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hBN usually has the low density of 2.1-2.2g/cm? (theoretically 2.27g/cm?) [2] and is quite
stable with excellent resistance to thermal shock. It does not decompose until 1000°C in air,
1400°C in vacuum and 2800°C in inert gases, and is not soluble in most acids. ABN is a
widely used high temperature lubricant in both industry and daily life. A special advantage
is that its lubricity comes directly from the BN layers not from gas or water molecules so
that ABN can even be used in vacuum. The thermal expansion of hBN is very low and the

thermal conductivity can reach 600W/mK (in plane) [2].
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Figure 1.1 Layered structure of hBN, where blue colored balls represent B atoms

and green ones represent N atoms.

hBN has high electrical resistivity, which is very different from graphite. The difference in
electrical conductivity between hBN and graphite can be of the order of 10'¥, The main
reason for this is the different electron delocalisation in the two materials. From the band
structure point of view, the valence and conductive bands of graphite cross each other at the
Fermi level, while for hBN, the two bands do not overlap [3]. So graphite can be viewed as a
semimetal and hBN is a wide bandgap semiconductor. Therefore, hBN is usually used as an
electrical or charge sealing material and an electronic substrate material. The bandgap of
hBN was not explicitly known until very recently: when single crystals of hBN were
produced and found to have a direct bandgap of 5.9eV [4, 5]. This discovery makes hBN
promising for deep ultraviolet optoelectronic applications, such as light-emitting diodes

(LEDs) and laser light sources.

1.2 Atomically thin BN sheets

Graphene, a single layer of graphite, has aroused intense research interest. Because hBN is

isostructural to graphite, it is also interesting to explore the properties of a monolayer or









comparison, the synthesis of single walled CNTs is much easier [34, 35], because the carbon

atoms only have the same chemical bond.
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Figure 1.2 A single layer of hBN with vector number n and m to show the chirality
of a single walled BNNT.

(n,n) armchair

BNNTSs and CNTs have different closures at the tip. CNTs end with a hemispherical part of a
buckyball structure. For high quality BNNTs, rectangular or square shaped flat caps,
presumably formed by a combination of square, pentagonal, or pentaline shapes, are
normally found on the tip [36-38]. This difference can be attributed to the different
topological defects that can arise with C-C and B-N bonds [33]. In addition to cylindrical
multiwalled BNNTs, BNNTs with a bamboo-like structure can also be formed [39, 40].

1.3.3 The properties of BNNTs

BNNTs and CNTs have many similar properties. For example, the mechanical strength, the
thermal conductivity and the surface tension are quite similar. On the other hand, BNNTs
also possess some unique properties that cannot be found in their carbon counterpart. For
instance, BNNTs have better high temperature stability than CNTs; the wide bandgap of
BNNTSs is much less dependent on the chirality and diameter; and BNNTs may have strong

piezoelectric properties.

In spite of hBN being brittle, BNNTs have superb stiffness and bending flexibility along the
axial direction [41]. This can be mainly attributed to the tubular structure and the strong sp?
bonding. Unlike the mechanical studies of CNTs, which were pioneered by theoretical
calculation [42], the study of the mechanical properties of BNNTs was started by practical
experiments. The elastic property of an individual multiwalled BNNT was determined from

its thermal vibration amplitude inside a HRTEM at 27°C, with its axial Young's modulus



























Chapter 2

Experimental techniques

A wide range of equipments and analysis techniques were used in the synthesis and

characterization of BNNTs and thin BN sheets. They are briefly introduced in this chapter.

2.1 Synthesis equipments and techniques
2.1.1 Ball milling

Ball milling is an essential step in the production of BNNTs and thin BN sheets. Ball milling is
a technique that grinds material by mechanical impacts between the milling balls and the
milling vial. This technique was originally developed to produce nickel and iron based
superalloys [116]. Then its application spread to the synthesis of other equilibrium or non-
equilibrium alloys, amorphous powders and nanoparticles. There are different types of
milling equipment, each with unique working principle. The ball milling conditions,
including the milling media, the ball to powder weight ratio, the controlling agent, the
rotating speed or vibration frequency, the milling time and the milling temperature, also

crucially affect the products [116].

In the research presented in this thesis, two kinds of ball milling facilities were used. For
BNNT synthesis, a large number of defects need to be introduced into the B particles, so a
purpose-built vertical rolling mill was used, shown schematically in Figure 2.1. The rolling
mill can create strong compressional forces via ball impacts, which can break crystal

structure and induce defects or semi-amorphous structure. Before ball milling, four 25.4mm
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diameter bearing steel balls together with 2g of B powder were placed in the steel milling
vial. Then the vial was sealed and dehydrated NH3 gas at 300kPa pressure was introduced.
The vial was driven with a rotor at speed ~155rpm for 100-150h. During milling, the
combination of the vial rotation and the external magnet (NdFeB) lifted the balls and then

allowed them to fall freely, causing strong impacts with the powder.

milling vial

milling ball

magnet

yotation

Figure 2.1 Schematic diagram of the purpose-built vertical rolling ball mill (side

view).

Figure 2.2 (a) Schematic diagram of the horizontal planetary ball mill with two
vials being used simultaneously (top view); (b) A photo of the Fritsch Pulverisette 5

horizontal planetary ball mill.

To exfoliate BN nanosheets, a planetary mill was used. It was named because its vial and ball
movements resemble the orbital characteristics of our planetary system. During operation,
the vials rotate about both their own and a central axis. When the directions of these two
centrifugal forces are different, the balls can run down the vial wall and exert impacts. A

schematic drawing of the system, with two vials being running simultaneously, is shown in
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2.1.3 Thermal annealing

Three horizontal tube furnaces were used in the annealing processes to either produce
BNNTs or reduce organic solvents. These furnaces are a Lindberg/Blue M STF 54233C
(USA), a Carbolite CFM 14/2 (England) and a Jetlow two-zone furnace (Australia). All these
furnaces operate and work similarly (Figure 2.3). The furnace boxes have silicon carbide
heating elements and an integrated controller to regulate the working temperature. For two
of these furnaces, the heating rate can be adjusted by a programmable controller. Cylindrical
hollow spaces are left between the heating elements to accommodate high purity alumina or
quartz heating tubes. The quartz tubes can withstand up to 1100°C and the alumina tubes
can be used at much higher temperature. However, an alumina tube has relatively poorer
resistance to thermal shock than a quartz tube, so rapid heating was done using a quartz
tube. The heating tubes can be sealed at both ends so that a reaction or protecting gas can be

passed through the heating zone.

heating elements

_ reaction gas

Figure 2.3 Schematic diagram of a typical horizontal furnace with heating

elements and a heating tube containing an alumina crucible and the sample.

