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Chapter 1

Introduction

1.1 Hexagonal boron nitride nanotubes (h-BNNTs)

In history, hexagonal boron nanotubes were developed along with their counterparts-carbon nanotubes
(CNTs). Structurally, BNNTSs are regarded as analogs of CNTs, with alternating boron and nitrogen atoms
substituting carbon atoms in the hexagonal lattice network (Figure 1.1a and b)."”” It’s well-known that all the

properties of a material depend on its structure. As expected, BN and carbon nanotubes possess some identical

2

intrinsic characteristics, such as excellent mechanical properties®!? and thermal conductivity.'*! Both

theoretical prediction and experimental measurements revealed that their elastic modulus can reach a TPa level
and thermal conductivity can reach thousands of W-m™-K-!at room temperature.!”!® Despite these similarities,
for a B-N bond, valence charges are concentrated around the N atoms because of different electronegativities
of B and N atoms. This fact makes such a heteroatom bond to show a mixed covalent-ionic bonding character.
In contrast, charge density is equally distributed around C atoms for a C-C bond, which possesses a purely
covalent behavior (Figure 1.1¢ and d).?° As a consequence, BNNTs show distinct physical and chemical
properties compared to CNTs. For instance, BNNTSs are highly electrical insulating with a bandgap of ~5.5
eV,2122 while CNTs could be semi-conducting or metallic depending on their chirality.?*-?* In addition, BNNTs

present specific properties different from CNTs, such as high chemical stability,?® oxidation resistance (up to

30,31

~ 900 °C),”*° large neutron capture cross-section®*' as well as piezoelectricity.>*>* The comprehensive

comparison between BNNTs and CNTs is summarized in Table 1.1. Owing to all these fascinating properties,

BNNTs have attracted tremendous attention in a variety of practical applications, such as mechanical

35-37 35-37 38,39

reinforcement of composites, insulating thermal conductors, dielectric gates, protective

coatings/shields and so on.**
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Figure 1.1 (a) and (b) Structural models of single-wall CNT and BNNT, respectively. (¢) and (d) Total valence
electron distributions of a (6,6) CNT and BNNT at various isovalues of charge densities as indicated,

respectively

Table 1.1 Comparison of the main properties of BNNTs and CNTs

Properties BNNTs CNTs

Bond length (A) 1.47 1.42

Bond energy (eV) 4.0 3.7
Elastic modulus (TPa) 0.5-1.3 0.8-1.5

Thermal conductivity at 25 °C

(10° W K) 0.5-2.4 2.0-6.0
Oxidation resistance (°C) ~900.0 ~600.0

Bandgap (eV) ~5.6 ~0
Appearance white black

1.2 Synthesis of BNNTs

Obviously, the massive production of BNNTs with high quality and purity comes first to realize their
applications in practical environments. Since the pioneering work on the first synthesis of BNNTs reported by
Chorpa et. al via applying the arc-discharge method,* many approaches have been established to achieve large
scale and high-quality synthesis of BNNTSs, including, but not limited to chemical vapor deposition (CVD),
4142 ball milling method**** and plasma jet method.*>*® With the development of synthesis methods, researchers
gradually achieved the high production rate (35 g/h), and high yield (up to 80% against existing by-products)
synthesis of BNNTs.

1.2.1 Arc discharge method



Following the widely used arc discharge method to prepare CNTs, Chopra et al. firstly adopted this method
to successfully synthesize BNNTs in 1995.% In their design, a hollow tungsten electrode with an h-BN rod
inside was used as a compound anode, and a pure copper electrode was used as a cathode. The as-obtained
BNNTs had multi-wall structure, with inner diameter around 1 to 3 nm, outer diameter around 6 to 8 nm, and
lengths exceeding 200 nm, Figure 1.2a. However, some metal particles were found in the nanotube, Figure
1.2b. Then, Loiseau ef al. modified this system by replacing the anode with hafnium diboride (HfB>) rods, and
graphite used as a cathode, in order to improve the arc process. BNNTs with only one or two walls were
prepared using this method, Figure 1.2¢c. Most of the tubes had closed ends, while some of them revealed
triangular facets at the caps, which can be ascribed to three 120° disclinations, as shown in Figure 1.2d and e.
Then, Narita et al.,*” Cumings et al.*® and Yeh er al.*® reported the BNNTs synthesis by applying a similar
method but using different materials as cathodes and anodes. However, there were still two main drawbacks
for the arc discharge process, (i) low purity with respect to carbon contamination and metal particles residual,
since graphite and metal electrodes were used; (ii) limited yields, as the reaction zone at the arc core was

confined in a small zone.

Figure 1.2 (a) and (b) HRTEM images of the multi-wall BNNTs. A metal particle is seen in (b). (c-e) HRTEM

images showing BNNTs with a different number of walls and shapes of tube ends, respectively.
1.2.2 Ball milling method

The ball milling method is a mature and widely used approach to achieve industrial scale synthesis of
various kinds of materials. Chen et al. used boron powder as a starting material, milled it under ammonia gas

atmosphere for 150 h, then annealed the powder at a temperature = 1000 °C under N> or Ar atmosphere to

prepare BNNTSs.*® The product had outer diameter of tens of nanometers, with a dominant phase of h-BN and
an impurity phase of iron boride (Fe2.12B103.36). Later, they achieved millimeter scale BNNTs at a large scale
via the optimized ball milling and annealing process and found that the annealing temperature had played an

essential role in the growth of BNNTs.’! TEM characterization showed that the BNNTs had a bamboo-type

3



structure and iron particles at the ends of tubes (Figure 1.3). In addition, it was found that the regarded metal
particles, as well as appropriate milling condition are crucial for the production of high yield BNNTs. Though
the yields were remarkably improved (> 85%), it should be pointed out that the purity had still been relatively

low. The tubes commonly contained amorphous boron and metal particles.
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Figure 1.3 (a) and (d) Scanning electron microscopy (SEM) images of BNNTs. (b) TEM image showing the
bamboo-like structure of the BN sample. (c) X-ray powder diffraction (XRD) pattern of BNNTs, showing the

existence of iron impurity.
1.2.3 Chemical vapor deposition (CVD) method

Chemical vapor deposition (CVD) method is the most commonly adopted approach for thin film deposition
was also used to prepare BNNTs with high purity and crystallinity. In this method, boron or boron nitride acted
as a boron source, ammonia gas as a nitrogen source, and transition metals as catalysts to produce BNNTs.
Tang et al. reported the gram scale synthesis of BNNTs through the reaction between B, MgO and NH3 gas
within a temperature range of 1000 °C to 1700 °C in a high-frequency induction furnace.’> The nanotubes
obtained in this way had a diameter around tens of nanometers and a length of dozens of micrometers. No
carbon contamination or metal residuals were found, implying the high quality of the samples. Later, additional
experimental results revealed that substituting MgO with other metal oxides, like FeO, Li,O, and Ga,0Os could
also realize the high yield synthesis of BNNTs (Figure 1.4a-c). Then, Lee ef al. realized the preparation of
BNNTSs by using the similar starting raw materials inside a conventional horizontal furnace having a quartz
tube vacuum chamber.>® The as prepared BNNTs had a similar structure size as in previous reports and had a

band-gap of ~5.9 eV, as was estimated from the UV-vis absorption spectra. (Figure 1.4d-h). Later, they realized
4



the pattern growth of BNNTs and confirmed that BNNTs are good insulators.
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Figure 1.4 (a) and (b) SEM and TEM images of BNNTs, no metal particles were detected. (c) XRD pattern of
BNNTs, showing no impurities. Inset of (a) is a photograph of BNNTSs of white color appearance. (d) Schematic
illustration of the BNNTs synthesis inside a horizontal furnace. (e-g) Electron microscopy of BNNTs. (h)

Energy filtered imaging showing that these nanotubes consist of boron and nitrogen atoms, and have no carbon.
1.2.4 Plasma jet method

Though CVD provided the large-scale synthesis of BNNTs with high quality, the production rate was still
limited, only around several milligrams per hour. Thus, scalable and quick synthesis of BNNTs became a hot
pursuit for the scientific community. Shimizu ez al. proposed a plasma jet method to prepare BNNTs. Various
kinds of structures, like nanotubes, webs and amorphous phase were formed using this strategy.>* Later,
researchers at the National Research Council Canada achieved the preparation of BNNTs at a significantly
high rate of ~20g/h through a similar method and using hydrogen as catalyst instead of the metal catalysts. The
as-obtained BNNTSs had small diameter (~ 5 nm) with several walls of high crystallinity. (Figure 1.5a and b).
Then, Fathalizadeh et al. further improved the production rate to 35g/h by using inductively-coupled plasma
system (EPIC).* Their results also showed a high yield (up to 80%) of pure BNNTs, with outer diameter

spanning from 4 to 6 nm and wall number ranging from 2 to 6. (Figure 1.5c-¢)



Figure 1.5 (a) 192 g of BNNTs collected from a single experiment, demonstrating a production rate of 20 g/h.
(b) TEM images of individual BNNTs and BNNT bundle. (c-d) BNNTs obtained after a further improvement
of yield rate to 35g/h. (¢) TEM images showing that BNNTs have wall numbers spanning from 2 to 6 nm.

1.3 Mechanical properties and applications of BNNTs

Then, the properties and related applications of BNNTs came into the spotlight. Among these attractive
properties, the excellent mechanical performances of BNNTs, including high specific modulus (~500
GPa/(g/cm?®) and high specific strength (~20 GPa/(g/cm?®), which are comparable to CNTs but much higher
than those of the metals and their alloys at room temperature, were particularly noticed. (Figure 1.6a) Most
importantly, even at high temperature (700 °C), BNNTs still maintain these characters, while CNTs and most
of the metals lost all their mechanical features.>® (Figure 1.6b) Owing to these excellent mechanical properties,
BNNTs are regarded as important candidates for mechanical applications, especially in extreme environments,
such as high temperature and oxidative atmosphere. For example, Bhuiyan et al. reported that BNNTs
reinforced titanium (Ti) matrix composites exhibited a higher compressive strength than that of pure Ti both
at room and high temperature (500 °C).*® In addition, the National Aeronautics and Space Administration
(NASA) proposed that BNNTSs can be used for space applications because of their light-weight nature and
good shielding capability, the important concept is the space application.”> All these facts suggest the
importance of studying the mechanical properties of BNNTs to further clarify on their applications.
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Figure 1.6 Comparison of mechanical properties of several aecrospace materials, CNTs and BNNTs at (a) room
temperature and (b) 700 °C, showing the excellent mechanical properties of BNNTs both at room and high

temperatures.
1.4 Transport properties and applications of BNNTs

Despite the fact that BNNTSs are structurally similar to CNTs, they have totally opposite transport properties.
The bandgap of BNNT is about 5.6 €V, and it is almost not related to the tube morphology.’” Therefore, BNNTs
are normally electrical insulating. By contrast, CNTs are metals or semiconductors, the transport properties highly
depend on tubes’ helicity. In the meantime, theoretical calculations have shown that deformation or decrease in
tube diameter down to 0.4-1 nm or less, or application of a transverse electric field (Stark effect), can
remarkably reduce the bandgap, thus further affecting their transport behaviors.® For instance, through the
computation in the frame of local density approximation (LDA), the bandgap of a single wall BNNT can be
reduced to 2.25 eV under a transverse electrical field of 0.1 V/ A. In terms of a single-layered BNNT with an
intrinsic bandgap of 4.5 eV, a transverse electric field of 0.1 V/A was found to reduce the bandgap to 2.25 eV,
whereas a field of 0.19 V/A even eliminated the bandgap entirely.*® Furthermore, Mele and Kral predicted a
piezoelectric behavior in BNNTSs and calculated the piezoelectric constants, which were found to be essentially
saturated in BNNTs.>%° All these striking theoretical predictions have paved the way to the real piezoelectric
devices based on BNNTSs. In addition, BNNTSs can emit electrons into a vacuum when an external electric field
is applied and concentrated at the tip of the tube. Such kind of field emission (FE) phenomena appeared at a

very low external electric field, which makes BNNTs good candidates for displays.®!

1.5 Developing approaches to measure the electro-mechanical properties at

nanoscale

When the material structure decreases to a nanoscale size, the questions on how to ‘see, fix, manipulate,
apply load’ to the target become critical with respect to getting a deep insight into its properties. In the
meantime, with further explorations, it’s been revealed that the size, crystal orientations, interfaces, as well as
defects play essential roles in determining the mechanical properties of a nanomaterial. With the development

of modern characterization techniques, corresponding measurement systems have been designed to evaluate
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the electro-mechanical behaviors of one-dimensional (1D) materials in micro- or nano size, including in situ

SEM, in situ AFM, as well as in situ TEM methods.

1.5.1 In situ SEM method

In 2000, Yu et al. reported the tensile test of individual carbon nanotubes inside a scanning electron
microscope.®% Their experimental setup consisting of two AFM tips with different force constants (K.) used
as soft (K.;<0.IN'm™) and rigid (K.>>10 N-m™") cantilevers. (Figure 1.7a) Individual CNTs were picked up
and fixed on each end of the AFM tips. (Figure 1.7b) The tensile load was applied by moving the rigid AFM
tip, which is controlled by a piezotube. Then accurate value of the force (F) can be obtained by recording the
deflection distance (d) of the soft cantilever and the length change (AL) of CNTs can be obtained

simultaneously via the SEM observation. Finally, the stress (o) and strain (¢) were determined as follow:

F _ K¢qvd/cosO

AL
7 " (1.1) and e = - (1.2)

o=

where 4 and L are the cross-section area and original length of the selected nanotubes, respectively. 6 is the
angle between the direction of the cantilever deflection and the tube axis. After analyzing the stress-strain curve
of 19 nanotubes, an average Young’s modulus ranging from 270 to 950 GPa was calculated for the outermost
layers. (Figure 1.7¢) Different mechanical properties of various materials, like Si nanowires,***ZnO
nanowires,* Co nanowires,®” SiC nanowires, % Ag nanowires,”® were studied through tensile tests inside an

SEM.

