2 1 m; 400 nm]

The morphology of the nano-assemblies is shown in Fig. 3.5. The area
between the center and the periphery of the ring was imaged using SEM, at low
and high magnifications. All the nano-assemblies shows ordered BNNT in the

deposited films. However, a more regular pattern is obtained at concentrations

higher than 0.025 wt.% PVB.
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3.3.2 Investigating alignment of BNNT in the coffee ring

Further analysis of various areas in the pattern reveals interesting
organization of the BNNT system in the assemblies. Fig. 3.6 shows different areas,
used in SEM imaging, labeled A to G. The film was fixed in the aluminum holder
of the SEM equipment, scanned, and imaged for comparison. The SEM images

are shown in Fig. 3.7.

Fig. 3. 6 Marked areas on the BNNT films analyzed using high-

resolution scanning electron microscopy
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Fig. 3.7 Scanning electron microscopy (SEM) images of BNNT at various areas of the coffee-ring effect. The
label (A-G) corresponds to the area marked in Fig. 3.6.

[Scale: 200 nm]
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The areas imaged at higher magnification contains an ordered

arrangement of BNNTs that follows a concentric manner. Horizontally aligned

BNNTs are shown in Fig. 3.7C,E. On the other hand, Fig. 3.7A, B, F, G shows

oriented BNNT at +45°C orientation relative to the horizontally aligned BNNTs.

The center of the pattern, Fig. 3.7D shows random arrangement of BNNTs.

Previous studies on the coffee ring patterns obtained using binary mixtures of

nanoparticles reveals high ordered arrangements of the nanoparticles (NPs) near

the periphery, with larger diameter NPs located near the center of the pattern™.

As the non-volatile components flow outward because of the higher rate
of evaporation near the edge of the drop-cast dispersion, the impurities remaining
in the dispersion containing boron NPs and nano-sized hBN travel faster towards
the periphery forming the circular outline visible in the patterns, Fig. 3.6. The
presence of PVB also avoids pinning of the contact line resulting to uniformly
distributed BNNTs in the pattern. Previous approaches suppressed the
heterogenous deposits by using surfactants for depinning the contact line’ %,
The surfactant used in our dispersion system, PVB, allows both uniform
deposition of the suspension in the substrate and alignment of BNNTs between

the center and the edge of the patterns. The areas where high ordered alignment

observed is quantified using image analysis software that gives the degree of
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alignment, the magnitude and direction, and the distribution orientation of the

BNNTs.

3.3.3 Alignment Evaluation: Techniques

The evaluation of morphologies of nanostructures including CNTs and
BNNTs is commonly done using microscopy techniques. Atomic force
microscopy (AFM), scanning tunneling microscopy (STM), transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) are used in the
analysis of nanotubes alignment®*®. The limitation on the sampling area and the
complicated sample preparation with TEM make it less suitable for such analysis,
compared to AFM and SEM. Spectroscopic methods are also well-established
techniques relying on the preferential absorption, scattering, or emission of light

57,89-92

polarized along the axes of 1D nanostructures , such as Raman scattering

which has been useful in determining the degree of alignment (Ssp) of anisotropic
sw-CNT#.

The dependence of the G band, at 1590 cm™, on the molecular orientation
of CNT is useful on their orientation analysis. The change in the Raman peak is
due to the presence of the longitudinal face of the aligned CNTs. Similarly, Raman
studies for sw-BNNT showed the most intense peak at 1365 cm™ 4, This peak
also corresponds to the Raman optical E;, mode of the impurities h-BN commonly
encountered in BNNT samples. The observed Raman peak ratio for BNNT of
2.4:1°!, due to alignment is relatively lower than the Raman peak ratio of CNT
fiber of 5.1:1%2. Moreover, contradicting results were previously reported on the

Raman peaks of BNNTSs due to the diversity in structures including diameter and
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number of walls, as well as traces of h-BN?. Thus, Raman signals of BNNT are
not reliable enough to characterize their alignment or molecular orientation.
Therefore, our investigation of the alignment of BNNT films focuses mainly on

studying high-resolution SEM images.

3.3.4 Image-based Alignment Quantification

Image-based measurements for determining various structural features
such as diameter, length, thickness, and orientation have been useful in various
structure-property relationship analyses specially in the nanoscale level®®, Fiber
network orientation of collagen and other tissue analogs have been analyzed using
different image-based measurements such as mean intercept length (MIL), line
fraction deviation (LFD), and Fourier transform method (FTM). The accuracy of
these methods to analyze parameters is important for the improved performance
of the system under study.