Among the three furnaces, the Carbolite CFM 14/2 has the highest rate of heating, which is
more suitable for BNNT growth in nitrogen gas. The Jetlow two-zone furnace has the highest
working temperature (up to 1600°C), so it is used for high temperature heating, such as the
annealing of B powder in NH3 to produce small cylindrical BNNTs. The Lindberg/Blue M STF
54233C has the largest annealing capacity; hence it is usually used for large quantity

synthesis.

2.2 Characterization techniques
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Two optical microscope systems were used in this work: the dissecting wild M400

photomacroscope equipped with a Spot Flex 14bit CCD camera and the Olympus BX51M

with a ColorView DP12 CCD camera.

2.2.6 Thermogravimetric analysis
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Figure 2.4 Photo of the Shimadzu 50 TGA instrument.

Thermogravimetric analysis (TGA) uses the precise measurement of the variation in sample
weight during temperature changes in a chosen atmosphere, Its sensitivity comes from the
electromagnetic force controller which constantly adjusts the electric current to
continuously keep the microbalance in equilibrium. The current change can be converted
into an accurate weight change. TGA is widely used to determine the characteristics of
materials, e.g. the degradation point of a polymer, the decomposition point of an organic
solvent or the progress of a chemical reaction. In my research, TGA was used to monitor the
nitriding reaction of the B ink and the decomposition process of benzyl benzoate. All these
TGA investigations were done using a Shimadzu 50 TGA instrument (Japan) (Figure 2.4).
The sensitivity of this instrument is 0.0001mg, and the temperature range is from room
temperature to 1500°C. The sample weight can be monitored in two measurement ranges:
20mg and 200mg. For the test, the specimen was placed into an alumina crucible (~0.3uL)
which sat on a platinum pan. The reaction chamber was purged with nitrogen or inert gases

during measurements.

2.2.7 Photoluminescence spectroscopy with a synchrotron radiation source
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In order to excite BNNTs and thin BN sheets which have wide bandgaps (~6eV), a high
energy radiation source is a prerequisite. Commercial desktop photoluminescence (PL)
spectroscopes can hardly provide enough high energy radiation. Therefore, the PL
measurements were conducted using synchrotron radiation at the high flux vacuum
ultraviolet (VUV) PL spectroscope of the National Synchrotron Radiation Research Center,
Taiwan (NSRRC). The Taiwan synchrotron consists of an injector, a booster ring, a storage
ring, a transport line and a number of beamlines. A schematic diagram of the Taiwan
synchrotron is shown in Figure 2.5. Electrons are accelerated in the linear accelerator
(LINAC) followed by the booster ring, and then sent through the transport line to the storage
ring. The storage ring allows the electrons to circulate for hours emitting synchrotron light.
The beamlines can channel the synchrotron light to various experiments. Synchrotron
radiation has a huge range of applications, for example, x-ray imaging, diffraction, scattering
and tomography, extended x-ray absorption fine structure (EXAFS), spin resolved
photoelectron spectroscopy (SRPES), biological crystallography, chemical dynamics and

photoluminescence.
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Figure 2.5 Schematic diagram of the Taiwan synchrotron facility.

The synchrotron in Taiwan began operation in 1993 and is classed as a third generation
light source. The circumference of the storage ring is 120m, and the storage energy is
1.51GeV. There are 34 beamlines around the storage ring. BLO3A1 was used for the PL
measurements, covering photon energies from 4eV to 40eV. It collects 50mrad of the
horizontal radiation and uses a six-metre cylindrical grating monochromator (6m-CGM)
with an incident angle of 70°. The maximum energy resolving power can reach 45000. The
light spot on the sample is smaller than 0.45mm x 0.2mm. The luminescence photons are
collected via a photomultiplier tube (Hamamatsu R943-02) by scanning a monochromator
(Jobin-Yvon HR320, France) with a 0.32m focal length and a 1200grooves/mm grating, and
counted by a dual channel photon counter (Stanford SR400, USA) linked to a PC via an IEEE-
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liquid dispenser is changeable. In my research, either a flat headed stainless steel needle
(gauge 24, exterior size 0.565mm) or a glass capillary tube with a 60um exterior diameter
tip was used. In order to get the most accurate results, the system needs to be first
calibrated using a 4mm diameter stainless steel ball. This instrument is in a conditioned

laboratory with constant temperature and humidity (20£2°C, 65+2%).

Figure 2.6 Photo of the optical contact angle and surface tension meter (CAM 101).

2.2.10 Scanning probe microscopy

A Cypher scanning probe microscope (SPM) (Asylum Research, USA) was used to measure
the roughness of the pressed hBN pellet and the thickness of the ball milled BN sheets.
Photos in Figure 2.7 show the exterior and the interior of the Cypher SPM. SPM usually uses
a physical probe to scan the surface of a specimen. The Cypher SPM is a state-of-art and
multi-functional instrument. It integrates atomic force microscopy (AFM), conductive force
microscopy (CFM), electrostatic force microscopy (EFM), kelvin probe force microscopy
(KPFM), magnetic force microscopy (MFM), Piezo Force Microscopy (PFM) and scanning
tunnelling microscopy (STM). The Cypher SPM is controlled by IGOR Pro coded software.

The Cypher SPM is the highest resolution AFM in the world. Its topographical mapping
resolution can reach 60pm. Figure 2.8 shows a schematic diagram of the working
mechanism of the Cypher AFM. It measures height changes by raster-scanning a sample
surface using an ultra-sharp cantilever tip which is usually made of silicon or silicon nitride.
A laser light is focussed on the back of the tip and the reflected light can be used to monitor
its deflection or oscillation. The sample is placed on a piezoelectric crystal scanner that can

move in the X-Y plane, and another piezoelectric crystal is connected to the cantilever to
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manage the Z axis movement. The piezoelectric crystal that connects to the cantilever
compensates changes in the cantilever deflection or oscillation by applying a reverse force
to the cantilever. The voltage that is applied to this piezoelectric crystal is recorded and
transferred into height data. However, the height data acquired in this way is not always
accurate because of the nonlinearity of any piezoelectric crystal due to hysteresis effects.
This inaccuracy could be very serious when the height of a surface varies by more than tens
of micrometres. Traditionally for a more accurate result, several closed looped scans need to
be done to reduce the hysteresis of the piezoelectric crystal. However, this method only
gives a tiny improvement in accuracy. The Cypher AFM provides a better way to solve this
problem by using a Nano Positioning System (NPS) sensor, which can accurately trace the
height change even over the tens of micrometres range. There is also a drawback that this
NPS sensor may slightly reduce the resolution. The AFM is also equipped with an optical
lens and CMOS camera to more easily locate the area of interest for scanning. This optical
system, quite different from the traditional AFM, is independent of the cantilever system so
that higher resolution can be achieved. With a special cantilever holder, this AFM is also able

to map in a liquid environment.