Stress (GPa) (@)
8 8 &

-
o

o

H
Strain (%)
Figure 1.7 (a) Illustration of the experimental setup for tensile test on a single CNT. (b) SEM image showing
a CNT clamped between two opposite AFM tips. (c¢) Plots of stress-strain curves for different CNTs.

1.5.2 In situ AFM method

Atomic force microscopy is the most commonly used equipment to conduct mechanical measurements on

different kinds of materials, such as ta three-point bending test and a cantilever bending test. Wu ez al. designed

8



an AFM-based system to perform a three-point bending test on Au nanowires.”' Au nanowires were clamped
to the trench edges by electron-beam-induced deposition of Pt lines. Trenches with a width of 0.3- 4 um and a
depth of 250-500 nm were fabricated on the SiO; substrate via focus-ion-beam milling. (Figure 1.8b and ¢)
Then, lateral load (#) was applied to the Au wire by AFM tip sweeping, and the lateral deflection (d) of the
cantilever was recorded using a four-quadrant photodiode. (Figure 1.8a) Finally, Young’s modulus (£) of Au
wire was obtained from the F-d curve.

FL3?

E=To6al

(1.3)

Where L is the suspended length subjected to a load F, r is the wire radius, and /=(mr’)/4 is the area moment
of inertia of the wire. The authors found that the results had been consistent with the classic beam-bending
theory. The elastic modulus of Au wires was determined to be 70 =11 GPa, independent of their sizes. While,
the yield strengths for 40 nm Au wires were 5.6+1.4 GPa, larger than that of 200 nm Au wires, implying the
diameter-dependent behavior. (Figure 1.8d) Via applying this method, mechanical properties of various 1D
nanomaterials were evaluated, including carbon naotubes,”” GaN nanowires,”” Si nanowires,’*”> ZnO

nanowires,”®”’ Germanium nanowires,*’ and so on.
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Figure 1.8 (a) Schematic of a bending test on a fixed Au wire. (b) and (c) AFM images of the Au wire after
elastic and plastic bending, respectively. (d) Relationship between the yield strength and Au wire diameter.

1.5.3 In situ TEM method

Although in situ methods based on SEM or AFM setups witnessed success in the evaluation of mechanical
properties of 1D materials, there have still been several disadvantages. The main one is the difficulty in
estimating the structural information directly, like the growth orientation, defects, etc. By contrast, these
problems could perfectly be solved inside a TEM because of its high resolution, and capability of using electron
diffraction to analyze the crystal structure. Thus, an atomic force microscope (AFM) system was integrated
within the TEM holder (AFM-TEM holder) and utilized to analyze the mechanical behavior of
nanomaterials.>*-> For instance, Tang et al. reported the deformation and fracture mechanisms of Si nanowires
under uniaxial tension.®> A Si nanowire was selected and clamped on the tip of a W probe and then transferred

to the AFM-TEM holder. (Figure 1.9a) The opposite end of Si nanowire was firmly fixed to the AFM
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cantilever by using the electron-beam-induced deposition (EBID). Similar to in situ SEM tensile test, the
elongation of nanowire and the cantilever displacement was recorded via moving the W probe backward.
(Figure 1.9b) Stress-strain curves revealed that the nanowires deformed elastically until abrupt brittle fracture.
(Figure 1.9¢) The elastic modulus of Si nanowires was estimated to be ~201 GPa on average and their strength

showed a clear size-dependent behavior, i.e., strength decreases along with an increase of wire diameters.
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Figure 1.9 (a) Schematic of the tensile test on a Si nanowire by using the AFM-TEM holder. (b) Elongation
of a nanowire under different strains and the final fracture. (c¢) HRTEM image of the fracture surface of Si

nanowire.

As for the AFM-TEM holder system, one of the obstacles is the difficulty in obtaining the exact alignment
between the cantilever and the sample during the tensile test. In order to overcome these drawbacks, in 1996,
Treacy et al. first reported the elastic modulus measurements on individual CNTs by a thermal-induced
vibration method inside TEM.*® Their results showed a huge distribution range of the moduli, from 0.4 TPa to
4.1 TPa, and an exceptionally high value of 1.8 TPa on average. Being limited by a small vabriation amplitude
and the difficulty in accurate estimation of local temperature, the precision was not satisfactory. Then, in 1999,
Poncharal et al. developed an electrical-field-induced vibration method to evaluate the mechanical behavior of
CNTs. In their design, CNTs were clamped to one electrode and inserted into a TEM holder, a metal probe was
used as a counter electrode. An alternating current (4C) sinusoidal signal was applied between the two
electrodes, and mechanical resonance was activated via tuning the signal frequency. Based on the classic Euler-

Bernoulli beam theory, the modulus (£) of the test specimen is given by:

ALY 2xf,
B=5 G

Where p, 4, L and [ are the mass density, cross-section area, length and moment inertia of the speciment,

respectively, fiis the resonance frequency at the izh order and f; is a constant for the itk order resonance. It’s
obvious all the related parameters for measuing the modulus can be easily obtained from TEM observation.
Up to 2" order harmonic resonace of an individual CNT was observed by the authors and the extimated
bending moulus of CNTs showed a size-depend behavior, i.e. modulus decreasing along with the increasing of
CNTs diameter. (Figure 1.10 a-¢) Thus this resonance method was widely adopted in electron microscopy to

evaluate the elasticity of materials.}’-
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Figure 1.10 (a-c) TEM images showing the original view and the resonance of an individual CNT; (d) The

measured bending modulus distribution as a function of tube diameter
1.5.4 Advantages of in situ TEM method

In situ TEM based method stands out of the other methods for evaluation of electro-mechanical properties

on account of the numerous advantages it has. These are namely:

(1) High spatial resolution. Conventional TEM usually has a nanometer resolution, which is much superior
to a conventional SEM or an optical microscope. Thus, this allows for a high precision determination of the
structure parameters, like the length, and cross-section area of the sample, both parameters are important for

determining the electro-mechanical properties of a nanoscale object.

(2) Knowledge of pre-existing defects, crystalline structure, elemental composition, and species
distribution, and surface quality of the specimen. All these make it possible to understand the effects of defects

and crystallographic orientations on the mechanical properties of the target sample.

(3) Precise measurements of forces and displacements/strains. The development of modern micro-

electromechanical systems (MEMS) allowed us to determine the applied load/force with an nN precision.

(4) Real-time or near real-time observation of the measurement process. This is essential to understand
the cause-effect relations, structural variation, as well as the mechanisms of fracture or failure, thus making it

possible to establish the property-structure-process relationship.
1.6 Motivations and objectives of this study

BNNTs have attractive electro-mechanical properties and are fully applicable for in situ TEM techniques
to further explore their physical properties and functions. There are several unsolved issues with respect to

BNNTs related research.
(1) Intrinsic elastic properties have not been precisely determined.

Though theoretical calculations have shown that the elastic modulus of BNNTs is around 1 TPa,!%97-100
precise experimental measurements are largely lacking. Up to now, several groups have reported on Young’s

moduli evaluation of individual BNNTSs, however, their results exhibited wide-scattered data with large a
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modulus distribution range, from ~500 to ~1500 GPa, and large standard deviation. (Figure 1.11a-c)
Importantly, why the moduli exhibited such a large distribution range? Is it originated from the measurement
methods or the imperfection of the materials? Thus, it is important to develop a high precision method to

evaluate the modulus of BNNTSs and correlate them with their microstructures.
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Figure 1.11 (a) and (b) TEM images of 1* order resonances of individual BNNTs excited by thermal and
electric field-induced method, respectively. (¢) Corresponding moduli distribution obtained from the method

used in (b).
(2) The extrinsic effects on the electro-mechanical properties of BNNTSs are not well understood.
(2.1) Effects of extrinsic defects are not properly studied.

National Aeronautics and Space Administration (NASA) has reported that BNNT is a promising candidate
for shielding space irradiation due to its large neutron capture cross-section. However, it is undoubtable that
the knock-out collision caused by cosmic rays will introduce defects in the materials and deteriorate the overall
material properties. Thus, it is critical to reliably assess the BNNT shielding capability and to study the effects
of possible radiation-induced defects on the mechanical properties. Previously, electron irradiation has been
used to mimic the irradiation process, create structural defects in BNNTs and the mechanisms for the defects
generation, and their growth was widely studied.'®'"” (Figure 1.12) However, the relation between the defect

structure and the elastic properties has not been established.
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Figure 1.12 (a-c) TEM images showing the introduction and growth of triangle-shaped vacancy defects under

different irradiation stage. (d) Schematic illustration of a single vacancy in a single BNNT. (¢) Schematic
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illustration of the growth direction of the irradiation-induced vacancy.
(2.2) Effects of composition-heterostructure design.

BNNTs, CNTs, and metals are indeed good candidates for mechanical and electrical applications. However,
all of them have constant elastic moduli and electrical conductivities, which cannot be easily and widely tuned.
Furthermore, there are still big gaps between adjustments of mechanical and electrical properties for a given
material. (Figure 1.13)!% Thus, designing materials with tunable physical properties to cover these gaps will
be promising to accomplish diverse applications. One prospective approach to achieve this goal is to fabricate BN-
C heterostructures, usually regarded as nanoscale “Lego” blocks, and provide the engineers with diverse possibilities

for tuning properties and promoting advanced applications.
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Figure 1.13 Elastic moduli and electric resistivities for various nanostructured materials.

(3) Electrical and mechanical responses to the external deformation are still not clear.

Though enormous progress has been achieved on designing the BNNT-based heterostructures, for instance, Xiang
et al. have reported a BN@C heterostructure to modulate their properties,'® several questions remain not answered,
e.g. (1) What kind of transport properties such heterostructure would have? (ii) What are the bending effects on their
electrical behavior? (iii) How such heterostructures would bare a heavy bending deformation? (iv) Would BN and C
tubular domains separate or their interface break under bending; and if yes, how this would affect the overall structural
integrity and physical properties? All these issues call for a direct study on bending deformation of coaxial hybrid
BN-C nanotubes.

In this Thesis, a high-order electric-filed-induced resonance method was developed to precisely evaluate the
elastic moduli of BNNTSs, which is crucial for their practical mechanical applications. Then, external defects were
deliberately introduced into the BNNTSs by using the electron beam irradiation, to understand the influence of the
external defect on modulating their mechanical properties and estimation their shielding capability. Subsequently,

novel BN-C coaxial nanotubes were designed and synthesized to realize the simultaneous tuning of the elastic moduli
13



and electrical conductivity in a wide range, which fills the big gaps between metals, CNTs, and BNNTs. Finally,

the kinking behavior and transport properties to the applied forces were studied with respect to their structural

integrity and the electrical conducting stability, to further verify their potential applications in the modern flexible

devices.
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Chapter 2

Intrinsic elastic moduli of BNNTs precisely measured inside a

transmission electron microscope

2.1 Introduction

Boron nitride nanotubes (BNNTSs), represent an important member of the one-dimensional nanomaterial
family and gained a lot of attention from the scientific community. Structurally, it has been regarded as the
inorganic analogue of carbon nanotubes (CNTs) but composed of boron and nitrogen atoms by substituting
carbon atoms in a hexagonal lattice network.'* Comparing with CNTs, BNNTs are the light substance with
white appearance, possess quite similar elastic property to CNTs,> but superior chemical and thermal stability
than CNTs, which make BNNTSs important for mechanical applications in extreme environments.®'° Regarding
these practical applications, precise evaluation of the intrinsic elastic properties will be crucial. However, up
to now, their intrinsic elastic properties have not been precisely evaluated, and importantly, the properties-
structures relations have not been established. While theoretical calculations have shown that the elastic
modulus of BNNTs is around 1 TPa,!'!3 precise experimental measurements are largely lacking. For instance,
Wei et al. reported in situ TEM tensile tests of individual BNNTSs,'* which showed the elastic moduli in a range
of 725-1343 GPa with a standard deviation 0of 26.9 %. Thermal and electric field-induced vibrations at 1% order
resonance on individual cantilevered BNNTs have been reported by Chopra et al. and Suryavanshi ef al.. These
works showed wide ranges of measured moduli from 980 GPa to 1460 GPa, and from 505 GPa to 1030 GPa,
at standard deviations of 19.8 % and 20.6 %, respectively. Thus, at a current stage, it is important to more
precisely elucidate the intrinsic elastic properties of BNNTs and to understand the origin of the deviation of
the measured elastic moduli.

Herein, in this Chapter, intrinsic elastic properties of multiwalled BNNTs have been precisely measured
using a high-order resonance technique in a high-resolution transmission electron microscope (HRTEM).
Resonances up to 4™ order for normal modes and 3™ order for parametric modes have been initiated in the
cantilevered tubes, and the recorded frequencies were found to be well consistent with the theoretical

calculations with a discrepancy of only ~ 1 %. The elastic moduli of the BNNTs measured from high-order
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resonance were about 906 GPa on average, with a standard deviation of 9.3 %, which was found to be closely

related to the intrinsic defect as cavities in the nanotube walls.

2.2 Synthesis and characterization of BNNTs

2.2.1 Synthesis of BNNTs

Firstly, pure and high-quality BNNTs were prepared by the boron and metal oxide-assisted chemical vapor
deposition method (BOCVD) in and induction furnace, which has been reported by our group before. In the
synthesis process, boron and magnesium oxide powder as a precursor, and ammonia gas as a nitrogen source.
The synthesis was proceeded in an induction furnace at 1300 °C. After this process, the as-obtained BNNTs
were further purified at a temperature of 1800 °C to remove the possible residues, as schematically shown in

Figure 2.1.