The accuracy and efficiency of MIL, LFD and FTM orientation
measurements methods have been studied using various randomly generated
images containing 1D networks in Matlab®. FTM method outperformed MIL and
LFD in terms of both accuracy and calculation time. Therefore, we extend the

FTM method in the alignment studies of BNNT-based films.

3.3.5 Fourier Transform Method (FTM)
The accuracy and efficiency of MIL, LFD and FTM orientation
measurements methods have been studied using generated images containing

1D networks that differs in the alignment (Fig. 3.8). The corresponding
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calculated distributions using the three methods were compared to the network
distribution of the generated image. In all three cases; (A) highly aligned network,
(B) network with some alignment, and (C) a nearly random network, the FTM

resulted the best agreement to the test images.
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Fig. 3. 8 Comparison of the MIL, LFD, and FTM methods. Reproduced from
Ref. [83], with permission from Wiley and Journal of Bio. Mat.
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3.3.6 Grayscale Image Processing

Fourier transform method (FTM) can reduce complex spatial information
contained in a digital image in terms of computer processable data. A digital image
is composed of pixels that differ in intensity. Fig. 3.9 is an example of a binary
image in which pixels has one of only two discrete values: 1 or 0. This type of

image processing is usually used to identify the region of interest in the image.

Fig. 3. 9Binary image processing. Image reproduced from Mathworks Image

Processing Toolbox, accessed 2022.

On the other hand, a grayscale image (Fig. 3.10) contains data
representing the intensity per image pixel, values range from 0 to 1. Matlab
software allows user to customize the color map to represent the color intensities
contained in the image. In a grayscale SEM image containing nanotubes, the
rapid change in the intensity indicates object edges that can be used for

quantitative analysis of their orientation.
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Fig. 3. 10 Grayscale image processing. Image reproduced from Mathworks

Image Processing Toolbox, accessed 2022

3.3.7 FTM Image-Based Fiber Orientation Calculator

An Image-Based Fiber Orientation Calculator using Fourier Transform
run using an algorithm was used in the orientation analysis of fiber network
images. Matlab ver. R2020b (MathWorks) was used to run the Image-Based Fiber
Orientation Calculator. First, the image was cropped into square size and
exported as an 8-bit image. The pre-processed image was read using the calculator.

The network orientation tensor, Q was calculated using Eq. 3.1:

cos? cos0;sinb; (3.1)
cos0; smB cos?6;
li

0. 2

where [; is the length of the fiber segment # The sum accounts for all the fibers
in the network. The orientation distribution represented using polar graph was
determined by summing the length of each fiber oriented between 0° and 180°at
1° intervals. From the tensor orientation, the eigenvalues and eigenvectors were
computed, providing the magnitude and direction of the principal axes. The

anisotropy index, « is finally calculated using Eq. 3.2.
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a=1-"/,) (3.2)
Here we will refer to the anisotropy index, a as the alignment factor (AF),
to avoid confusion. The eigenvalues are 14,4, where 1; < 4,. A perfectly random
network or anisotropic network has a an a value of zero (a = 0, perfectly random).
On the other hand, a completely aligned network has a maximum value of 1 (a =

1, perfectly aligned).

3.3.8 SEM Test Image: Alignment Factor (AF) Calculation
The degree of alignment (AF) of the BNNT film fabricated using
purified and dispersed system in EC system (Chapter 2) was used as a test image
using the alignment calculator previously discussed. The raw SEM image is
preprocessed by removing the scale bar and other part of the image that can
contribute to noise. Two square images, cropped from the raw image are used in
determining the AF, a of the BNNT film (Fig. 3.11) to ensure that all the BNNT

tubes are accounted.
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Fig. 3. 11 Pre-processing or raw SEM image for alignment quantification

3.3.9 Alignment Factor (AF) Calculation Results: SEM Test Image

The BNNT in the films fabricated using the dispersion system previously
developed is randomly oriented with 8.96% degree of alignment (Table 3.1). Fig.
3.12 and 3.13 show the imported image with adjusted contrast and the
corresponding intensity scale bar on the right (A), the vectors summarizing the
magnitude and directions of the nanotubes (B), the FFT image (C), and the polar
plot showing the distribution of the BNNT in the film (D), for Trials 1 and 2,

respectively.