% |

Figure 2.7 Photographs of the exterior (left) and the interior (right) of the Cypher

scanning probe microscope.

There are two scanning modes for AFM operation: contact/DC mode and tapping/AC mode.
These two modes actually use the same Z axis feedback movement to measure the height
and the difference is whether the tip is in continuous or oscillating contact with the
specimen surface. Contact mode is not suitable for soft surfaces and liquid environments
and may easily wear out the sharp tip. Tapping mode can be subdivided into attractive and
repulsive modes and which mode is used is mainly determined by the distance between the

tip and the surface and by the tip amplitude.
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Figure 2.8 Schematic diagram of the working mechanism of the Cypher AFM.

The other functions of the Cypher SPM use a similar feedback response to the tip deflection
or oscillation to measure different properties of the material surface, for example,
magnetism, surface potential, or piezoelectricity. However, in these cases, the magnetic,
electrostatic or piezoelectric force between the cantilever tip and the specimen surface is
used to control the deflection or oscillation of the cantilever. So these measurements require

special cantilevers, for instance, a cantilever with a conductive or magnetic tip.

2.2.11 Universal mechanical testing system

The compression tests of the BNNT reinforced polyurethane composites were conducted on
an Instron 4505 (USA). It can do uniaxial tensile and compression tests. The system has one
fixed and one moving crosshead and can apply a load force of up to 100kN. The testing
speed ranges from 0.001 to 1000mm/min, and the accuracy of the load is £0.5%. The data
acquisition rate is up to 500Hz. The extensometers in the system can precisely measure
changes in length. For measurement, the specimen is either clamped by the jaws or placed
between two flat cylindrical steel blocks. The testing environment, including the

temperature and humidity, is also measured on site.

2.2.12 Dynamic mechanical analysis

The adhesion force of a BNNT film to its substrate was measured by a Q800 dynamic
mechanical analyser (DMA) (TA Instruments, USA) (Figure 2.9a). DMA is a thermoanalytical
technique that can measure the mechanical, thermal stability and viscoelastic properties of a
material as a function of time, temperature or force. Different materials, such as polymers,

fibres and some light metal films, are compatible with this instrument. A non-contact and
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linear drive motor is connected to a set of air bearing slides to provide a precise static or
oscillatory force. Frictionless sliding movements are allowed by the air bearing thanks to a
pressurized gas flow. The maximum and minimum loads are 18N and 0.0001N, respectively,
and the resolution of the loading force is 0.00001N. The axial displacement of the specimen
is monitored by a high resolution linear optical encoder. The measurable specimen length is
0.5um-10mm and the strain resolution is 1nm. Therefore, this instrument is very suitable
for accurate and small force measurement. The thermocouple and the flow-in liquid
nitrogen pipe can create a wide range of testing temperatures from -150 to 600°C. The three
specimen clamps make it suitable for tension, 3-point bending, and compression tests. The

film tension clamp was used in the BNNT film adhesion measurement (Figure 2.11 b).

(@)

Figure 2.9 (a) Photograph of the Q800 dynamic mechanical analyser from TA
Instruments; (b) photograph of the film tension clamp.

2.2.13 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a commonly used technique that can
quantitatively identify elements (except hydrogen) and provide information on the chemical
state of the surface. XPS measures the kinetic energy of all the collected electrons, including
both photoelectrons and Auger electrons. The measurement depth of XPS is approximately
5-10nm. XPS instruments usually consist of an x-ray source, a sample holder in a vacuum

chamber and a photoelectron detector [121].
XPS measurements of the thin BN sheets were performed in the Laboratory for Surface and

Materials Science, the Department of Physics at the University of Rijeka, Croatia, using a

laboratory XPS system (SPECS, Germany) with monochromatic Al K, x-rays of 1486.74eV.
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next thought was adding nitrate to enhance the growth of BNNTSs, because catalysts, like
nitrate, had been widely known to be essential for the formation of nanotubes. As a result,
the purity of the BNNT product was dramatically improved. The BNNTs produced by the B
ink method showed a similar structure to those produced using old ball milling method. So
the main purpose of the study is to explain this dramatic purity improvement after adding

ethanol and nitrate.

3.3.1 Large quantity synthesis of BNNTs
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Figure 3.1 (a) Photo of a slightly bluish white BNNT layer in an alumina
crucible produced by the B ink annealing method. The top inner size of the
crucible is 68mm x 19mm; b) EDS spectrum showing elements B and N dominate

the sample, along with some O and Fe.

The new B ink annealing method allows BNNTSs to be produced both in large quantities and
higher yield. The photo in Figure 3.1a shows a layer of fluffy materials covering the bottom
of a ceramic combustion boat (size: 68mm x 19mm). It is worth noting that the colour of the
product (slightly bluish white) was totally different from that of the BNNT samples
produced using the old ball milling and annealing method (dark brown). Because the colour
of BN is white and the colour of B particles is dark brown, this indicates that enormously
more B particles underwent a nitriding reaction to form BN. So the colour of the BNNT
product already suggests high purity of BNNTSs in the product (also proved by SEM, which
will be shown later). The EDS spectrum in Figure 3.1b reveals that the annealed sample was
predominantly elements B and N, along with some O and Fe impurities. The Fe was from
both the ball milling process and the Fe(N03)3:9H:0 added to the B ink. Larger quantities of
BNNTs can be produced by using bigger crucibles. For example, 0.5g of BNNTs was
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TGA was used to investigate the roles of both ethanol and nitrate in the annealing process.
The TGA curve in Figure 3.5a shows the weight change of B ink during heating in N2+5%H,
gas. In the analysis, 0.1M Fe(NO03)3:9H:0 ethanol solution was used to prepare the B ink
(100mg B powder in 1mL solution) and the heating rate was 20°C/min. Because of the
similar catalytic effects from metal nitrates for nanotube growth [138, 139], only Fe(NO3)3
was used in this analysis. In the curve, three different stages corresponding to three
different physical and chemical changes in the B ink during the annealing can be seen. The
first stage is from room temperature to 145°C, in which the weight of the sample plummeted
dramatically from 48.5 to 5.6mg. This rapid weight loss was caused by ethanol evaporation.
The next stage is from 145 to 400°C. During this stage, nitrate, Fe(NOs3)3, thermally
decomposed to metal oxide, Fe;03, which was further reduced into nanosized metal
particles that acted as catalysts to assist the nanotube growth [140, 141]. The last stage is
from 400 to 1100°C, where the weight of the sample rebounded due to the nitriding reaction

between B particles and Nz gas with the formation of BN phases.