NH,

Figure 2.1 Schematic illustration of BN nanotubes’ synthesis.
2.2.2 Characterization of BNNTs

The morphology of the as-obtained product was studied by using a field emission scanning electron
microscope JEOL SM-67F, operated at an accelerating voltage of 10 kV. The SEM images in Figure 2.2a
revealed that the BNNTs have diameters of around tens of nanometers, and lengths of up to several micrometers.
X-ray diffraction (XRD) analysis of BNNTs was performed on a RINT2000 Ultima III diffractometer by using
Cu-Ka radiation (A=1.5403 A) at room temperature and the results are shown in Figure 2.2b. All the recorded

peaks can be assigned to an #-BN phase,'>!’

confirming that no other phases were introduced during high
temperature synthesis process. Optical photographs (inset to the SEM image) showed the white color of the
sample, common to BN materials. Figure 2.2¢ shows the Raman spectrum for BNNTs, which was measured
ata 514.5 nm excitation wavelength using a Horiba-Jovin Yvon T64000 spectrometer. The peak at 1367 cm’™!

is attributable to the E, vibration mode of the sp?- bonded BNNTSs with a layered graphitic structure.'®!°
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Figure 2.2 (a) SEM image of as-prepared BNNTSs. Inset is a photograph of BN sample. (b) and (¢) XRD pattern
and Raman spectrum of BNNTs.

The structure and quality of the sample were further studied under TEM characterization. TEM image
shown in Figure 2.3a clearly revealed the hollow tubular structure of the sample. HRTEM image (Figure
2.3b) confirms its good crystallinity of BNNTs. These show straight tube walls with an average spacing of
0.335 nm. The fringes close to the tube axis have a spacing of 0.219 nm, which are assigned to the (1010)
planes of #-BN. Figure 2.3c presents the diameter distributions of BNNTSs collected from 120 individual
nanotubes, showing that the diameters od BNNTs mainly range from 30 nm to 100 nm, with an average value,

~57 nm.
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Figure 2.3 (a) Low-magnification TEM image, (b) High-resolution TEM image, (e) Outer diameter
distribution diagram for BNNTs. The inset in (a) is SAED pattern taken from BNNT.

2.3 Methods

2.3.1 Experimental set-up

In situ experiments, as well as high-resolution imaging, were conducted inside an energy-filtering JEOL
3100FEF(Omega filter) TEM, operated at 300 kV. /n situ electromechanical resonances on individual BNNTs
were initiated using a scanning tunneling microscopy (STM)-TEM holder (Nanofactory Instruments AB). The
experimental setup is shown in Figure 2.4. BNNTs were attached to a flat Au edge using silver epoxy. A freshly

electrochemically etched Au probe was used as a counter electrode, which was moved by a piezo-motor in

24



three dimensions with a sub-nanometer precision. The Au probe was firstly moved to contact its free end and
to ensure that the two are located at the same height, then the Au probe was moved backward ~40 nm. An
alternating current (AC) signal was applied to excite the mechanical resonance. The AC sinusoidal signal was
generated by a Tektronix Arbitrary Function Generator (AFG3152C) with a frequency range of 1 pHz-150
MHz. The maximum vibration amplitude was achieved via fine tuning of frequency to accurately determine

the resonance frequency.

300KV electron beam Arbitrary/Function generator
[
1_’ = @
e s EEE
meEs
| meEn
° ® 9000
BNNT (4" order ~ Piezo tube =
resonance)
Au \‘E Au probe PC
support poxy P I
Piezo
controller

Figure 2.4 Schematic of the experimental setup of in situ TEM high-order resonance for measuring the elastic
moduli. BNNTSs were attached to an Au support by silver epoxy. An Au probe, used as a counter electrode, was
controlled by a piezo-motor. An arbitrary/function generator provides a sinusoidal signal. By carefully tuning

the signal frequency, up to 4™ order normal and parametric resonances were excited.
2.3.2 Basics for electric field-induced resonance method

The electric-field-induced mechanical resonance of nanotubes was firstly proposed by Poncharal ez al.. It
is based on the electromechanical coupling between the nanotube and the applied electric field. In practical
experiments, a constant voltage V4 and an oscillating voltage Vi.cos2afut are applied across the BNNT, where
Vae 1s the amplitude and f; is the driving frequency. The driving force acting on the BNNT is the product of the
electrical field (denoted as aV, where a is related to the geometry and distance between BNNT and Au probe
and Vis the total potential between nanotube and Au probe) and induced charge on the tip of nanotube (denoted
):20-22

as iV, where f is a proportional constant

F(t) = (aV) - (BV) = af(AV + Vy, + Vy.cos2mf t)?
1 1
= ap [aB(AV + Vye)? + 2(AV + V)V, ecos2mfat + EVac2 + EVaczcossz,,lt

=F© + FMcos2nfyt + FPcosdmfyt  (2.1)
where AV is the spontaneous electrical potential because of the difference in work function between BNNT
and Au probe. According to the expression, it is supposed that the resonances will be initiated at two
independent frequencies: f7 and 2f;. In addition to these two possible resonance frequencies, other research

results even showed 3 or 4 resonance frequencies, which can be ascribed to the parametric resonance. And, it
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has been proposed that for a single-degree-of-freedom mechanical system as we constructed inside TEM,

parametric resonance can be described by the Mathieu equation:***

d2Y+dY+( +2 HY=0 (22
T dr a Ecosw = (2.2)

where Y is an angular or displacement variable, a and ¢ are system parameters, uis the damping constant. In
our case, it can be considered that the system undamped (x=0) system on account of the ultrahigh vacuum

inside TEM, and the theory predicts instabilities at a=n*/4 (n is an integer, n>1). Such instabilities cause
. .. . 2 .
parametric resonances of the system at driving frequencies of f,; = - fi, where f; is the natural resonance

frequencies of the system and # is defined as the number of parametric order (n=1, 2, 3,...). Obviously, with
n=2 one can get the natural resonance.
According to the classic Euler-Bernoulli equation for a cantilevered beam and considering the hollow

cylindrical cross-section of BNNT, the natural resonance frequency f; can be expressed as: >

ﬁizﬂfDoz +D;”
N j% 2.3)

fi= 8mL>2

Therefore, the elastic modulus £ is given by:
64m2Lt [ f;\°
E=—5 "3z @4
Do +D i ﬁi
where D,, D;, p, L are the outer and inner diameter, mass density and length of the nanotubes, respectively. S
is an eigenvalue, where (,=1.875, f=4.694, p3=7.855, f~10.996 and the integer subscripts i=1, 2, ....
correspond to the 1, 2" and higher eigenmodes.?” Equation (2.4) clearly reveals that the elastic modulus is
proportional to L*, which makes the nanotube length calibration crucial to achieve the accurate value of the

elastic modulus. The detailed discussion about the length calibration is discussed below.
2.3.3 Length calibration

A three-step process was carried out to insure an accurate length estimation of the studied BN-C NTs, as
illustrated in Figure 2.5. This was necessary due to the fact that the TEM shows a projection of the structure
along the direction of the electron beam (Figure 2.5a). Firstly, in-focus HRTEM images were taken from the
free and clamped ends of the tube, allowing for the height difference between these points to be evaluated.
Secondly, the spacing between BN walls and graphite layers is a constant value (0.335 nm), which was used
to accurately measure the nanotube diameters using HRTEM images. In our case, it was found that the outer
diameters estimated from HRTEM images (magnification: 150k to 300k) are always about 1.1 to 1.4 times
larger than those estimated from low-magnification images (magnification: 5k to 10k). The final tube length
was obtained by multiplying the length data calculated in the first step with this factor. Lastly, the node in the
second mode harmonic resonance is located at 0.783 L from the anchor point according to classical beam
mechanics. Thus, this number can be used to recheck the length of the resonating BNNTs. A comparison

between the calibrated lengths and the lengths evaluated from the second mode can be found in Figure 2.5b.
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The linear fitting with a slope of 1.033 and coefficient of determination (R?) of 0.997 reveals good agreements

between these two methods and implies that the BNNT lengths can precisely be determined.
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Figure 2.5 (a) Schematic drawing of the relation between the actual nanotube length (L) with the projected
nanotube length (Lreu) acquired under TEM imaging. (b) The relationship between nanotube lengths estimated

from L= (((Do-j/Do-im)-L1er)’+7?)"? and high order resonance.

2.4 Results

2.4.1 High-order resonances of individual BNNTs

Representative experimental results for a BNNT with natural resonance (n=2), up to 4™ order, and
parametric resonance (n=1), up to 3™ order, were recorded, as shown in Figure 2.6. Figure 2.6a depicts the
natural resonances of a BNNT from 1% to 4" order at resonance frequencies of 3.425 MHz, 21.297 MHz,
60.104 MHz, and 122.018 MHz. According to Equation (2.4), the corresponding elastic moduli were calculated
to be 922 GPa, 908 GPa, 922 GPa, and 989 GPa, at each resonance frequency. Figure 2.6b shows the 1% to 3%
parametric resonances of the same BNNT at frequencies twice of the corresponding natural resonance, as
predicted by the Mathieu equation.?’ Figure 2.6¢ shows the relationship between resonance frequencies and
mode orders. It can be seen that the resonance frequencies for natural resonance are following the 57/ ,81-2
relation with an average difference of 0.9 % (Equation (2.3), i and j denote different resonance orders), which

are consistent with the E-B theory prediction. As for parametric resonance (n=1), the resonance frequencies
are in good accordance with the f,,; = - f; relationship. Node positions for different orders are marked by blue

circles in Figs 2a and 2b. Taking 4™ order as an example, theoretically calculated nodes are at 0.358 L, 0.644
L and 0.906 L,”” whereas experimental values are 0.368 L, 0.649 L, and 0.915 L, with an average difference of
~ 1.5 %. As also could be seen from additional results of BNNTs with high-order resonances (Figure 2.7 and

Figure 2.8), the precision of the measurement method is ~ 1 %, consistent with our previous reports.?
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Figure 2.6 (a) and (b) TEM images showing a BNNT resonating at natural (»=2) and parametric (»=1) modes
of from 1% to 4™ and 1°' to 3™ orders. Node positions are marked by blue circles. (c) The plot of experimentally

recorded and theoretically predicted resonance frequencies for each resonance mode and order.
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Figure 2.7 (a) Resonance frequencies ratio between high order and 1% order resonance for five BNNTSs at the
natural resonance mode (n=1, integer i denotes different resonance orders). (b) Resonance frequencies ratio
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Figure 2.8 (a)-(e) Natural (»=2) and parametric (»=1 and »=4) resonance modes for 5 additional individual

BNNTs at different resonance orders. Nodes in each resonance order and mode are marked by yellow circles.
2.4.2 Intrinsic elastic moduli of BNNTSs

In total, 15 individual BNNTSs were tested and their elastic moduli are summarized in Figure 2.9 and Table
2.1. Figure 2.9a shows the distribution of elastic moduli acquired from the 1% order, with an average value of
952 GPa, at a standard deviation of 17.3 %. The average moduli estimated from 2" and 3™ orders are 883 GPa
and 913 GPa, respectively (Figure 2.9b and c¢). It is worth mentioning that the standard deviations for

calculated results from 2" and 3™ orders are much smaller, i.e. 9.5 % and 8.9 %, respectively. In addition, the
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elastic modulus obtained from the parametric mode (n=4) is 934 GPa on average (Table 2.2), consistent with
those measured from the natural mode, and also shows a smaller standard deviation at high resonance orders.
For comparison, the previously reported results on BNNTs moduli are plotted in Figure 2.9d. The average
value in our work is consistent with previous results, but the modulus has a much smaller distribution range

and standard deviation, proving the high precision of the currently implemented high-order resonance method.
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Figure 2.9 (a-c) Elastic moduli distribution for 15 individual BNNTs acquired from 1%, 2™ and 3™ order
resonance, respectively. The dashed line in each panel denotes the average value of elastic modulus. (d)
Histograms showing the comparison of the elastic modulus distributions of BNNTs between our results and

those reported in the literatures.

Table 2.1 Summary of structural parameters and elastic moduli obtained from natural resonance mode of all

measured BNNTs

Outer Inner Elastic modulus evaluated from different
Sample ) ) Length
e diameter  diameter (am) resonance order (GPa)
(nm) (nm) I8torder 2" order 3"order 4" order
1 30.7 13.1 2886.7 934 799 - -
2 342 8.9 2253.4 991 951 - -
3 35.0 11.7 2849.4 1040 1011 - -
4 54.3 15.7 34241 799 786 - -
5 54.9 10.2 3123.7 1053 929 - -
6 48.7 21.9 5531.1 728 786 811 -
7 47.7 19.5 3454.2 817 794 - -
8 42.4 12.9 4140.1 927 906 1002 -
9 35.7 13.2 4704. 813 792 810 -
10 29.8 8.6 5114.5 922 908 922 989
11 36.1 14.2 4256.3 890 856 987 -
12 38.5 14.8 3165.9 1229 1020 - -
13 29.6 9.8 3392.2 966 963 - -
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14 323 11.6 3594.1 1341 937 - -

15 56.7 25.8 5277.4 827.2 810 933
Average 952 883 913
Standard

o 17.3% 9.5% 8.9%
deviation

Table 2.2 Summary of elastic moduli obtained from parametric resonance mode (n=4) of those BNNTs in

Table 1

Elastic modulus evaluated from

Sample )
different resonance order (GPa)
number
Itorder 2" order 3" order
2 1015 966 -
4 793 803 -
5 926 945 -
6 746 809 825
8 927 965 1006
9 831 - 840
10 971 - 951
11 893 859 997
12 1192 1082 983
13 1002 959 -
Average 930 923 934
Standard
o 13.7% 10.2% 8.6%
deviation