Table 3.1. Orientation matrices (Q), Eigenvalues (44,4;)
and degree of alignment (a ) of BNNT-EC film
Trial 1 Trial 2
0.4758 -0.0042 0.4795 -0.0088
-0.0042 0.5242 -0.0088 0.5205

A, A, 0.4754, 0.5246 0.4777, 0.5223
a 0.0937 0.0854
a :0.0896
mean
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Fig. 3. 12 Pre-processing or raw SEM image for alignment quantification (Trial 1)
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Fig. 3. 13 Pre-processing or raw SEM image for alignment quantification (Trial 2)

3.3.10 Relationship of Alignment and Film Area

We established a relationship between the film size and the alignment of
the BNNT. At least 10 images of different sizes or field of view at different areas
of the film were acquired, preprocessed, and use as input to the alignment
calculator. Representative results are shown in Fig. 3.14. The calculated AF were

tabulated and summarized in Table 3.2.
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Fig. 3. 14 Alignment quantification at increasing magnification of the BNNT film, i.e., decreasing

the area or field of view. Ten (10) SEM images were pre-processed and run per area for reliability.
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3.3.11 Degree of alignment and size of the film

Table 2.2. Estimation of alignment at increasing size area of the BNNT film

Alignment Factor (AF)

Area (um?) 1 3 5 19 77 310 1936
1 0.73 0.69 0.62 0.46 0.35 0.28 0.22

< 2 0.78 0.76 0.50 0.55 0.44 0.31 0.22
§ 3 0.75 0.61 0.60 0.53 0.43 0.30 0.21
F§ 4 0.73 0.57 0.74 0.53 0.43 0.30 0.14
fg 5 0.78 0.70 0.64 0.44 0.40 0.25 0.23
E 6 0.69 0.75 0.56 0.58 0.47 0.34 0.27
&, 7 0.76 0.65 0.67 0.52 0.43 0.35 0.15
5 8 0.65 0.66 0.67 0.59 0.49 0.35 0.28
~ 9 0.70 0.69 0.61 0.45 0.31 0.23 0.21
'E 10 0.69 0.67 0.68 0.61 0.42 0.29 0.21
Mean 0.73 0.68 0.63 0.53 0.42 0.30 0.21

The calculated AF increases as the size of the film is decreased, i.e., the field of

view of the SEM is increased. Understandably, as we zoom in further up to a single 1D

nanotube, we would expect an alignment approaching to unity.
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5k mag
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Fig. 3. 15 Logarithmic relationship of the size and alignment
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The AF and sample image area follows a linear logarithmic relationship as
shown in Fig. 3.15. The arrays of highly aligned BNNTs contained in 1x1 g m?
film size has a mean of 0.73 AF and a maximum AF of 0.78 or 78%. Increasing the
film size by 2000 times (2000x) resulted to 0.21 AF. Recalling the randomly
ordered BNNT film using EC as surfactant, the calculated AF is only about 0.0896
or 8.96%, for 1x1 um? (Fig. 3.11-3.13). Hence, we can expect highly aligned
arrays of BNNT contained in a uniformly deposited films even in the microscale

level.

3.3.12 Alignment of multi-layer deposited BNNT films

We have demonstrated a simple method of depositing uniform monolayer of
BNNT by controlling the concentration of the surfactant used, PVB. Here, we
developed multi-layers of BNNT by carefully dropping the same amount of

dispersion exactly on top of the previously cast films, shown in Fig. 3.16.

10 x LBNNT/PVB
dispersion +10pL +10pL +10puL +10pL

Fig. 3. 16 Repeated casting and drying of BNNT/PVB dispersion in Si substrate to deposit
layer of thin film on top of previously deposited layers. [300 °C, 5 °C/min, 8 hours]

The calculated AF after depositing the 2™ layer has been reduced by about
20%, from 70% AF to 50% AF. However, the degree of alignment is kept constant
until the 5" layer of drop cast BNNT. Table 3.3 summarizes the calculated AF at

different layers of deposited BNNT. The 2"¢ until the 5% layer has almost the same
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AF depicted in Fig. 3.17, hence we can expect high order alignment even with

multi-layer deposited BNNT films.