Figure 3.4 SEM images showing a BNNT greater than 300um in length (arrowed).
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Figure 3.7 SEM images of the BNNTs produced by using B inks with different amount of

Fe(NO;3). (a) There were more particles than BNNTs in the product when ball milled B
particles with pure ethanol without adding any Fe(NO;): was used in annealing; (b)
improved density of BNNTs when 0.04mg Fe(NO;);-9H.0 was added to every mg of ball
milled B (still not enough Fe(NO3)s), but there were still particulate contaminants; (c)
very high density of BNNTs when 0.2mg Fe(NO;):-9H.0 was added to every mg of ball
milled B (within the optimum range); (d) low density of BNNTs produced when 0.29mg
Fe(N03)s-9H.0 was added to every mg of ball milled B (too much Fe(NOs)s). The big round
Fe particles were found in the product (blue arrows), which had almost lost their catalytic
function; while a small number of BNNTs grew up with big catalysts on the tip (red

arrows). Charging effect affected the quality of some of the images.

B particles during the mixing aided by ultrasonication. The nanosized B particles normally
agglomerate into large clusters under the ball impacts during milling. The agglomeration
slows down the nitriding reaction, and hence reduces nanotube yield. The ultrasonic
treatment in ethanol can break these large agglomerates into loose B particles giving better
contact with the reaction gas so that an enhanced rate of nitriding was achieved during
annealing. Secondly, ethanol helps to protect the metastable B particles from oxidation. The
ball milling process produces the metastable disordered B structures that are highly
reactive in air even at room temperature. The oxidation of these structures may cause them

to lose their chemical reactivity. The ethanol can cover the surface of these ball milled
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Figure 3.9 (a) A photo showing from bottom to top: neat polyurethane, 0.5vol.% and
2vol.% BNNT reinforced composites; (b) the stress-strain curves of the neat polymer,
and two BNNT reinforced composites; (c) SEM image showing a broken BNNT on the
fractured surface; (d) SEM image showing the fracture happened on voids and defects

due to the agglomeration of BNNTs.

The hardness of the composite decreased with increasing BNNT content. The neat PU had
Rockwell hardness 80.7+2.1HRR, while the 0.5vol.% and 2vol.% BNNT reinforced PU
composites had 79.1+1.9HRR and 76.2+4.2HRR, respectively. This is probably because the
number of voids in the composites increases with increasing nanotube content [151]. This

trend is consistent with more agglomerates in the 2vol.% BNNT reinforced composite.

The production of the BNNT reinforced composites was mainly to demonstrate a potential
application of the large quantity synthesis of BNNTs by the B ink method. In order to better
understand the compressive modulus and hardness changes with the content of BNNTSs in
the matrix, it would be desirable to quantify the density of voids in the composites. It would
also be desirable to functionalize the nanotubes to improve the wetting properties and to

allow stronger bonding between the fillers and the matrix. However, these are beyond this

study.
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The B ink painting method, as illustrated in Figure 4.1, consists of four steps. (a) Nanosized
and chemically active B particles are produced by milling of amorphous B powder. (b) The
ball milled B particles are homogenously mixed with ethanol and a small amount of ferric
(or any other metal) nitrate to form an ink-like solution (B ink) under ultrasonic bath. (c)
The B ink is painted, sprayed or inkjet printed to create a thin layer of B ink in desired
pattern on the substrate. (d) The B ink covered substrate is annealed at 950-1300°C in
N2+15%H: or NHz gas which converts the B layer into a high purity BNNT film.

(a) Ball-milling (b) B ink (c) Painting (d) Annealing
=

e e e

feaction gas

Figure 4.1 Schematic diagram showing the four steps involved in the B ink coating
method. (a) Ball milling of B powder in NH;to produce nanosized B particles; (b)
mixing ball milled B particles, metal nitride and ethanol to form B ink; (c) painting the
B ink on the substrate; (d) annealing of the painted substrate in a nitrogen-containing

atmosphere to grow the BNNT film.

Figure 4.2 shows a BNNT thin layer formed on a stainless steel substrate using the B ink
painting method. The photo in Figure 4.2a shows the B ink (62.5mg/mL of B in 0.04M
Fe(NO3)3*9Hz0 ethanol solution) being brushed on a stainless steel substrate using a
painting brush. A complicated pattern (a traditional Chinese calligraphic dragon character)
was chosen to demonstrate the flexibility and ease of use of the method. After annealing of
the painted substrate at 1100°C in N2+15%H: atmosphere, a light bluish white layer was
formed on the painted surfaces (Figure 4.2b). The SEM image of the right-bottom corner of
the calligraphy pattern reveals the BNNT film was only grown at the ink brushed area
(Figure 4.2¢). The chemical composition was determined by EDS (Figure 4.2d). Fe and Ni
come from both substrate and catalysts. The enlarged image in Figure 4.2e shows the high
purity and density of nanotubes with diameters in the range of 50-80nm. Regular BNNT
patterns were produced by mask coating, in which B ink was brushed on the un-covered
areas of mask before annealing (Figure 4.3). In this example, B ink was brushed on the

substrate through a tape mask and then annealed at 1100°C in N2+15%H: gas for 0.5h.
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Figure 4.5 SEM image of the low density or sparsity of BNNTs on Si0;/Si substrate
by spraying dilute B ink.

Similar to the B ink annealing described in Chapter 3, the BNNTs produced in N,+15%H>
atmosphere at 1100°C usually have diameters 40-80nm and bamboo-like structure (Figure
4.6). Cylindrical BNNTs with similar diameters could also be formed (Figure 4.6), probably
due to the higher heating rate during annealing, which led to higher migration or
precipitation rates of BN in the catalyst [171]. The reason that the cylindrical BNNTs were
not formed in the large quantity synthesis process may be because it was hard to heat a
large amount of B ink rapidly, in contrast to the small amount of ink used in the painting/
coating process. Very thin cylindrical BNNTs with diameters less than 10nm can be
produced by annealing in NH3 at 1300°C (Figure 4.7) [107]. The growth mechanisms of

different BNNT structures in different atmospheres have been discussed before [106].

Figure 4.6 (a) TEM image of a BNNT with cylindrical structure; (b) TEM image of two
bamboo-like structured BNNTs.
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Figure 4.10 (a) A schematic diagram showing the set-up of the adhesion test by

DMA; (b) the stress-strain curve of 1cm? BNNT film under static shear force.