2.4.3 Effects of intrinsic defects

Though the intrinsic moduli of BNNTs were precisely determined from the high order resonance method,
it is also noticed that the measured moduli still have a standard deviation of around 9 %, which is much higher
than the precision of the current method (~ 1 %). A careful HRTEM characterization revealed that intrinsic
defects, mainly cavities within the walls could be observed, which are unavoidable for practical materials along
a length of several micrometers. Representative intrinsic defects related to elastic moduli for different
nanotubes are shown in Figure 2.10a-c. There are 6 cavities found for the BNNT in Figure 2.10a, and its
modulus is calculated to be 812 GPa. Two cavities were found in the inner walls of the BNNT in Figure 2.10b,
its modulus was calculated to be 929 GPa. For the defect-free BNNT in Figure 2.10¢, the modulus was the
highest one, i.e. 1011 GPa, consistent with the theoretical calculations. It is the first time that the intrinsic

elastic properties of the BNNTSs are precisely measured and directly correlated to the distribution of the intrinsic
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defects.
a

E=812 GPa b E=929 GPa C ) E=1011 GPa

_______

_________

Figure 2.10 Resonances of three individual BNNTs with different moduli and HRTEM images showing the

details of their structure. Cavities are marked by dashed yellow lines.
2.5 Summary

In this study, high quality BNNTs were synthesized via the BOCVD method. Then, a high-order resonance
method was developed to precisely evaluate the elastic properties of BNNTs, and up to 4™ order resonances of
individual BNNTs were firstly observed. Significantly, the as-proposed method exhibits an ultra-high precision
(1 %). Then, the average modulus of BNNTs was evaluated to be around 906 GPa with a standard deviation
of ~ 8.9 %. All the recorded frequencies and node positions at high order resonances agree well with the E-B
beam theory. In addition, a combination of the detailed structure investigation and the statistical analysis of the
moduli for BNNTSs led us to conclude that the intrinsic defects are responsible for the modulus distribution.
The current technique provides a way to precisely determine the elastic properties of BNNTSs, such method can

also be applied for other 1D structures.
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Chapter 3

Effects of extrinsic defects on modulating the mechanical properties of

BNNTs

3.1 Introduction

Under the context of a huge passion for human beings to long-term space travels and explorations and the
existence of severe space irradiation, exploring structural materials which can suppress the irradiation to
somewhat acceptable level and to ensure the safety would be essential and necessary.! As for BNNTs, the
National Aeronautics and Space Administration (NASA) has shown that BNNTs are promising materials for
shielding space radiation due to their large neutron capture cross-section.'? high thermal and chemical stability,
and good thermal conductivity.>* Undoubtedly, irradiation may cause structure change and introduce defects
in materials and further alter their physical properties and devices' performances. Electron beam irradiation
has been regarded as an effective way to modify or engineer BN nanostructures among all known defect
introduction approaches. Though many works have been done, all of them are concentrated on the defect
formation mechanism in BNNTs and BN nanosheets during the irradiation process, while none of them studied
the effects of irradiation-induced defects on the mechanical properties of BNNTs. Therefore, via in situ
observation, we can get a clear idea about the irradiation process-microstructure (defects)-properties
relationships, which can further guide the design of devices to realize the above-mentioned space shielding
application of BNNTs.

Thus, in this Chapter, the defects engineering and their effects on affecting the elastic modulus of BNNTs
were studied based on the above mentioned high-order resonance method. The defects were deliberately
introduced by irradiating the sample under the 300 kV electron beam. In the meantime, the structure evaluation
during the irradiation process was monitored and the moduli at different irradiation stages were studied.
Experimental results manifested that defects generation and their aggregation are responsible for determining
BNNTs' elastic modulus. The latter showed a quick decrease, then reached a stable plateau along with

increasing the electron irradiation dose. A core-shell model was proposed that can explain such trend well.
3.2 Experimental set-up

The experimental set-up for the tensile test is illustrated in Figure 3.1a and b. For pristine BNNTs, they
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were fixed on the Au support by using a silver epoxy, then the free end of a selected BNNT was clamped to
the AFM cantilever by using the electron-beam-induced-deposition (EBID) technique.>® The BNNTs were
stretched by moving the Au support backward until they were ruptured. Part of the BNNT was still maintained
on the AFM cantilever after its fracture, then we replaced the Au support with Au probe and irradiated the
residual BNNT with different irradiation doses. After the irradiation at different stages, we welded the BNNT
with Au probe or AFM cantilever (depends on where the fracture position occurred) via the EBID method. The
BNNT was stretched by moving the Au support backward until it was ruptured in a “sword-in-sheath” manner
(Figure 3.1a). The “sheath” part of the BNNT was still maintained on the AFM cantilever after its fracture,
then we used an Au probe to test the tensile strength of the BNNT under increasing irradiation doses (Figure
3.1b).

Before the tensile experiments, the spring constant (k) of the AFM cantilever was calibrated by
measuring its structural parameters using an optical microscope (Figure 3.1¢) and SEM. The spring

constant is given by:”
£3
k=E-w-4_—l3 3.1)
where E is Young’s modulus of the standard Si (100) materials, with a value about 160 GPa, w, ¢, and / are the
width, thickness, and length of the AFM cantilever, respectively. In our work, the nominal spring constant of
the used AFM cantilever was 3.1 N/m.

a Tensile on pristine BNNT b Tensile on BNNT after irradiation
AX

BNNT

Au Au probe

Epoxy  support e’
EBID - Retracting
clamp Retracting

AFM cantilever

Figure 3.1 Schematic illustration of the experimental set-up for tensile test to evaluate the fracture strength of
BNNTs: (a) for pristine BNNT, (b) the “sheath” of the BNNT in (a). The Au support or probe was manipulated
by a piezo-motor to perform the tensile test. And the loading force is recorded by a Si cantilever. (c) Optical

microscope image of the sensing cantilever along with a reference cantilever.

3.3 Results and discussion

3.3.1 Structure evolution of BNNTs during irradiation

Besides the intrinsic elastic properties, the effects of the extrinsic defects on properties have further been
investigated. Such effects are critical for the mechanical applications in harsh environments, for example, for
shielding coatings on spaceships, as envisioned by NASA."? The structural material for spacecraft must
tolerate the irradiation from the high-energy cosmic rays. In our work, we have made use of the 300 keV

electron beam and the associated knock-on effects to investigate the formation of defects and their influences
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on the elastic properties. Figure 3.2a depicts a series of high-resolution TEM images for an individual BNNTs
during the irradiation process, showing that the inner diameter of the tube kept almost unchanged, while the
outer diameter kept decreasing. Figure 3.2b and Figure 3.2¢ summarize the changes of the outer and inner
diameters for different irradiated BNNTs, respectively. All tubes exhibited a similar behavior, i.e. the outer
diameter decreases, following a linear relationship with the irradiation dose, while the inner diameter was kept

unchanged, implying that the defects have been mainly generated in the outer shells.

Irradiation dose
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Figure 3.2 (a) HRTEM images of an individual BNNTs during irradiation process; (b) Variation of inner
diameters of 4 individual BNNTs along with increasing irradiation dose. D;;and D; denote the inner diameter
at different irradiation dose and original inner diameters, respectively; (c)The reduction of outer diameters of

4 individual BNNTSs with increasing irradiation dose.
3.3.2 Moduli change of BNNTs during irradiation

Figure 3.3a depicts the changes of resonance frequency along with increasing irradiation dose. The
observed behavior can be divided into two stages, i.e. a quick decrease until a dose ~ 22.5x10*! e:cm™, and
slowing down of this trend at the higher doses. Based on Equation (2.4), the reduction of the elastic modulus
was estimated and plotted in Figure 3.3b. Along with the increase of the electron irradiation dose, the elastic

modulus gradually decreases and then reaches a plateau. The reduction of modulus shows a size-dependent
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behavior, i.e., the smaller the diameter, the larger the modulus loss (the final modulus loss is 29.2%, 26.3%,
21.3% and 19.2% for BNNTSs with the outer diameter of 32.3 nm, 36.1 nm, 42.4 nm, and 56.7 nm, respectively).
Such behavior can be ascribed to a larger defect density in the smaller nanotubes because the curvature induced
strain lowers the threshold energy for atom displacement.®!® Nevertheless, it is worth noting that BNNTs are

still able to maintain a very high level of elastic modulus ~ 662.9 GPa, which is 3 times that of steel.!!
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Figure 3.3 (a) The reduction of resonance frequencies of 4 individual BNNTs with increasing irradiation dose;

(b) The relationship between elastic moduli of BNNTs and irradiation dose.
3.3.3 Fracture strength change of BNNTs during irradiation

Effects of irradiation on the fracture strength of BNNTs were studied by tensile test via applying a AFM-
TEM holder. Representative results for a BNNT is shown in Figure 3.4. TEM images in the upper panel of
Figure 3.4 reveal that the nanotube got ruptured, and the ‘sword and sheath’ behaviour was observed for the
pristine BNNTs. HRTEM image in the middle panel depicts that the fracture end shows that the walls become
defective after irradiation. The lower panel in Figure 3.4 reveals the typical time-force (black) and time-stress
(blue) curves. From the time-force curve, the maximum force drops were obtained and the values are 2564.9

nN, 2670.8 nN, 1557.1 nN and 1499.7 nN for the BNNT with increasing irradiation dose. Correspondingly,

the fracture strength was evaluated using the following formula: o = E = w, where k is the spring

constant of the AFM cantilever with a value of 3.1 N/m, Ax is the deflection of the cantilever, 8 is the angle

(Do -D;i?)

between the tube axis and the trace of cantilever deflection and s = 1s the cross-section area of the

fractured end, where D, and D; are the outer and inner diameters, respectively. Thus, the fracture strength was
evaluated to be 11.2 GPa, 8.9 GPa, 7.4 GPa, and 6.4 GPa for the pristine BNNTSs, and under the irradiation
dose of 11.3x10%! e:cm™, 26.3x10%!' e-cm, 43.1x10?! e-cm?, respectively, this presents a decreasing tendency

with increasing irradiation dose.
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Figure 3.4 TEM images of the fractured BNNTSs after the tensile test (upper panel), HRTEM images of the
fractured BNNTs (middle panel), and time-force and time-stress curves of a pristine BNNT (a) and that
subjected to different irradiation doses (b-d).

We summarized the dependence of the maximum forces when the fracture occurred on the irradiation dose
for different BNNTSs, as shown in Figure 3.5a. Overall, the maximum force exhibited a decreasing tendency.
Subsequently, the relationship between the fracture strength and irradiation dose was evaluated, as depicted in
Figure 3.5b. It is found that these BNNTs exhibit the original fracture strength in a range of 11.2 — 17.1 GPa,
this agrees well with the previous work. And, it’s clear that the fracture strength keeps decreasing along with
irradiation dose. Meanwhile, it is worth noting that the loss of fracture strength (~53.4 %) is higher than the
loss of the maximum force (~ 40.5 %), implying that the cross-section area increased along with irradiation.
These results suggest that that some kind of interlinking bridges in BNNT appeared during electron beam

irradiation.
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Figure 3.5 (a) Variation of the maximum force when the BNNT was fractured under a tensile test along with

increasing the tube electron irradiation dose; (b) Reduction of fracture strength along with irradiation dose.
3.3.4 Comparative study on CNTs during irradiation

A comparative experimental study on the effects of irradiation-induced defects on alternating the elastic
modulus of CNTs was then conducted. The CNTs were synthesized through an arc-discharge method and the
experimental set-up was the same as that for BNNTs. Figure 3.6a and b show the 1 and 2™ resonance for a
CNT, the frequency relationship between different orders, as well as the node position for the 2 order, these
follow well the £-B beam theory These results further document the high precision of the currently employed
method. The pristine moduli for CNTs with outer diameters of 10.1 nm, 15.2 nm, and 44.8 nm were estimated
to be 1146.9 GPa, 1030.6 GPa, and 913.2 GPa (Figure 3.6e), respectively, these values are in good accordance
with the theoretical values and previous reports. Then, the experiments on structural evolution and moduli
response to irradiation were carried out inside a 300 kV electron microscope. Figure 3.6b depicts a series of
HRTEM images of a CNT (D,=15.2 nm) during the electron beam irradiation process, corresponding to the
points 1-8 in Figure 3.6f. Two main conclusions can be drawn comparing to BNNTs, (1) the originally straight
walls become wavy, indicating that they become heavily defective and even amorphized owing to the knock-
on effects; (2) instead of a continuous decrease in the outer diameter and the final core (intact)-shell (defective)
structure formation for BNNTs during irradiation, no obvious size reduction is found for CNT, implying that
the irradiation-induced defects are generated within the entire tube. Figure 3.6¢ summarizes the outer and
inner diameters variation during irradiation, showing that both of them kept almost unchanged, further
confirming that the defects are generated within the whole tube. Figure 3.6d depicts the reduction of resonance
frequency along with increasing irradiation dose. Similar to BNNTSs, the observed behavior can be divided into
two stages. However, it reaches the boundary between the two stages at a relatively small dose of ~ 12.0x10*!
e-cm™, which is about half of that for BNNTs. Subsequently, the modulus values are calculated based on
Equation (2.4) and the reduction of modulus is plotted in Figure 3.6e and f. Comparing with modulus behavior

of BNNTs during irradiation, both the similarity and difference can be pointed out: (1) the size-dependent
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phenomenon was also observed for CNTs, i.e. the smaller the outer diameter, the larger the modulus loss, which
can be ascribed to the existence of a higher strain in smaller nanotubes; (2) The moduli of CNTs show a much
sharper decrease trend at the initial stage of electron irradiation than that of BNNTs (a dose less than ~
12.0x10%" e-cm™). With further increasing irradiation dose, the moduli of CNTs keep decreasing with a smaller
slope (instead of a plateau observed for BNNTs). Moreover, the CNTs breaks with the further increasing dose
and the final modulus is measured to be around 284.2 GPa (before the tube is broken), which is half less than
that of BNNTs (~ 662.9 GPa). In conclusion, irradiation-induced defects caused the modulus decrease for both
BNNTs and CNTs. However, different structural evaluation process was observed for them, i.e. core (intact)-
shell (defective) structure formed for BNNTs, where the whole tube become defective and even amorphized
for CNTs. Moreover, the dependence of moduli for BNNTs and CNTs on irradiation dose clearly manifest that
BNNTs maintain a much higher modulus (~ 662.9 GPa ) at a higher irradiation dose (~ 68.4x10?! e-cm™) than
that of CNTs (~ 284.2 GPa) at a dose of ~ 43.4x10*! e-cm™, implying their superior shielding capability over
CNTs. We propose that these distinct behaviours for BNNTs and CNTS are originated from their different
electrical characteristics, as well as different bond nature. It was found that the sizes of CNTs kept almost
unchaged and the whole tube became defective with increasing irradiation dose. This comparision clearly

indicates that BNNTSs have a superior capability (over CNTs) with respect to irradiation resistance.
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Figure 3.6 (a) TEM images showing the 1*' and 2™ order resonances of a CNT. (b) A series of HRTEM images
showing the structural evolution of a CNT during electron irradiation, corresponding to the points in (f). (c)
Dependence of outer and inner diameters of CNTs on irradiation dose. (d) The reduction of resonance

frequencies with increasing irradiation dose. (e) and (f) Modulus value change and reduction of modulus during
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irradiation.
3.3.5 Mechanism for the moduli reduction of BNNTs

It is surprising that the modulus could be kept at a high level for BNNTs, instead of decreasing continuously
under increasing the irradiation dose. A close-up examination of the structural evolution during the irradiation
process was then conducted. Figure 3.7 shows a series of HRTEM images of a selected BNNT (Dy=56.7nm)
during the electron beam irradiation process. Irradiation-induced vacancies appear owing to the knock-on
collisions,!? then these vacancies merge and expand, and finally, lead to a complete shell removal, i.e. a
continuous reduction of the outer diameter. At the same time, defective layers are formed on the outside of
BNNT (marked by yellow rectangles and dashed lines in Figure 3.7). The thickness of defective layer increases
with irradiation, and finally reaches an equilibrium thickness of ~ 3.2 nm. It reveals that the unique structure
evolution (core(intact)-shell (defective), finally formed) is responsible for the peculiar modulus changing

behavior of BNNTSs during irradiation.