Table 3.3. Alignment quantification per layer of deposited BNNT films

Layers of BNNT film
Trial 1 st an 3rd 4th 5th
1 0.74 0.60 0.43 0.51 0.52
2 0.69 0.35 0.31 0.45 0.46
3 0.63 0.58 0.42 0.37 0.49
4 0.72 0.49 0.47 0.45 0.60
5 0.66 0.44 0.35 0.53 0.57
Mean 0.72 0.48 0.43 0.48 0.53
0.75
S &  lal=-~73%
. ©
= 065 ©
‘ED 0.55 [O[:I = ~50%
=
B 045
[}
et
80 035
@)
0.25
1st 2nd 3rd 4th 5th

Layers of deposited BNNT films (1% — 5t)

Fig. 3. 17 Alignment of multi-layered BNNT films. 1.8 x 1.8 u m? sample area was used

in the calculation of the alignment factor
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3.3.13 Mechanical scratches and alignment

Fig. 3.18A outlines the procedure used to introduce scratches or gratings

in the substrate. After brushing with a membrane filfter containing cellulose, the

gratings (Fig. 3.18C) was successfully drawn in the cleaned and smooth surface

(Fig. 3.18B).

. Cellulose
Si Wafer membrane
< Si Wafer

Drying in air Drop casting of dispersion

Fig. 3. 18 Mechanical brushing via soft-friction transfer (A) of cleaned silica wafer

(B) introducing aligned gratings in the substrate (C). The direction of the gratings

is indicated by the arrow (=)

After mechanical brushing, we observed some improvement in the

alignment of the BNNT as indicated by the long red arrow (=) in Fig. 3.19B. The

calculated AF has been improved by about 20% compared to the non-brushed

surface in Table 3.4. We further confirmed whether such improvement is due to
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the cellulose transferred on the substrate or the gratings due to mechanical

scratching by washing the pre-scratched surface before the deposition process.

Our results suggest the minimal effect of cellulosic residues on the substrate to

the alignment, rather such significant improvement can be attributed to the

gratings that can served as template for the BNNT/PVB assemblies.

Fig. 3. 19 SEM of deposited BNNT films before (A) and after mechanical brushing (B) of the

substrate used. [Scale: 1 xm]

Table 3.4. Enhanced alignment after mechanical brushing

Substrate Trial Eigenvalues: A1, 1> AF Ave. AF
0.2514, 0.7486 0.6642
non-brushed 0.6833
0.2293, 0.7707 0.7025
1 0.1280, 0.8720 0.8532
brushed 0.8419
2 0.1448, 0.8552 0.8307
brushed, 1 0.1471, 0.8529 0.8275
0.8192
washed 2 0.1590, 0.8410 0.8109
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The significant improvement in the alignment of the BNNT due to the
control of various factors such as the type and concentrations of the polymer used,
surface treatment, and multi-layer deposition of films are best depicted in Fig.

3.20.
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Fig. 3. 20 Calculated alignment after mechanical brushing; comparison alignment factors for

various BNNT films prepared.

The blue plot corresponding to mono-layer deposits of BNNTs over a non-
brushed substrate shows a linear logarithmic relationship of the alignment and the
film size. This direct relationship was also observed after mechanically brushing
the substrate, shown in the orange plot. Surprisingly, a decrease in the slope of
the plot upon substrate treatment was observed indicating a significant

improvement in the calculated alignment of BNNT on larger size of the film.
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Ideally, the slope of the plot will approach zero for a globally aligned
BNNTs in the film, re. all the BNNTs in the film are aligned in one direction.
Therefore, such linear logarithmic relationship between the size of the film and
the alignment of BNNT, which we have established for the first time from this

study would be significant to attain globally aligned BNNTs.

3.4 Conclusion

In summary, we have examined the fabrication of BNNT films drop cast
and dried over a substrate. The PVB surfactant introduced in the system produced
a stable colloidal dispersion of BNNT. More importantly, our results revealed the
formation of uniform patterns containing networks or assemblies of the 1D system.

Atlow surfactant concentrations, ring-shaped deposits in the pheripheries
were formed. At intermediate surfactant concentrations, the patterns of the
deposited dispersion were homogeneous, however, at higher concentrations,
more concentric rings from the center to the edge of the deposit are formed.

Moreover, the uniformly deposited films contain arrays of aligned BNNTs.
A random to ordered orientation from the center to the edge of the film was
evident from the SEM images. Our observation suggests that using the surfactant,
depinning of the contact line helped in such uniform patterns.