Another important advantage of the B ink method is that it can grow BNNTs on objects of
various and complex shapes. SEM images in Figure 4.11a and b show a steel mesh
homogeneously coated with BNNTs. The mesh was thoroughly brushed with the B ink and,
after annealing at 1100°C in N2+15%H: gas for 1h, both sides were covered by a high
density of BNNTs without blocking the small square openings. Figure 4.11c and d show
BNNTSs were grown on both the external and internal surfaces of a steel syringe needle. This
was accomplished by first immersing the needle in the ink and then placing it along the gas
flow direction during annealing so that erect BNNTs even grew on the surface of its internal
channel. Figure 4.11e and f show BNNTSs standing on both the threads and the gaps of a tiny
screw. These examples demonstrate that BNNTs can be delicately grown on any irregularly

shaped object, as long as the B ink can reach and cover its surface.

Coating of BNNTSs on non-flat objects opens up many new applications. Here, three potential
applications are briefly described. A BNNT covered needle (Figure 4.11c and d) could be
very useful in microfluidic devices [176]. Due to the huge surface roughness of the BNNT
film that enables the Cassie state [177], the as-grown BNNT films can be superhydrophobic
[178, 179]. Because of the superhydrophobicity, when fluid flows through such a BNNT
coated needle, the adsorption onto the channel surface and the frictional drag can be greatly
reduced, allowing better performing microfluidic devices. A detailed study of the
superhydrophobic properties of the BNNT films will be presented in Chapter 6. In contrast
to the super anti-wetting to water, the BNNT films are extremely wettable to oil. In general,
if a solid has surface tension larger than a quarter of the surface tension of an oil, the solid is
wettable to the oil [180]. The surface tension of an individual BNNT with diameter of 40nm

has been measured to be 26.7-27.0mN/m [81] and most oils have surface tensions of 20-30
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process. Due to the invention of the B ink painting method, for the first time, BNNTs can be
grown on the surface of objects with irregular or complicated shapes. A fine mesh, tiny tube
and small screw were successfully coated with BNNTSs, which indicates that any irregularly
shaped object can be coated with BNNT film if the B ink can reach and cover its surface. This
new method opens up many new applications for BNNT films. It was briefly shown that a
needle with BNNT coating inside the channel could enable better performing microfluidic
devices; a BNNT covered mesh can separate oil from water on a microlitre scale; and a

BNNT film on a screw gives a possible way to minimize wear and solve interfacial problems.

* Most of the work presented in this chapter was done by author and the TEM investigations

were done by group members.
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(not coated on the substrate) produced by the old ball milling and annealing method were
also investigated. They were produced in NH3 at 1300°C using ball milled dry B particles
without adding any nitrate and ethanol [198]. These powder-like BNNTs show similar
luminescence to the hBN particles (Figure 5.6). This is due to the high level of BN particle
impurities in the powder-like BNNT sample, though this sample also contains BNNTs with
the same cylindrical structure and small diameter. This suggests that high purity BNNT
films, as produced by the B ink method, are crucial to achieving strong DUV light emission
and that BN particle impurities need to be avoided.
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Figure 5.4 PL spectra of, from top to bottom: the cylindrical BNNT film at 10K, the
cylindrical BNNT film at 293K, Si/SiO; substrate at 10K, and Si/SiO; substrate at
293K. All PL measurements were conducted under the same conditions with the

same sampling time. The intensities shown are absolute values but the baselines of

top three spectra have been shifted upwards.
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Figure 5.5 (a) SEM image of the nanosized BN particles coated on a Si02/Si substrate;
(b) 10K PL spectrum of the BN particles.
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Chapter 6

Superhydrophobic Properties of Boron Nitride

Nanotube Films

6.1 Introduction

The lotus has been a sacred symbol in many cultures since ancient times, mainly due to the
purity and un-attachment it represents. Water drops run easily off its leaves and carry dirt
with them. This extreme resistance to wetting, or superhydrophobicity, is usually
characterized by a water contact angle larger than 150° and hysteresis smaller than 10°
[201]. Less marked anti-wetting properties are only termed hydrophobicity.
Superhydrophobicity is highly desirable for numerous applications, such as water repellent
and self-cleaning coatings [202], microfluidic lab-on-a-chip systems for chemical, biological
and medical analyses [176] and a low water friction surface for ocean freighters [203]. The
contact angle of the lotus leaf can reach 170° due to its cutin and lipid covering as well as its
hierarchical micro and nano double structure [204, 205]. The latter is crucial for achieving
superhydrophobicity, as chemical composition alone can only give hydrophobicity with

contact angle less than 120° [177].

One well-known property of hBN is its low wettability to molten metals and polymers [206,
207]. Because of its excellent lubricity at both low and high temperatures (up to 900°C) [2],
hBN powder is widely used as a refractory material in foundry and polymer processing.
However, hBN is wettable to water [208]. Boron nitride nanotubes (BNNTs) can be viewed
as hBN sheets rolled up into seamless tubes of nanosized diameter. They inherit many

excellent properties from hBN, such as high thermal conductivity and good stability at high
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6.2.5 Characterization techniques

Zeiss Supra 55VP and Leo 1530 instruments were used to investigate the surface
morphologies of the BNNT films and their cleaning effects. The values of fractional area (f;)
were illustrated by using a SEM image analysis technique in which Photoshop software was
used to only retain pixels above the threshold brightness 212 in the SEM images [178, 210].
X-ray energy dispersive spectroscopy (EDS) attached to a Hitachi 4300SE/N SEM was used
for the examination of the chemical composition of the nanotubes. An Olympus BX51M
optical microscope with a camera (DP12, ColorView) attached was used to acquire particle

cleaning images.

6.3 Results and Discussions

6.3.1 Young's contact angle of hBN

(b)

Figure 6.1 (a) 3D AFM image showing part of the hBN pellet surface; (b) photo of a
9.74ul water drop on the hBN pellet with contact angle 50.4°.

The Young's contact angle of hBN was measured first to examine its wetting properties.
Figure 6.1a shows a typical AFM image of the hBN pellet surface. The average roughness was

1.028+0.017. The average contact angle of the water drop to the pellet was 50.0+5.9°
(Figure 6.1b). According to the Wenzel equation [211]:

cos@ =rcos@ (6.1)
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Figure 6.4 (a) Contact angles of the semi-erect (square) and the prostrate (round) BNNT
films under various pressures exerted by different sized drops; (b) contact angles after the
semi-erect (square) and prostrate (round) BNNT films were submerged in water at

different depths to estimate the critical transition pressure.