BNNT wall

Figure 3.7 A series of HRTEM images illustrating the structural evolution of a BNNT during electron beam
irradiation, this reveals a continuously decreased outer diameter and formation of a defective surface layer

with a thickness of ~ 3.2 nm.

The defects density (p(z)) in the defective shell was estimated by employing the knock-on displacement

theory. According to this theory, the atom number (N(?)) as a function of irradiation time (7) is expressed as:!*~
15
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dN(¢)
dt

=-N@®)o-j (3.2)

where o is the knock-on cross-section, and j is the beam current density. And the defects density (p(t)) can

be determined as:

Ne(t)  No—N(t) Ny— Noe "

=1—e %t (3.3
Ny No Ny ¢ (33)

p(t) =

where Ny (t) is the number of knocked-out atoms, and Nj is the total number of atoms at the beginning of
irradiation. Theoretical calculations have revealed that the knock-on cross-sections for B and N atoms vary for
pristine structure and for those with vacancies under 300 keV beam irradiation.'*!® In our case, a mean value
0f 30.2 barn was used and the calculated defects concentration against irradiation dose is plotted in Figure 3.8.
From our in situ observations, the modulus reached the plateau and a defect layer with constant thickness
formed at a dose ~ 22.5%10*! e-cm™. Accordingly, the defects density in the defective layer is estimated to be

~0.49.

1.0
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0 10 20 30 40 50 60 70

Irradiation dose(10%'e-cm™)

Figure 3.8 Defects density as a function of irradiation dose. Defects density is estimated via knock-on

displacement theory.

Subsequently, the modulus of the defective shell was estimated by treating it as a porous material, since the

atoms within such shell are removed during irradiation. The elastic modulus of porous solids can be described

as:17:18

Pp\™
E,~Eg- (-2 (3.4)
Ps
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where E, and E; are the elastic moduli, p, and pg are the densities for porous and compact materials,

respectively. It has been reported that the power m is ~1 for hexagonal solids.'” Thus, in our case, the modulus

of the defective shell can be estimated as:
Esheu~Eo (1 - P) = O-SlEo (3-5)

where E, is the original modulus of pristine BNNTSs. The estimated values for shell modulus range from 477.8

GPa to 511.4 GPa, with an average value of 489.8 GPa.

Based on the above discussions, a core-shell model is proposed to understand the change of elastic modulus

under electron beam irradiation: 222

Eeffleff = Ecorelcore + Eshelllshell (3-6)

where E.is the effective modulus of the core-shell BNNTSs, which can be obtained via Equation (2.4), Ecore
and Egen are the elastic moduli of the pristine core and defective shell, respectively. log, lcore, and Ispen are the
moments of inertia of the cross-section for the whole nanotube, core, and shell, respectively. The modulus in
the constant region and structural parameters (when the shell thickness became almost unchanged) were used
to estimate the elastic modulus of the defective shell. The results are shown in Figure 3.9. It is found that the
defective BN shells from these BNNTSs have a consistent elastic modulus, not very different from each other,
with an average value of around 521.5 GPa, and this value agrees well with the above-mentioned calculations.
Furthermore, by combining this value with Equation (3.6), a thickness of the defective BN shell was estimated.

The results agree well with the experimental measurements (Figure 3.10).

700
® D =32.3nm
® D =36.1nm
A D =42.4nm
good| ¥ D0=56.7nm
] b4
T . \
% " . A
E’ 500 s *
LLI
400
300 T T T T
1 2 3 4

BN nanotube

Figure 3.9 The clastic modulus of a defective shell evaluated from the steady modulus region for 4 BNNTSs in

Figure 4(c) via applying the core-shell model.
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D,=36.1nm

shell thickness (nm)

0 10 20 30 40 50 60 70
Irradiation dose(10%'e-cm™)

Figure 3.10 Comparison of shell thickness for BNNTs obtained from real-time HRTEM images (solid line)

and the theoretical calculation results (dash line) via applying the core-shell model.
3.4 Summary

In this Chapter, the extrinsic effects of defects on affecting the mechanical properties of BNNTs were
studied. The extrinsic defects were introduced under controlled electron beam irradiation in the microscope. It
was found that due to the formation of an equilibrium defective surface layer the elastic modulus of BNNTs
has decreased gradually to a plateau at ~ 662.9 GPa, it is noted that this number is still 3 times of that of steel.
A comparative experimental study on the effects of irradiation-induced defects on alternating the elastic moduli
of CNTs was then conducted. It was found that the moduli of CNTs kept decreasing with the irradiation dose
and had a more remarkable loss than that of BNNTSs, particularly at a high dose. In addition, the effects of
irradiation on the fracture strength of BNNTs were investigated by conducting the tensile tests. Overall, it was
found that both the ultimate force and the fracture strength exhibited a decreasing tendency along with the
irradiation dose. Interestingly, the reduction of the ultimate force (~ 40.5 %) was not as significant as the loss
of the strength (~ 53.4 %), implying that the loading cross-section area increased along with irradiation,
suggesting that inter-plane bridges might have been formed between the walls during beam irradiation. Decent

radiation-resistance prove that BNNTSs could be a material of choice for applications in extreme environments,
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such as those existing in space.
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Chapter 4

Extrinsic effects of composition on achieving tunable mechanical and

electrical properties of coaxial BN-C heterostructures

4.1 Introduction

Heterostructures provide a great chance to tune the properties and functions of a nanomaterial. e.g. its
mechanical and electrical properties, and thus allow for the design and realization of novel
nanoelectromechanical devices. Boron nitride and carbon nanotubes, with similar structure and mechanical
properties but dramatically different electrical properties, are ideal candidates for investigating nanoscale
heterostructured materials. For example, carbon nanotubes have ultimately high elastic modulus and high
electrical conductivity. In contrast, boron nitride nanotubes (BNNTs), with a similar crystalline structure but
ionic bonding, have a similarly high modulus coupled with a high electrical resistivity.'> To meet the
requirement of a specific application, a specific combination of properties is necessary and may not be fulfilled
by one material. For example, one great challenge for bio-implant materials is to find a bio-compatible material
with the elastic modulus comparable with that of the tissues such as the bones. Heterostructures constructed
from two distinct components, with their individual advantages, can be an effective way to modulate the
nanomaterial physical properties.* Several research efforts have been directed towards realizing such
engineering. Wei ef al. used substitutional carbon doping for an individual nanotube via in situ electron beam
irradiation to form a ternary B-C-N compound and finally realized a transformation from insulating to metallic
behavior by adjusting the irradiation time.> Wang er al. used perylene-3,4,9,10-tetracarboxylic acid
tetrapotassium salt (PTAS) functionalization and succeeded in C substitution to form coaxial B-C-N/BN

nanotubes with modified electrical properties.®

Precise measurement of mechanical and electrical properties of individual nanotubes represents a
challenging task. Nowadays, several microscopic measurement methods have been developed to understand
the mechanical and electrical behaviors of 1D nanomaterials, including in sifu transmission electron
microscopy (TEM), " in situ scanning electron microscopy,”!® and atomic force microscopy (AFM). 112
Among these methodologies, in sitru TEM has the advantages of high-resolution real-time imaging and

spatially-resolved chemical analysis. '*! For example, Tang et al. studied the mechanical properties of
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bamboo-like BNNTSs and realized a strengthening effect of interlocked joint interfaces.'® Treacy et al. observed
an exceptionally high Young’s modulus for individual CNTs. Wang et al. revealed the size effects on the
bending modulus of CNTs.'” Li ef al. found that wurtzite InAs nanowires have a remarkable piezoelectric
effect, which is strongly depended on the crystal orientation and can be suppressed by occasional stacking
faults. '® Zhang er al. comparatively studied the photoelectrical performances of pure CdS and composite
CdS/ZnO nanobelts and found that a CdS/ZnO heterostructure brings notable advantages over CdS with
respect to the photocurrent-to-dark current ratio and responsivity time.!” Thus, there is no doubt that in sifu
TEM would provide us with a perfect platform to understand the microstructure-properties-processing

relationships of the nanosized materials and guide the design of devices with tunable performances.

In this Chapter, the large-scale production of BN-C coaxial nanotubes was realized, allowing for a wide-
range adjustment of their electrical and mechanical properties. /n situ TEM experiments were performed in
order to comparably study the mechanical properties of composite BN-C and pure BN nanotubes, as well as
the electronic behavior of hybrid BN-C nanocables. As a function of the coated carbon content, the elastic
modulus obtained from second order harmonic resonance of heterostructured nanotubes could be tuned from

~140 GPa to ~700 GPa, and their electrical resistivity could be adjusted within three orders of magnitude from

~0.16 Q-m to ~2.5x10* Q-m. This work opens the way for making custom-designed heterostructures for the

requirements of specific applications.

4.2 Materials synthesis and characterization

4.2.1 Synthesis of BN-C heterostructures

Tubular BN-C heterostructures were synthesized via a three-step chemical vapor deposition (CVD) method,
as illustrated in Figure 4.1 Firstly, high-quality BNNTs were prepared by boron and metal oxide-assisted
method (BOCVD) in an induction furnace.?® Subsequently, a carbon coating was deposited on them via another
CVD process in a horizontal electrical furnace. The coating was performed under ambient pressure, at a
temperature of 1100 °C for 60 s, with Ar gas and hexane vapor acting as a carrier gas and a carbon source,
respectively. Finally, the carbon coated BNNT samples were annealed at 1800 °C for 6 h to induce complete

graphitization and to remove possible impurities.

Some of the BN-C nanotubes underwent subsequent treatment at 650 °C for 10 min under a flow of 500

mL/min Ar and 80 mL/min O, in a horizontal furnace, in order to remove the coated graphite layers, in

agreement with reported thermogravimetric (TG) results.?!
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Step 1: Synthesis of BNNTs Step 2: Carbon coaling process Step 3: Graphitization
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Figure 4.1 Schematic illustration of the core-shell BN-C nanotubes’ synthesis.
4.2.2 Characterization of BN-C heterostructures

The SEM image in Figure 4.2a shows the morphology BN-C nanotubes, implying that the BN-C sample
has diameters of around tens of nanometers, and lengths of up to several micrometers. This confirms that the
sample morphology was maintained after the high temperature carbon coating and graphitization process. The
optical photographs (inset of the SEM image) distinctly manifest the sample appearance changed from white
to black, thus make us believe that the carbon coating was successful. Figure 4.2b shows the of the Raman
spectra for BN-C NTs. For the BN-C sample, the peaks in the range of 1320-1380 cm™' can be attributed to
BNNTs and to the D-band of graphite, while the ones at 1580 cm™ and 1612 cm™! vibrations correspond to the
graphite G and D’bands.?*%
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Figure 4.2 (a) SEM image of core-shell BN-C nanotubes. Inset is the photograph of BN-C sample. (b) Raman

spectrum of the sample.

Low-magnification TEM image shown in Figure 4.3a verified that the hollow and tubular structure was
well maintained. High-resolution TEM (HRTEM) HRTEM image (Figure 4.3b) reveals the good crystallinity
of a BN-C nanotube. In addition, several curved layers are discerned from the HRTEM image of BN-C
nanotube, implying that the graphite layers of high quality are successfully and mainly coated on the outside
of the BNNTs. Figure 4.3¢ presents the diameter distributions of BN-C nanotubes collected from around 120
individual nanotubes, all of them exhibit the diameters ranging from 30 nm to 100 nm, which match SEM

results very well. Meanwhile, the diameter of BN-C NTs is averaged at ~63 nm which is slightly larger than
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that of pristine BNNTs (diameter averaged at ~57 nm) and this may result from the carbon coating. The electron
energy loss spectrum (EELS) of the samples is depicted in Figure 4.3d. Two distinct absorption features
corresponding to the known K-shell ionization edges of the B and N atoms starting from 188 and 401 eV,
respectively, revealing sharp n* peaks and o* bands, which is the typical sp? bonding configuration ***°. While
after a careful comparison between the EELS data presented in Figure 4.3d, it can be found that in addition to
the core-loss K-edges of B and N, the core-loss K-edge of C at 284 eV with well-defined sharp n* and o*
peaks ware also identified in the spectrum of BN-C NTs >26, which obviously confirmed that sp>-hybridized C
species had been added to BNNTs.
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Figure 4.3 (a) Low-magnification TEM image, (b) High-resolution TEM image, (c) Outer diameter
distribution diagram of BN-C sample; (d) Comparision of EEL spectra for BNNTs and core-shell BN-C NTs,
respectively. The inset in (a) is SAED pattern taken from the BN-C nanotube.