The alignment of the BNNT was also quantified using an alignment
calculator, comparing the improvement in the orientation of BNNT using PVB.
The alignment is also retained even at multi-layered BNNT film deposits. More

importantly, we have reliably established a linear logarithmic relationship of the
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alignment of BNNT in various sizes of films, via image-based alignment
quantification technique. To date, such relatioship have not yet been established
or achieved using other alignment quantification methods. Our methods would
be useful toward uniform deposition of highly aligned BNNTs to advance their

applications.
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Chapter 4

Conclusion

For the past 27 years since the first successful synthesis of boron nitride nanotubes
(BNNTSs), efforts have increased to utilize them for various novel applications. BNNTSs
are structurally analogous to carbon nanotubes (CNTs), possessing excellent mechanical
properties but uniquely owning a different set of multifunctional characteristics such as
higher thermal stability, a wider band gap making them transparent in the visible region,
piezoelectric property, and high neutron absorption. Especially in the past few years,
success in producing a large amount of BNNTSs has sparked researchers to explore their
applications in the aerospace, biomedical, energy storage systems, and semiconductor
industries.

As newly emerging nanomaterials, the development of BNNTs still lags behind
their well-studied CNTs counterpart. However, with the recent attention, we are yet to

expect an exciting future for BNNTs. Hence, we are glad to share the results of this thesis
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in an attempt to contribute to the solution and solid-based processing technologies for
BNNTs.

We first discussed a brief background on the current BNNT production and
purification issues in the first chapter. Successful methods of producing gram-amount of
BNNT at a faster rate have been achieved; however, the presence of impurities has
remained a challenge. The successful purification scheme was developed using a cost-
effective and more practical approach discussed. Using a nontoxic, cheaper, and widely
available ethyl cellulose (EC) as a dispersant, simultaneous purification, and dispersion
of BNNT bulk-produced via induction plasma-torch method was achieved. The stable
dispersions using different solvents were also designed due to the wider solubility of EC
at various solvents.

Translated into a solid-state system, we can make use and take advantage of the
excellent properties of BNNTs. Therefore, the dispersion system we previously designed
was used to fabricate BNNT films using a simple deposition method. Evaporative-driven
structure formation was discussed, modulating mainly a coffee-ring (CR) pattern
typically observed when a dispersion of suspended particles is drop-cast and left dried
over a substrate. The use of PVB in our system assisted in the modulation of the CR
pattern, where we successfully obtained a uniform deposit of the BNNT film in the
substrate. High-resolution scanning electron microscopy (SEM) was used to investigate
the nano-assemblies in the film revealing hierarchical assemblies or alignment of BNNT
in the deposited film.

Further, we employed SEM image analysis to quantify the degree of alignment in
the film. From the results, the alignment of BNNT is achievable even for multi-layered

deposited film. Gratings or templated substrate can also enhance alignment. From the
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randomly deposited BNNT with 8.96% alignment factor (AF) using EC system, we
succeded in attaining 78% AF using PVB system in the highly aligned arrays of BNNTs
contained in 1x1 g m? film. The established linear logarithmic relationship would be

helpful towards the global alignment of BNNTs in film.

Recommendations and Prospects

This research has successfully developed a practical approach to purify BNNTs enabling
uniform and stable colloidal dispersions of BNNT. A wider range of solvents can be used
in the dispersion depending on the solubility of the dispersant used. Here we used two
types of non-aromatic polymer: ethyl cellulose (EC) and polyvinyl butyral (PVB). To
increase more the dispersibility data of BNNT, more dispersant systems can be
investigated using various polymer and solvent systems. Other characterizations,
including but not limited to the optical absorption of the dispersion, can also be done to
evaluate their properties. These data would be helpful in the future design of the
dispersion of BNNTs via Machine Learning approach, which in turn would speed up the
processing and application of BNNTSs.

In the second part of this research, higher control of the alignment can be possibly
achieved by in-depth studying, quantifying, and controlling the side functional groups
present in PVB. In the future, we can perhaps design or synthesize a polymer to fully
control these side groups that can significantly align BNNTs. Moreover, the effect of
other factors such as the use of other substrate and substrate treatment, on the alignment

of BNNTs could be studied. Other alignment quantification techniques like Raman
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spectroscopy could also be considered to possibly obtain a correlation between the image
analysis we employed in this work and other available methods.

Lastly, we hope that the attempts in this research: the development of the solution
and solid-based processing technologies for BNNTs, would advance their applications.
Therefore, the actual application of the fabricated films, such as BNNT-coated substrates,
can be continued using the results of this work. Self-standing transparent and flexible
BNNT films can also be fabricated to characterize their mechanical property, thermal

stability, and piezoelectricity.
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