Various small pressures could be applied to the BNNT films by modifying the sizes of drops
statically sitting on films. For a drop with diameter smaller than its capillary length (2.73mm
for water), the pressure that the drop exerts on the film surface can be estimated to be
roughly the same as the internal pressure of the drop [181, 223]. The internal pressure of

the drop can be calculated from Laplace's law [181]:

2y
AP=2L (6.6
oo

where y is the surface tension of water and R is the diameter of the drop. So the smaller the
drop, the higher is the pressure on the film [181]. Figure 6.4a shows the contact angles of
the two kinds of BNNT film (Figure 6.2a and 6.3a) using different sized drops. The contact
angles of both films decreased synchronously with increasing pressure. At around 1kPa, 6.
for the semi-erect and the prostrate BNNT films dropped to 150.5° and 141.1°, respectively.
This was because the pressure slightly squeezed water into the cavities between nanotubes

and thereby increased fi. However, for both films at 1kPa, the drops are still in, or mostly in,

the Cassie regime.

To further increase the pressure in order to estimate the critical transition pressure, the
films were submerged in deionised water at different depths. Figure 6.4b shows the
measured contact angles of the two films immediately after they were removed from the
water. These results represent the wettability of each film after the hydrostatic pressure

was released, or in other words, the recoverability of their wettability from pressure. So the
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The lower critical transition pressure of the prostrate film may also make it less stable and

more easily affected by chemicals.
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Figure 6.7 Effect of drop pH variations on the contact angle of, (a) the semi-erect BNNT

film (square); (b) the prostrate BNNT film (round).
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6.3.6 Drop impact

The dynamic behaviour of free falling drops on impact with these two BNNT films was also
investigated. The drop impacting velocity, calculated from the drop release height, was
0.23m/s. The drop diameter was 2.1mm. The corresponding Weber number (We) can be

calculated [224]:

2

v R
¥

We =

6.7)

where p is the density of water, v is the impacting velocity, R is the diameter of the drop, and
y is the surface tension of water. Then We for this drop was 1.6. Because of the small We
used, no splashing occurred on either film. However, the drops showed totally different
behaviours on two kinds of film. For the semi-erect BNNT film (Figure 6.8a), the drop
completely rebounded from the surface several times before, in most cases, bouncing off the
film. Images in Figure 6.8a were able to be captured only after the film was delicately
adjusted to be level to try and retain the drop on the film, but the drop still jumped out of the
camera’s focus. The estimated restitution coefficient (&) for the first bounce off this film was
0.79. During the drop impact, kinetic energy was transferred via the liquid surface tension,
the contact angle hysteresis and the drop oscillation [224]. Water may also intrude into the

film and dissipate some energy [225]. This possibility can be estimated by calculating the
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maximum drop impact pressure exerted on the film. If the propagation of compressional

waves, viscosity and surface tension are all neglected, we can estimate [226]:

PITIZ]X = pVITlLl.\'2 (6'8)

where Ppay is the maximum impact pressure, p is the density of water, and vmey is the
impacting velocity of the water drop. Note this estimate is too small for rigid solid surfaces,
but suitable for nonhomogeneous surfaces [227]. The maximum pressure from the falling
drop was about 67Pa. The likely effect of this pressure can be determined by referring to
Figure 6.4a and 6.4b. It can be seen this pressure was too small to cause penetration of

water into the film because of the trapped and compressed air.

(a) @
0°0

(b)

Figure 6.8 The dynamic behaviour of a free falling drop on, (a) the semi-erect BNNT
film; (b) the prostrate BNNT film with the arrows indicating the direction of

movement of the drop.

For the prostrate BNNT film (Figure 6.8b), the drop hardly showed any rebound. Instead, it
was pinned and then pulsated on the film. The lack of bounce on this film can be partly
blamed on its higher hysteresis, yet, it should not be the only reason, because a surface with
contact angle 160° and hysteresis 30° can still show bounce with high elasticity [224]. Water
intrusion is unlikely to be a major reason either, because: (1) the estimated maximum drop
pressure is also too small for this film, as the previous calculation showed; (2) the drop kept
its round shape and did not show a dramatic increase in the receded angle during the
retraction phase (when the drop moved upwards); and (3) the contact angle after the drop
stabilized on this film showed similar values to those measured by the sessile method.
Another possible reason for the lack of bounce may be the deformation of the film surface
caused by the drop impact. For the prostrate film, long BNNTs lie loosely on each other and

there are a great number of voids in the film. These voids allow the nanotubes to move
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Figure 6.9 (a) Optical microscope image of copper particles smaller than 10um (red dots)
spread on BNNT film for the self-cleaning test; (b) the semi-erect BNNT film thoroughly
cleaned after a static drop rolled off; (c) still many particles left on the prostrate BNNT film

after the same cleaning.

Figure 6.10 SEM images of, (a) semi-erect BNNT film, (b) prostrate BNNT film, after

cleaning by a drop without initial kinetic energy. The red circles highlighted the ~2um

sized copper particles scarcely left on the semi-erect film.

6.4 Conclusions

A non-aligned semi-erect BNNT film synthesized by the B ink method showed
superhydrophobicity with contact angle above 170° and hysteresis less than 4°. This anti-
wetting property was stable over a large range of drop sizes and the critical pressure for
transiting from Cassie state to Wenzel state was estimated to be around 10kPa. The low
fractional contact area (f;) and huge roughness created by the semi-erect BNNT film were
two of the main reasons for achieving superhydrophobicity. However, longer growing times
led to prostrate BNNT films, on which only hydrophobic behaviour was observed. The
superhydrophobic and hydrophobic BNNT films showed distinct drop retraction behaviour

during evaporation; a different pressure effect on contact angle; and different critical
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transition pressure, drop impact behaviour and self-cleaning efficiency. These differences
could be satisfactorily explained by the differences in fractional surface area, roughness and
compressibility. One interesting observation is that the contact diameter for a drop on the
prostrate BNNT film first slightly increased during evaporation. The theoretical study of the
wetting property of an individual BNNT yielded the likely explanation that the observed
spreading was caused by the transition from initial to equilibrium contact angle of water on
BNNTs. These results give guidance not only for the design of BNNT films as anti-wetting
coatings to water, but may also assist in fabricating films for use in molten polymer
processing, as BNNTs are more stable than their counterpart carbon nanotubes at high

temperatures.