EELS mapping was used in order to determine the spatial distributions of the elements in the sample, which
was performed on a JEOL JEM 3000F TEM, operated at 300 kV, using a heating TEM holder to
avoid/minimize the possible carbon contamination/deposition during the beam scanning. Figure 4.4a shows a
HRTEM image from a BN-C nanotube. The high quality of the structure agrees with our previous observations.
Figure 4.4b shows an annular dark-field (ADF) STEM image of the same tube, acquired ~50 nm from the
previous area. Figure 4.4¢ shows a RGB composite map of the exactly same region. It is immediately apparent
that the C layers surround the BN scaffold. This is confirmed by looking at spectra “1”” and “3” in Figure 4.4d,
extracted from the outermost regions of the tube, which show only the C signature. Further insight can be

gained from analyzing the concentration profiles in Figure 4.4e. Here, all three elements display the
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characteristic “M”-shaped profile which is expected from a hollow tube. This implies that, at least at this scale,
there has been no intermixing between C and B/N. The structure can be regarded as a superposition of two
structurally-intact nanotubes. Quantification of the EELS data allows us to estimate around 11 graphite layers,
which is in excellent agreement with the result obtained by analyzing the diameter distribution histograms. We

can conclude that our nanotubes form unique heterostructured coaxial nanocables.
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Figure 4.4 (a) HRTEM image of a BN-C nanotube. (b) ADF STEM image acquired next to the area in (a). (c)
RGB composite map of the region in (b), showing the distribution of B (red), C (green) and N (blue) species.
(d) Averaged EEL spectra extracted from the corresponding regions arrowed in (c). (e) Averaged concentration

profiles extracted from the map in (c), perpendicular to the tube axis.
4.3 Experimental set-up for mechanical and electrical measurements

Similar to the precious experimental set-up in the previous Chapter, the in sifu experiments were carried
out inside a JEOL JEM 3100FEF (Omega filter) TEM by using a scanning tunneling microscope-TEM (STM-
TEM) holder (Nanofactory Instruments AB). Firstly, BN-C nanotubes were attached to the Au wire by using

the flattened Au wire to scratch the sample, then it was blown by a gas gun and heated at 300 °C under air
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atmosphere to make sure that all the nanotubes are clean and have tight contact with Au wire. Then, the gold
support with the sample was loaded into the sample holder and a sharp tungsten probe, which was fabricated
by electrochemical etching, was used as a counter electrode. The tungsten probe driven by a piezo-tube was
manipulated in three dimensions at a nanometer-range precision to contact and test electrical properties of the
selected BN-C nanotubes. For mechanical properties measurements, an AC sinusoidal signal provided by a
function generator (Tektronix AFG3152C, with frequency swept up to 150 MHz) was applied between an
individual BN-C nanotube and the counter tungsten electrode placed close to the tube. The mechanical
resonance would be induced when the applied frequency matches the natural vibration frequency. And the

resonance was viewed and recorded by a CCD camera.

For the electrical property measurements, the BN-C nanotubes were contacted by the W probe, and the

current-voltage (/-V) curves were recorded.

4.4 Results and discussion

4.4.1 Length calibration

Based on the above-mentioned details, thelength calibration process was also employed for the measured
nanotubes (chapter 2.2). The clibration results for the BN-C nanotubes are shown in Figure 4.5. The
comparison between the calibrated lengths and the lengths evaluated from the second mode, shown in Figure

4.5¢, indicating good agreements between these two methods.
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Figure 4.5 (a) Schematic drawing of the relation between the actual nanotube length (L) with the projected
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nanotube length (L7zy) acquired under TEM imaging. (b) Comparison of the outer diameter at low-

magnification (5k-10k, D;,) and high-magnification (200k-300k, Dy.). The real nanotube length can be

expressed as : L= (((Dun/Dim)*L1er)*+7°)" (c) Results of the length measurements obtained from the two-step

calibration and from the second mode resonance.
4.4.2 Resonance of an individual BN-C nanotube

The experimental setup for the in sitzz TEM mechanical resonance of the BN-C NTs is depicted in Figure
4.6a. Figure 4.6b shows the TEM image of a selected BN-C nanotube with the outer diameter (D,), inner
diameter (D;) and length (after calibration) of 52.2, 20.9 and 3757.2 nm, respectively. HRTEM image shown
in Figure 4.6¢ reveals the high quality and clean surface of the tube. EEL spectra confirmed the existence of
C. (Figure 4.6d)The quantification results from EEL spectra give a B/N/C ratio of 1.00:0.93:0.72. By tuning
the frequency of the applied potential, the first mode (at /;=5.60003 MHz) and the second mode harmonic
resonances (at />=33.88036 MHz) were realized, as shown in Figure 4.6e and f, respectively. Thus, the f>/f;
ratio was estimated to be 6.05, which is in good agreement with the theoretical value of 6.26. Additionally, the
node position measured from the second mode resonance (Figure 4.6(f)) was found at 0.749L, which is quite
close to the theoretical value of 0.783L. According to the Euler-Bernoulli equation, the elastic modulus of this

nanotube calculated from the second mode resonance is 202.9 GPa.

F E=202.9 GPa
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Figure 4.6 (a) Photograph of the front end of the STM-TEM holder and the schematic drawing of the
mechanical resonance of an individual core-shell BN-C nanotube. (b) TEM image of an individual cantilevered
BN-C nanotube. (c¢) HRTEM image and (d) EEL spectrum of the BN-C tube chosen for resonant measurements.

(e) The first and (f) second mode harmonic resonances of the BN-C nanotube.
4.4.3 Moduli distribution and effects of carbon coating

In order to understand the role which the C graphitic layers play in affecting the mechanical properties of
BN-C nanotubes, we performed mechanical resonance experiments (combined with thorough EELS
characterization) on 16 individual composite BN-C nanotubes. Additionally, we performed comparative

mechanical experiments on the same coaxial nanotube before and after the removal of its graphitic C shells.

A representative experimental result showing the comparison between the same nanotube with and without

carbon coating (the latter was removed under the designed thermal treatment) is shown in Figure 4.7. No
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remarkable structural changes were observed after the removal of the coated graphitic layers (Figure 4.7a and
b). However, the HRTEM images (Figure 4.7c¢ and d) clearly revealed that the outer diameter slightly
decreased, from around 43.2 nm to 37.7 nm. EELS data, shown in Figure 4.7e, confirm that the C peak
disappeared after the thermal treatment. Both the first and second mode resonances (Figure 4.7a and b) were
then initiated and the corresponding calculation results from second mode resonance indicate that the elastic
modulus of the nanotube after carbon removal (E=373.6 GPa) became higher than that of the initial
heterostructured BN-C nanotube (E=308.4 GPa). In addition to the elastic modulus, the quality factor (Q
factor) is also an important parameter to evaluate the performance of a mechanical system. It is inversely
proportional to energy dissipation. The Q factor is defined as f;/4f, where f; is the peak resonant frequency and
Af'is the FWHM of the resonant peak that can be evaluated by Lorentz fitting of the amplitude dependency on
frequency. Here, Q factors of the nanotubes were measured and compared from their response curves, as
displayed in Figure 4.7f. It can be seen that the Q factor can be tuned from 386.8 (carbon coated) to 619.7
(carbon removed), which means a faster energy dissipation in the BN-C composite. Finally, the relationship
between the elastic modulus of several BN-C nanotubes and their coated graphite content is plotted in Figure
4.7g. 1t is clear that the elastic modulus of the BN-C nanotubes decreases with an increase of C content over a
wide range (from ~140 GPa to 706 GPa), which provides a way to tune the mechanical properties of nanotubes

for any specific application.
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Figure 4.7 (a) and (b) First and second mode harmonic resonances of the same nanotube with graphite layers
coated (BN-C NT) and then removed. (c-e) Comparative HRTEM images and EEL spectra taken from the
areas marked in (a) and (b), respectively. (f) Response curves of the nanotubes at their first mode resonance.
The solid lines are Lorentzian fits for the data points. (g) Calculated relationship between the elastic modulus
of 16 individual BN-C nanotubes and the relative coated C content (relative C content is calculated from the
EELS quantification results and defined as the atomic ratio between C content and the total content of B, N

and C).

The comparative results of mechanical resonance experiments for two additional BN-C nanotubes with
and without wrapped graphite layers are illustrated in Figure 4.8. Both the elastic modulus and Q factor for
these nanotubes can be controlled by adjusting the carbon coating content. (Figure 4.8a and b) . When trying
to evaluate the mechanical properties of the nanotubes using a core-shell model (Figure 4.8c), based on the
relationship between the effective elastic modulus for each component, we can write that:

Ed=E~+E] (4.1)

where /. and /; are the moments of inertia of the cross section for the core and shell, respectively. In the case

of a hollow cylinder, the moment of inertia can be calculated as /=647(D,*-D;")/64. Using these expressions,
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the averaged elastic modulus of the coated graphite layers was calculated as 157.5 GPa (Figure 4.8d), which

is much smaller than the reported values for CNTs.
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Figure 4.8 (a) and (b) Elastic modulus and Q factors of three individual nanotubes with graphite layers coated
and removed, respectively. (¢) Schematic illustration of the core-shell composite nanotube model. (d) Elastic

modulus of the coated graphite layers by using the core-shell model.
4.4.4 Transport properties of BN-C heterostructures

Electrical property measurements of BN-C nanotubes were then performed using the same in situ TEM
specimen holder. In order to understand the electrical behavior modulation of BNNTSs as a function of the
amount of coated C, 20 individual BN-C nanotubes were measured. Representative /-7 curves acquired from
different nanotubes exhibited almost symmetric semiconducting or Ohmic characteristics while the wrapped
C content varied (Figure 4.9a). By fitting the experimental /-} curves and taking into account the geometrical
parameters of each nanotube, we can determine the way in which the relative C content influences the
composite nanotube transport properties, as shown in Figure 4.9b. The resistivity is calculated by considering
the total cross-section of the tube, which yields an “effective resistivity”. Semiconducting nanotubes can be
modeled as a metal-semiconductor-metal structure, with two Schottky barriers and a resistor in between these
barriers. At low bias, a reverse Schottky barrier dominates. At higher bias, the nanotube will dominate and its
resistance can be accurately calculated.®! Thus, a bias range from 0.8V to 1V was used to calculate the
effective resistivities for these kinds of BN-C nanotubes. In contrast, for Ohmic nanotubes, low bias values
were used in order to avoid possible structure damage (Figure 4.10) and so their effective resistivities were

calculated using the +0.1 V range. The plot in Figure 4.9b allows us to make two important conclusions. First
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and most important is the fact that the electrical properties can be tuned over a wide range of effective
resistivity values — almost three orders of magnitude — from ~0.16 Q- m to ~2.5x10* Q-m. Secondly, the
evolution of the plot can be divided into two distinct regions: a sharp decrease until an C/(B+N+C) atomic

ratio of approximately 0.29, followed by a relatively stable region above this number.
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Figure 4.9 (a) Representative /-7 curves of various individual BN-C nanotubes with different amounts of
coated C (averaged values over the whole structures) and (b) relationship between effective resistivity and
relative C content for individual BN-C nanotubes. Colored zones represent the areas where the surface
graphitic domains are gradually forming and evolving (yellow), and where the formation of an external

continuous graphitic shell has ultimately been achieved (purple).

Figure 4.10 (a) TEM image of a BN-C nanotube without bias applied. (b) and (¢) TEM and HRTEM image
of the same nanotube showing that the external C nanotube layers were damaged and “onion”-like C structures

were formed on the BN surface after applying a high bias (10 V).
4.4.5 Effects of carbon coating on transport properties

While the unusual dependency of the electrical resistivity with a relative C content cannot be modeled using
this standard core-shell approach. As a result, we have adopted a much more realistic model which takes into
account the possible imperfections in the coverage of the tubes by considering that graphitic sections may form

discrete island-like structures. This is supported by the details of our growth process. In fact, it is widely
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accepted that a CVD process first results in random islands that crystallize and gradually evolve into a
continuous network pattern. Electrically, the sharp decrease followed by almost stable resistivity part of the
plot is well explained by this ‘island growth’ model. (Figure 4.11a) When the amount of graphitic grains is
very small, they form discontinuous and small islands, (Figure 4.11b) whose boundaries serve as large
potential barriers for electron transport resulting in large resistivity (the extreme case would be a pure BNNT,
a good insulator).With the C content increasing, the separation between islands is reduced and the
interconnected island network is gradually formed. (Figure 4.11c) Consequently, the electron hopping
probability from one island to another increases rapidly, thereby leading to the sharp resistivity decrease. With
a further increase in the C content a continuous graphite layer is formed. (Figure 4.11d) Additional layers
provide diminishing contributions to the resistivity, which converges towards a small value. Similar arguments
can be considered for mechanical properties. The measurements were mostly performed on nanotubes that had
a relative C content of less than 0.29. According to the electrical results, these nanotubes may not be covered
by a continuous graphitic shell. As a result, carbon present on these tubes just adds mass, without the benefit

of increasing stiffness, leading to a decrease in tube elastic modulus, as observed.
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Figure 4.11 (a) Schmatic illustation of the graphite layers foramtion, from small islands to continuous layers.
(b-d) TEM images showing the growth of graphite islands, connection of these islands and finally continous

layers, respectively.