* All of the work presented in this chapter was done by author.
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Chapter 7

Ultra thin BN sheets and their photoluminescence

7.1 Introduction

When a layered material is exfoliated into two-dimensional (2D) sheets, some exceptional
properties may emerge. The most obvious example is graphene, a single atomic layer of
graphite. In graphene, the quasiparticles, like electrons and holes, behave like relativistic
particles [229, 230] and scattering only happens at the edge of a graphene sheet [231].
Graphene also shows unprecedented mechanical strength [232] and excellent thermal
conductivity [233]. Because of these properties, graphene has aroused intense interest as a
matter of fundamental science and possible commercial application since the discovery of
free-standing graphene in 2004 [234]. Hexagonal boron nitride (hBN) shares the same
layered structure as graphite, but there has not been much large quantity synthesis or many

investigations into the properties of atomically thick BN sheets [6, 8, 14].

Ball milling is a widely used technique capable of inducing chemical reactions, forming non-
equilibrium phases and producing nanoparticles at large-scale [116]. Although ball milling is
usually a violent process which destroys crystal structure and introduces a great number of
defects [104, 235-237], Janot et al. and Antisari et al. have found that by carefully controlling
the milling conditions, ball milling was also able to cleave large graphite particles into
thinner sheets while maintaining the in-plane crystal structure [238, 239]. However, these

two brief reports did not answer many basic questions, such as what are the optimum
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However, the contrast within each particle is not homogeneous and in the form of stripes.
This can be interpreted as evidence for the deviation of their structures from perfect single
crystals due to the presence of planar defects, such as stacking faults or dislocations. Figure

7.1d shows another typical example of the planar defects in the crystals (arrowed).

Figure 7.1 (a) SEM image of the initial hBN particles; (b) TEM image of the initial

particles at low magnification; (c) and (d) higher magnification TEM edge-on images of

the particles with a planar defect arrowed.

7.3.2 The thin BN sheets produced by ball milling

After planetary milling in benzyl benzoate, most of the hBN particles were successfully
reduced to thin sheets. Figure 7.2a shows a SEM image of the sheets ball milled for 15h and
then centrifuged at 376rcf for 1h. The sheets are smaller and thinner, although some
relatively big particles are still present. These big particles can be removed by centrifuging
at higher g-forces. The SEM image in Figure 2b shows that only sheets with quite uniform
small thickness remained after the centrifugation in benzyl benzoate at 9391rcf for 0.5h.
These sheets have diameters of several hundred nanometres and thicknesses of several

nanometres. Figure 7.2c shows an AFM image of three BN sheets on a Si substrate. The
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height trace curves of these sheets (Figure 7.2d) show that the sheets labelled (1), (2) and
(3) are 3.7, 2.4 and 2.3nm thick, respectively. Even thinner sheets may exist. The bright-

field TEM image in Figure 7.2e shows a group of overlapping sheets. Some extremely thin
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Figure 7.2 (a) SEM image of thin BN sheets after ball milling in benzyl benzoate for
15h and centrifugation at 376rcf for 1h; (b) SEM image of ultra thin BN sheets after
centrifugation at 9391rcf for 0.5h; (c) AFM image showing three BN sheets on Si
substrate; (d) the height trace curves of the three sheets indicating their thickness are
close to 2nm and widths are several hundred nanometres; (¢) TEM image of the sheets,

with a very thin sheet arrowed; (d) the corresponding electron diffraction pattern.
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sheets are also noticeable (arrowed). The corresponding electron diffraction pattern (Figure
7.2f) confirms that the (002) planes have little damage. Careful investigation of the pattern
reveals that it consists of several sets of dots with six-fold symmetry and these sets are
rotated at various angles to each other. A diffraction pattern of this kind can be due to two
reasons: (1) overlapping sheets disoriented relative to each other by a shift and rotation; (2)
stacking faults existing within an individual sheet. However, the TEM investigation did not
provide enough evidence to reliably judge which one is the major cause. The isolation of an
individual sheet on a TEM grid over a hole in the amorphous carbon film seems challenging.
Orienting a single sheet parallel to the electron beam in the TEM column to obtain a lattice

image is an even more difficult task.
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Figure 7.3 (a) The normalized XRD spectra from hBN particles after different ball
milling times in benzyl benzoate; (b) the enlarged XRD spectra of un-milled and 2h ball

milled BN particles; (c) the change in FWHM of the (002) peak with milling time.

The normalized XRD spectra of hBN particles ball milled in benzyl benzoate for different
times are compared in Figure 7.3a. From the XRD results, the most dramatic change had
happened after just Zh of ball milling. In order to show the peak intensity changes more
clearly, the XRD spectra of the initial powder and the 2h ball milled sample are enlarged in
Figure 7.3b. It can be seen that the intensities of the (004) and (006) peaks had only slightly
decreased after Zh of ball milling. The (004) peak still existed after 25h of milling and the
(006) peak was present till 20h of milling. This indicates that the ball milling did not
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Figure 7.4 The NEXAFS spectra in the region of B K-edge near the n* resonance from
PEY measurements. Blue line: the initial hBN particles (un-milled) and red line: the

sheets ball milled for 15h in benzyl benzoate.
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Figure 7.5 (a) EDS results showing that the carbon content of the vacuum heated sheets
increases linearly with the increase in ball milling time; (b) TGA curve showing that

benzyl benzoate evaporates at 160°C.

It was found that benzyl benzoate could not be completely removed from the milled sheets
even after heating in vacuum. Figure 7.5a shows the carbon contents of the ball milled
sheets after vacuum heating (<10-torr) at 500°C for 3h. It can be seen that the carbon
content increased almost linearly with milling time, although TGA shows that benzyl
benzoate evaporates at 160°C. A possible explanation for the increasing carbon content is
that benzyl benzoate can be trapped between the stacking sheets [17], which possess huge
surface areas. The number of sheets increases with ball milling time; hence more inter-sheet
area is available to retain benzyl benzoate. As a result, the longer milled sheets show a

higher carbon content. On the other hand, these C residues are mostly physically absorbed
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on the sheets, as evidenced from the XPS results. The normalized XPS spectra from the initial
hBN particles and the vacuum heated sheets produced by 15h ball milling in benzyl
benzoate are compared in Figure 7.6. Compared to the initial particles, the ball milled sheets
show only a moderate increase in the number of B-C-Nz and B-N-O bonds. This result is
consistent with the NEXAFS result that only a small amount of carbon bonds were

introduced by ball milling.

Normalized Intensity

186 188 190 192 194 196 198
Binding Energy (eV)
Figure 7.6 The normalized XPS spectra from the initial hBN particles (top) and the 15h
ball milled sheets after vacuum heating (bottom) with fits to different bonds (the B-C

bond may be due to surface contamination of the hBN particles).

7.3.3 Suitable milling conditions and exfoliation mechanism

The efficient exfoliation of the hBN particles while retaining their in-planar crystal structure
requires favourable milling conditions. The first step is to choose a suitable mill. Most kind
of mills use a strong collision force to grind material [104, 235-237]. A planetary mill, on the
other hand, mainly produces shear forces, which suits the exfoliation purpose. However,
planetary milling in dry conditions still causes severe damage to the crystal structure of a
material. For example, when the hBN particles were dry ball milled in the same planetary
mill, round and semi-amorphous particles were produced (Figure 7.7). Therefore, a liquid

controlling agent must be used during milling. A liquid agent can work as a lubricant to
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reduce the damage on particles and make the shear force gentler [238, 241]. Under the
gentle shear force and due to the strong in-plane sp? bonding and the weak van de Waals
inter-plane bonding in hBN crystals, the thin BN layers were either mechanically cleaved off
(Figure 7.8a) or peeled off from the surfaces of the large hBN particles (Figure 7.8b). The use
of the small steel balls (diameter of 12.7mm) can also help to minimize the damage to the in-
plane crystal structure and the relatively large number of these balls makes the milling more

efficient.

— Benzyl benzoate
— Dry

40 60 80 100
260 (degrees)

Figure 7.7 (a) SEM image showing the almost round particles after dry planetary
ball milling for 15h; (b) XRD spectra showing that the 15h dry ball milled product
(grey) has a semi-amorphous structure and high steel contamination, while the

products from the 15h ball milling in benzyl benzoate still show strong hBN phases.

\/

Figure 7.8 SEM images showing the two exfoliation mechanisms during ball milling:
(a) cleavage from the edge of the hBN particles by shear force; (b) peeling off thin

sheets from the top surface by shear force.

7.3.4 The change of milling media and agent

A nylon vial and fifty nylon balls were also tried for the production of thin BN sheets in

ethanol. The majority of particles remained large after 15h milling and centrifugation at
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376rcf for 1h (Figure 7.9a), though many thin BN sheets with quite straight edges were also
found (Figure 7.9b). The widths of the relatively thin sheets were usually two to five times
larger than those produced in benzyl benzoate using steel milling media, but they were also
thicker (normally 7-12nm). These differences are caused by the lower density and hardness

of the nylon balls which lead to milder impacts on the BN particles.

Figure 7.9 SEM images showing the thin BN sheets produced by ball milling in ethanol

after centrifugation.

The effects on milling using other milling agents, including water, ethanol and dodecane,
were also investigated using steel milling media. It was found that ball milling in ethanol or
water usually resulted in smaller BN sheets and more structural damage, according to both
SEM (Figure 7.10a) and XRD (Figure 7.10b). The enlarged XRD spectra show that after 2h
ball milling in ethanol, there were similar changes in peak intensities to those for benzyl
benzoate (Figure 7.10c). However, after 15h of ball milling in ethanol, the BN particles had
much more damage, since the (004) peak totally disappeared and the amorphous phase
began to appear (Figure 7.10d). These differences are caused by the lower viscosity of
ethanol and water relative to benzyl benzoate and dodecane, so a smaller lubricant effect or
larger milling force results in more structural damage occurring. Another feature of the XRD
spectra from the ethanol milled samples is the strong peak from steel contamination (Figure
7.10d). The EDS results show that the milling in water and ethanol gave much more steel
contamination (Figure 7.11). Dodecane and benzyl benzoate both gave good exfoliation
results, but benzyl benzoate is better for preventing the aggregation or rejoining of thin BN

sheets by becoming physically attached to the newly cleaved BN sheets, due to its similar

surface tension to BN and graphite [17].

7.3.5 Photoluminescence of the milled BN sheets
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Figure 7.10 (a) SEM image of the BN sheets produced by 15h ball milling in ethanol;
(b) XRD spectra from the sheets ball milled for different times in ethanol; (c) the
enlarged XRD spectra from the initial hBN particles and the 2h ethanol ball milled

sheets; (d) the enlarged XRD spectra from the initial hBN particles and the 15h ethanol

ball milled sheets.
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Figure 7.11 A comparison of the Fe content of the ball milled BN sheets using different

agents.
The room-temperature PL from the initial hBN powder and the sheets produced by ball

milling in benzyl benzoate for different times and annealed in vacuum are compared in

Figure 7.12a. Roughly, ball milled BN sheets show a similar luminescence profile to the
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initial particles: a DUV peak at around 224nm and a broad band near 300nm. However, the
relative intensity of these two bands changed dramatically after ball milling. For the initial
hBN particles, the 300nm band is almost twice as intense as the DUV band. Yet, after only 2h
of milling, the DUV emission has become relatively stronger. The strongest DUV emission is
obtained after 15h of ball milling. After that, the relative intensity of the 300nm band
increases with increasing ball milling time. For example, for the sheets ball milled for 30h,
the 300nm band has become almost as strong as the DUV band and a new peak at round
340nm (Figure 7.12a, arrowed) has emerged. This new peak is highly likely to relate to the

damage or defects created by the extended ball milling.
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Figure 7.12 (a) The room-temperature PL spectra from the un-milled hBN particles
and the sheets produced after different hours of ball milling in benzyl benzoate and
annealed in vacuum (<10-torr) at 500°C for 3h, a new peak (arrowed) at around
340nm appeared after 30h of ball milling; (b) comparison of the room-temperature PL
spectra from the un-milled hBN particles (black) and a sample prepared by vacuum

annealing a mixture of un-milled hBN particles and benzyl benzoate (green).

The observed decrease in relative intensity of the 300nm band with milling is not related to
the addition of benzyl benzoate to the hBN particles, the ultrasonication, or the annealing in
vacuum, because a comparison sample, produced by first mixing the un-milled hBN powder

with benzyl benzoate in an ultrasonic bath and then annealing at 500°C in vacuum, showed
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investigations indicated that in spite of the thickness reduction, ball milling did little damage
to the in-planar structure of the sheets and introduced a very small amount of point defects.
The thin BN sheets produced by this method showed better DUV emission than the un-
milled particles. Besides BN, this ball milling method should be applicable to any other

layered materials, such as graphite, because it uses mechanical peeling and cleaving to

produce thin layers.

* Most of the work presented in this chapter was done by author. The TEM and part of the EDS

investigations were done by group members; the NEXAFS and XPS studies were done by

collaborator.
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wettable. There should be several ways to change their wetting properties. For example,
chemical and plasma functionalization, both are easy to realize and could give rise to

interesting results.

Future work is needed to further reduce the thickness of the sheets by optimizing ball
milling conditions, because a monolayer or few layers thick sheet of BN or carbon is of more
scientific interest. Besides, because of this large quantity synthesis method, the ultra thin
sheets can be directly used to enhance composites. More applications can be expected after

more characterization and property measurements are done on these ultra thin sheets.
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