In order to experimentally test the above-discussed hypothesis, a series of EEL spectra and /-1 curves were
acquired at different contact points along individual nanotubes, as shown in Figure 4.12. Figure 4.12a and b
show the TEM images of the nanotube under different contact conditions and the corresponding EEL spectra.
The C coverage varies along the tube and in some parts the C signal is missing, implying discontinuous
graphitic C islands are formed under small C coverage condition. Such uneven C distribution affects the
transport properties of the BN-C nanotube, as indicated in Figure 4.12¢ and d. As the contact position moves
closer to the counter-contact (Au support), the shapes of the /-V curves gradually changed from non-linear to
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nearly linear and the resistance decreased exponentially from 1.45x10° kQ to 220 kQ. Such a dependence of
resistance on the length is fully in agreement with the island model. A similar experiment performed on another
BN-C nanotube with a higher C coated content, showed purely conductive behavior throughout the structure
(Figure 4.13). This means that a continuous graphitic outer shell was formed in the latter case. From these
experimental results, it can be seen that the coverage of graphitic C varies in each individual BN-C nanotube
and indeed affects the electrical properties of the BN-C heterostructure, i.e. from a hopping mechanism

dominated to a continuous ohmic transport behaviors, which is consistent with our previous results and with

our model.
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Figure 4.12 (a) TEM images showing consecutive contact points on an individual BN-C nanotube. (b) EEL
spectra acquired from the marked regions in (a) revealing the variations in C content in these areas. (c)

Recorded /-V curves corresponding to each of the points in (a). (d) Electrical resistance values calculated for

some of the contact points in (a).
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Figure 4.13 (a) TEM images showing consecutive contact points on an individual BN-C nanotube. (b) EEL
spectra acquired from the marked regions in (a) revealing the variations in C content in these areas. (c)
Recorded /-V curves corresponding to each of the points in (a). (d) Electrical resistance values corresponding

to each of the contacts in (a).
4.4.6 Advantages of BN-C heterostructures

The mechanical and electrical properties of the present materials were finally plotted and compared to those
from previous reports in Figure 4.14. Comparing to the high elastic modulus and opposed electrical properties
of BNNTs and CNTs, the present BN-C hybrid nanotubes inherit the advantages of each component, while
allowing for a wide range modulation of both mechanical and electrical behaviors at the same time. Two other
materials with similar 1D morphologies were also compared, i.e. metal nanowires (conductors) and intrinsic
Si nanowires (semiconductors). Although the elastic moduli show a wide distribution for metal nanowires as
a whole, their properties are almost constant for individual elements. Similar arguments can be considered
concerning the elastic moduli of intrinsic Si nanowires, which have a narrow range. By adjusting the volume
of the wrapped C content, the present BN-C heterostructures can be tuned to cover a wide range of values,
both electrically and mechanically, making the present heterostructured BN-C nanotubes readily applicable in

different fields.
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Figure 4.14 Comparison of the present data with the previous reports on different materials (Au, 2?2 Ag, 2%

Cu, 3! Al, 33 Pt, 33 and W 3% nanowires, CNTs, '***BNNTs “* and SINW*~?) in terms of elastic

moduli and electrical resistivities at room temperature (different characteristic regions are marked).

4.5 Summary

To sum up, an original way was developed to efficiently tune the properties of core-shell composite C-
coated BN nanotubes by adjusting the relative C contents. Rather than limiting ourselves to the individual
characteristics of individual C and BN nanomaterials, we have proposed a way to control both the mechanical
and electrical behaviors of BN-C hybrids to a large extent. We obtained the composite BN-C nanotubes with
elastic moduli ranged from ~140 GPa to 706 GPa and electrical resistivities ranged from ~0.16 Q-m to ~2.5%10°
4 Q'm. The current work is envisaged to provide a promising way to fine-tune mechanical and electrical

properties in the binary BN-C nanotube system.
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Chapter 5

Kinking effects and transport properties of coaxial BN-C nanotubes as
revealed by in situ transmission electron microscopy and theoretical

analysis

5.1 Introduction

Over the last several years, flexible devices have attracted tremendous attention due to various potential
applications in electronic devices, sensor chips, and photodetectors.!” Thus, the mechanical elasticity,
structural changes and electrical transport of the constituting materials under cycling bending are of crucial
importance with respect to reliable practical applications. Boron nitride nanotubes (BNNTs) and carbon
nanotubes (CNTs) have intensively been studied and are currently regarded as materials of choice for many
structural applications; they reveal extremely high Young’s moduli, high fracture strength, and excellent
flexibility.** By contrast, they have just the opposite electrical characteristics, i.e. BNNTSs are insulators,”!°
whereas CNTs are metals or semiconductors depending on tubes’ helicity.!""!? It worth noting that BNNT
electrical properties are rather difficult to tune. This fact results in blocking their possible applications in
flexible stress sensors or switches. Thus, it is of great interest and challenge to modify BNNT electrical
response and create nanostructures having a tunable percolation threshold and to facilitate their applications in
flexible electronics. Actually to date, both theoretically and experimentally, tremendous efforts have already
been put to modulate the transport behaviors of BNNTSs, using doping,'* strain engineering,'* heterostructure

design,'® structure unwrapping,'®!”:

etc. Another prospective approach is to fabricate BN-C heterostructures,
usually regarded as nanoscale “Lego” blocks, and provide the engineers with diverse possibilities for tuning
properties and promoting advanced applications.'® For instance, Xiang et al. have reported on a design of BN/C
Van der Waals heterostructures, showing the similar transport behavior to bare CNTs, but much better thermal
stabilities of the material.'” Lin et al. developed the C@BN nanotube arrays and revealed the enhanced shape
recovery and improved compressive strength. These reports clearly demonstrate the interesting potentials of

BN-C related composites.?
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Herein, we have designed and synthesized core-shell coaxial BN-C nanotubes and applied an in situ
transmission electron microscopy (TEM) technique to study their transport characteristics and the effects of
external bending deformation on their structural evolution and electrical transport. Ballistic transport within
the tube contact lengths of ~250 nm, diffusive transport within the lengths ranging from 250 nm to 750 nm;
and the hopping transport for the larger lengths have been documented. When a bending deformation has been
applied, all these three transport modes are not notably affected while a peculiar kinking deformation is
observed. It has been found that the kink positions are strictly related to the structural nanotube parameter, i.e.
a ratio between the tube diameter and its length. Interestingly, after deformation, BN-C nanotubes have fully
recovered, even after very high angles of bending, without any traces of failure or structural defects appearance,
showing excellent electrical and structural stability. Combination of in situ TEM and molecular dynamic (MD)
simulations has then provided us with an effective way to uncover the transport and mechanical behaviors of
composite BN-C nanotubes and paved the way toward their realistic and smart applications in flexible

electronics.

5.2 Methods

5.2.1 Materials synthesis and characterization

Tubular BN-C heterostructures were synthesized via a three-step chemical vapor deposition (CVD) method,
which is described in our previous work in detail.?**° TEM imaging and electron energy loss spectra (EELS)
mapping of individual BN-C nanotubes were performed using a JEOL 3000F TEM, by using an in situ heating

holder to alleviate/avoid the possible contamination during the scanning process.
5.2.2 In situ TEM experiments

In situ bending experiments on individual coaxial BN-C nanotubes were performed inside a JEOL 3100FEF
(Omega filter) TEM by using a scanning tunneling microscopy-TEM holder (Nanofactory Instruments AB).
Hybrid BN-C nanotubes were firmly attached to the edge of a flat Au wire using conductive silver epoxy, and
a freshly electrochemically etched W probe was used as the counter electrode. The W probe was controlled by
a piezo-motor to contact the selected nanotube and to record the current-voltage (/-V) curves. Bending
deformation of the BN-C nanotubes was initiated by moving the W probe forward (after the two sides of the
setup had physically contacted each other), thus the bending angles could be traced and precisely measured at

every stage of deformation.
5.2.3 Computational details

To describe the features of a possibly polygonal cross-section of hybrid coaxial BN-C nanotubes and to further
study the atomic structure of CNT layers wrapped around a BNNT core, a newly developed potential of
interlayer interaction based on ReaxFF was used.*'*? This potential contains three terms describing the
interlayer attraction due to dispersive interactions, repulsion due to anisotropic overlaps of electron clouds,
and, also, monopolar electrostatic interactions. Simulations of the bending process were carried out by means
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of molecular dynamics calculations based on the program software LAMMPS.** We simulated hybrid BN-C
nanotubes with various diameters, lengths, and the ratios between the number of C and BN layers. Bending of
hybrid coaxial nanotubes was modelled via interaction with an atomic force microscopy tip which pushed the
structure with a step of ~1.4 A. Interactions between the tube and the simulated tip were described with a
purely repulsive force. Before the mechanical test and at each bending step, the system was annealed at a
temperature decreasing from 300 to 10 K, while the maximum interatomic forces became less or equal to 0.05
eV/A. Annealing time at each step was chosen as 3.5 ps with the time step of 10 fs. Atomic structure of
considered hybrid nanotubes contained 5x10*to 6x10° atoms in total. The atomic interactions between B and
N atoms in a BNNT were described by the Tersoff 3-body potential implemented in LAMMPS 3%
Redistribution of electronic density on the kink area of hybrid BN-C nanotubes was calculated using Density
Functional Theory (DFT) within LCAO (DZP basis set) approximation, implemented in SIESTA software.*®
Due to a large number of atoms containing in the kink area of a hybrid BN-C nanotube (more than 2000)
energy mesh cutoff was set as 125 Ry, which is enough for a quantitative description of electronic properties
of large structures. To obtain the information on electron density redistribution between the hybrid nanotube
walls only electronic structure optimization was carried out using DFT, while ion relaxation was performed

under MD approximation, as described earlier in this section.

5.3 Results and discussion

5.3.1 Structure characterization

Coaxial BN-C hybrid nanotubes were synthesized via a three-step high-temperature process. Firstly, pure
BNNTs were prepared by boron and metal oxide-assisted chemical vapor depostion (BOCVD) method in an
induction furnace, followed by a high temperture purification process at 1800 °C. Subsequently, carbon coating
was deposited on tubes via a CVD method by using hexane as a carbon source and Ar as a carrier gas. This
process was conduced in a horizontal electrical furnace under ambient pressure, at 1100 °C for 60 s. Finally,
the carbon-coated BNNT samples were annealed at 1800 °C for 6 h to induce complete graphitization and to
remove possible impurities.?*° A typical TEM image, shown in Figure 5.1a, reveals a hollow one-dimensional
structure which perfectly maintains its structural integrity even after the employed high-temperature synthesis.
The corresponding HRTEM image of the tube walls is depicted in Figure 5.1b. The distance between the
adjacent tubular layers is ~0.33 nm over the whole structure, implying its excellent crystallinity. Electron
energy loss spectroscopy (EELS) maps were created to confirm the overall composition and spatial distribution
of the constituting elements. Figure 5.1¢ depicts an annular dark field (ADF) scanning TEM (STEM) image
of segment from a different nanotube, and Figure 5.1d-f presents the corresponding elemental spatially-
resolved EELS maps for constituting elements. EELS mapping unambiguously confirms the coexistence of B,
N, and C species within the nanotube walls. It is worth noting that the C signal becomes more intense on the
tube periphery, suggesting that C layers form the outer shells. This is further confirmed by the EEL spectra
extracted from the different regions in Figure 5.1c, as shown in Figure 5.1g. In regions “1” and “3”, only peak

at 284 eV originated from C is recognized, while in the middle area “2”, three distinct peaks are seen at 188
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eV, 284 eV and 401 eV, corresponding to the K-shell ionization edges of B, C, and N, respectively. The peaks
reveal sharp 7* features and o* bands and imply typical sp? bonding conFigureuration.?** The atomic ratio
from the EELS data (region “2”) is calculated as B:C:N = 1.00:0.36:0.94. Elemental composition for the
core and shell was further verified by comparative EEL spectra analysis on the same nanotube before and
after the annealing process. The results showed that only the peaks for B and N remained after thermal
treatment, indicating that the core is made of the pure BN (Figure 5.2). All these results confirm that as-

obtained samples are sandwich-like coaxial BN-C tubular nanostructures.
11213l
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Figure 5.1 Low-magnification TEM (a) and high-resolution TEM image (b) of a core-shell sandwich-like
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coaxial BN-C nanotube showing perfect crystallinity. (c) ADF-STEM image acquired from a nanotube
segment. (d-f) Spatially resolved EELS elemental maps corresponding to the image in (c) revealing B, N, and

C species distribution. (g) EEL spectra extracted from the corresponding regions arrowed in (c).
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Figure 5.2 (a) TEM image of a nanotube. (b) EEL spectra taken from the red circles marked regions in (a)

before and after thermal treatment, showing that only BN peaks remained while the carbon signals disappeared.

5.3.2 Evaluation of contact resistance
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For the present two-terminal contact measurements, the total resistance R is the sum of three contributions:
Rg, Ry, and R,, where R, and R, are the contact resistances of a nanotube to the gold wire and W probe,
respectively. R, may vary from one BN-C nanotube to another, but it is constant for a selected nanotube,
whereas R,, may fluctuate between two individual contact experiments, albeit such fluctuation is rather small.
The evaluation of the contact resistance of an individual BN-C nanotube was conducted as follows: (1) the
total resistance (Ry+Rw+R() was obtained by doing the linear fitting for the I-V curves at different contact
lengths. (2) the total resistance as a function of contact length was plotted and the linear fitting for the length
range was made, this showed an approximate linear variation trend, then the intercept was considered as the
whole contact resistance (Rg+Ry). Here, the contact resistance was evaluated to be 14.2 kQ (Figure 5.3a). In

total, we estimated the contact resistance for 5 nanotubes, this ranged from 9.5 kQ to 17.5 kQ (Figure 5.3b).
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Figure 5.3 (a) The linear fitting for the relationship between the total resistance and the contact length.,
showing that the contact resistance is about 14.2 kQ. The total resistance was acquired from the /-V curves

shown in Figure 5.4c. (b) The contact resistance distribution obtained from 5 individual BN-C nanotubes.
5.3.3 Length-dependent transport properties of BN-C nanotubes

Transport behavior of nanotubes with uniform C coating as a function of tube length was first studied. The
schematic of the experimental setup and TEM image showing the measurement process are presented in Figure
5.4a and b, respectively. Representative /-J curves at different contact lengths were recorded by moving the
W probe to contact the different segments of the selected BN-C nanotube, as illustrated in Figure 5.4¢. Clearly,
all these I-V curves reveal a linear characteristic. However, the current values vary a lot at different contact
lengths. Then, we evaluated the resistance of a nanotube (R,) as a function of the contact length. Figure 5.4d
presents the evolution of the nanotube resistance along with contact length change as acquired from -100 mV
to +100 mV, the value excludes the contact resistances R, and R,,, ranging from 9.5 kQ to 17.5 kQ, as evaluated
from different BN-C nanotubes (Figure 5.3b). The plot shows that R, increases sharply from 11.3 kQ at 90.3
nm, to 1110.3 kQ at 809.8 nm and displays a nonlinear behavior. Interestingly, combining the enlarged region

with contact length smaller than 476.9 nm and considering the whole plot, one may conclude that the
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relationship between the tube resistance and the contact length can be divided into three definite areas, i.e. (1)
resistance values lower than 12.9 kQ within the contact lengths smaller than 233.7 nm, which can be considered
as the ballistic transport (region 1); (2) resistances increasing linearly with the contact lengths, from 292.7 nm
to 476.9 nm, corresponding to a diffusive transport** (region 2); and (3) resistances increasing exponentially
(see the exponential fitting) under further length increasing, up to ~930.4 nm, which can be ascribed to a
hopping mechanism.?® These regions correspond to three different transport regimes. In the case of ballistic
transport, carriers easily travel within the length range corresponding to the mean free path /. Within this

contact length range, the resistances are independent of the contact length. For a single channel medium, the

resistance of the ballistic conductor is given as: R = PPriad 12.9 k(2 (where 4 is the Planck’s constant, and ¢ is

the electron charge). At scales longer than /, the electrons will be elastically scattered and the transport becomes

diffusive. Within this range, the resistance is linearly dependent on the contact length and can be approximately
expressed as: R = p 5 (where p is the resistivity, L is the contact length, and S is the cross-section area). Our

previous work has verified that with longer distances, instead of a uniform coating made of carbon shells, the
tubes are covered by small carbon islands. Thus, under further increasing of the contact length, electron
hopping from one island to another becomes dominant and the resistance shows an exponential dependence
on the length.*® The observed non-linear dependence of R, indicates that the electronic transport over the whole
tube 1s not Ohmic and the electron-defect interactions are the main source of resistance, i.e. the electrons suffer
from the scattering events with defects inside the conductor.?® -V measurements on different BN-C nanotubes
also show the similar resistance vs contact length plots, though the ballistic and diffusive transport ranges differ
for different BN-C nanotubes (Figure 5.5). This fact can be ascribed to different patterns of defect distributions
in each particular nanotube. The above experiments imply that the nonlinear resistance vs contact length is a

common intrinsic phenomenon for the present coaxial BN-C nanotubes.
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Figure 5.4 (a) Schematic drawing of the electrical measurement on an individual coaxial BN-C nanotube. (b)

TEM image of the selected BN-C nanotube contacted by the sharp W probe; the contact length denotes the
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nanotube length between the Au support and W probe. (c) Representative /-V curves of the BN-C nanotube at
different contact lengths. (d) Relationship between the nanotube resistances and the contact length. Insets in

(d) are the enlarged regions marked by the colored rectangles, showing the ballistic (red) and diffusive (blue)

transport modes.
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Figure 5.5 Resistance vs contact length plots for different nanotubes, indicating a nonlinear behavior for the

hybrid BN-C nanotube.
5.3.4 Bending effect on transport properties of BN-C nanotubes

The experiments clearly show that the transport in BN-C nanotubes is remarkably enhanced as compared to
pure BNNTSs, which are electrically insulating. For the potential applications in flexible electronics, a stable
transport is undoubtedly preferable. To understand how the external mechanical deformations influence the
atomic structure and electrical properties, the structural evolution observations in-tandem with in parallel /-7
curve recording and tube resistance measurements were performed under in situ bending in TEM (Figure 5.6).
A series of TEM images, shown in Figure 5.6a, illustrates a structural evolution during deformation. Under
moving the W probe forward, the hybrid BN-C nanotube first undergoes structural changes via generation of
a sharp kink,(Figure 5.6b) instead of uniform arc-like tube bending as a whole.?” Once the kink appears,
further deformation develops via increasing the kink angle, which can reach a value of up to ~67.2°. The
corresponding /-V curves recorded at different bending angles are presented in Figure 5.6¢, showing that the
output current only marginally changes (from -1.1% to 7.2%). Such small variations can be ascribed to the
slight contact condition changes (between the W probe and the nanotube). Importantly, though both core BN
and covering C layers are severely deformed and intertwined, the kink immediately disappeared and the
nanotube entirely recovered to its initial state (both structurally and electrically) once the probe had been

retracted (Figure 5.7). Thus, neglecting the marginal contact changes, the present BN-C tube shows quite
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stable transport behavior under bending. Figure 5.6d depicts the relationship between resistances and bending
angles of the nanotubes showing different transport characteristics. No matter what type of transport is
dominating, i.e. the ballistic, diffusive or hopping, the resistances vary within a very small range, implying that
the deformation does not dramatically enhance carrier scattering (Figure 5.8). These results indicate that the

present BN-C heterostructures should be of advantageous use for novel flexible devices that can withstand

exceptionally high bending strains.
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Figure 5.6 (a) Sequential TEM images of a selected BN-C nanotube showing its bending process. (b) High-
resolution TEM image of the marked region in (a), confirming a severe deformation for both core BN and
outer C layers. (c) A series of I-V curves recorded from the same BN-C nanotube in (a) at different bending

angles; (d) Dependence of resistance of different BN-C nanotubes against their bending angles.

40004
< 2000+
=
5 0
g

-2000 -

-4000 -

00 50 0 50 100
Bias (mV)

Figure 5.7. I-V curve and TEM image (inset) revealing that the BN-C nanotube fully recovers both structurally

and electrically after severe deformation.
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Figure 5.8 Variation of 4R for BN-C nanotubes showing different transport behaviors at different bending
angles. The variation of resistance doesn’t show an obvious trend, but the average variation is about 0.7 %,

implying the stable transport behavior.
5.3.5 Comparative study on transport properties of BNNTs and CNTs

In addition, comparative studies on the transport properties of BNNTs and CNTs as a function of the contact
length, as well as the bending angles were conducted. The results are shown in Figure 5.10. For BNNTs, even
at large bias range, the /-V curves at different contact lengths show purely insulating characteristics (Figure
5.9a), and these are not affected by bending. (Figure 5.9b). For CNTs, all the recorded /- curves at different
contact lengths exhibit linear characteristics (Figure 5.9¢). The relationships between the resistances of CNTs
and the contact lengths reveal that these CNTs only show ballistic and diffusive transport characteristics,
without switching to the hopping transport regime, which is different from the coaxial BN-C hybrid nanotubes
(Figure 5.9d). This difference can be understood based on structural integrity. Within the large length range
BN-C nanotubes are not entirely covered with carbon shells, some carbon islands form instead, leading to the
appearance of the hopping transport. However, the CNTs have well-crystalline shells that ensure that they are
able to keep the diffusive transport over long distances. In the meantime, the bending effect on the transport
properties of CNTs was also studied. The corresponding /- curves for CNTs recorded at different bending
angles are shown in Figure 5.9e, revealing that the output current exhibits only minor changes (from -0.6% to
5.6%). Such small variations can be ascribed to the slight contact condition changes. A summary of the
resistances of different CNTs as a function of bending angles is depicted in Figure 5.9f, showing that the CNTs

can keep their transport features without being severely affected by bending.
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Figure 5.9 (a) and (b) /-V curves recorded from an individual BNNT as a function of contact length and
bending angle, respectively. (c) Representative /-J curves of a CNT at different contact lengths. (d)
Relationship between the resistances of CNTs and the contact length, only shows the ballistic and diffusive
transport modes. (e) A series of /-V curves recorded from the same individual CNT at different bending angles;

(f) Dependence of resistance of different CNTs against their bending angles.
5.3.6 Understand the fundamental from the perspective of theoretical calculation

To obtain fundamental insights into both electrical and mechanical properties of hybrid BN-C nanotubes
under external loading, direct simulation of the bending process was performed. Unlike CNTs, BNNTs may
have a polygonal cross-section caused by interlayer electrostatic interactions that are sufficient to induce the
interwall correlation, which will undoubtedly affect their mechanical and electronic properties. Thus, first, we
studied in detail the features of the atomic structure of hybrid nanotubes having a BNNT core and a CNT shell
(Figure 5.10). Here we considered only “zigzag” nanotubes, due to the fact that in the previous studies®® it was
predicted that only zigzag nanotubes could form a polygonal cross-section, while, in case of the armchair and
chiral nanotubes, polygonization could change and even disappear. Theoretical calculations show that the
polygonal shape of the BN core is transmitted to the outer C layers. As a result, external CNT cross-section
also becomes a polygon. Our calculations show that the polygonal shape of the inner BNNT influences the C

shell only up to four outer C layers. After 4 layers the outer shell polygonization effect mostly vanishes.
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Figure 5.10 Atomic structure of a hybrid BN-C nanotube (cross-sectional view, BN-blue, C-green) before (a)

and after (b) geometry relaxation.

In addition to changes in the atomic structure, the polygonization effect can affect the mechanical properties
of hybrid nanotubes. The presence of edges in the structure of polygonal nanotubes can initiate anisotropy in
behavior under mechanical loading. Therefore, we performed MD calculations of transverse compression of
hybrid BN-C nanotubes in various directions and found that the formed polygons only slightly influence the
hybrid tube behavior under external transverse mechanical stresses (the slopes of the curves are similar, Figure

5.11).
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Figure 5.11 (2) and (b) Initial and final geometries of hybrid BN-C nanotubes before and after transverse
compression with different load directions; (¢) The dependence of the strain energy of nanotube on the strain.
The red and blue lines correspond to the compression directions presented in (a) and (b), respectively. BN-

purple layers, green - C layers.

We then elucidated the behavior of hybrid coaxial BN-C nanotubes under bending at the atomic level by
performing large-scale MD simulations. We studied hybrid structures with various diameters, lengths, and the
number of layers. Close to the experimental procedure, we considered the stepwise tip movement, which is
associated with the consecutive movement of the tip in the horizontal direction and, then, in the vertical
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direction. In order to directly compare our calculation results with the experimental data on the same plot, we
used a dimensionless D/L ratio between tube diameter (D) and its length (L). According to experimental data
in the considered model, one end of the tube was fixed, while the force was applied to another end. It this case
the length of the tube and the applied force position are both defined as L. It should be noted that during test
calculations it was found that the shift of the tip position leads to the variation of the kink position. The shift
of the applied force toward the fixed end of the tube allows us to consider such a process similarly to a bending
process of the shorter hybrid tube. Such parameter allows us to analyze properties of structures with sufficiently
different sizes and, therefore, is very useful in the comparison between larger experimental structures and
studied computational models. Figure 5.13a and b show two hybrid nanotubes with the same number of C and
BN layers (2 C layers and 2 BN layers) but with a difference in the D/L ratio (0.16 and 0.08). Under the stress
loading process, in case of a smaller D/L value, a nanotube kink (Lxink) appears closer to the nanotube center,
while the kink for the tube with a larger D/L value is located closer to the fixed end. General correspondence
of theory with the experiments is illustrated by the recorded BN-C nanotubes bending processes in Figure
5.12¢. Even at the critical ratio of bending there are no defects formed (Figure 5.12a and b). These simulation
results suggest the reason behind the excellent structural flexibility during bending. In Figure 5.12d the
dependence of the nanotube kink position, described as the Lyin/D ratio on the D/L ratio is presented. Here,
the calculated data obtained from MD calculations (red circles) show the behavior of small hybrid nanotubes,
whereas experimental data expand this dependence toward the larger nanotubes (blue squares). Red dots
correspond to theoretical results of kink position estimation for hybrid nanotubes with a various number of
layers varied from 4 to 9 (from 2 BN and 2 C to 3 BN and 6 C layers). With decreasing the D/L ratio the kink
position monotonically shifts and approaches the middle of the tube. Based on MD simulations it could be
concluded that the main geometrical parameter, which is responsible for the kink position during bending, is
indeed the D/L ratio. This fact originates from a competition of the moment of inertia and nanotube bending
stiffness. Moreover, decreasing the number of inner BN layers within hybrid BN-C nanotubes does not lead to

the changes in the position of the kink, while the overall mechanical response could be significantly different.
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Figure 5.12 Main steps of a hybrid BN-C bending process exemplified by coaxial nanotubes with 2 inner BN
layers and 2 outer C layers (diameter of 2.8 nm) with a length of (a) 17 nm and (b) 45 nm. Schematic
representation of the external acting force is presented by red arrows; (c) Experimental TEM images of bent
hybrid BN-C nanotubes with various lengths and diameters. (d) Dependence of the Liin/D ratio on the D/L

ratio for hybrid nanotubes. Calculated and experimental data are shown by red and blue symbols.

Significant bending of hybrid BN-C nanotubes can significantly impact their local electronic properties in
the vicinity of a kink region (Figure 5.13). We found that in the critical bending regime the distance between
the layers in the multiwalled hybrid nanotubes significantly decreases (from 3.35 A to 2.17 A), but the
misorientation of atomic layers hinders the phase transition activation. The reduction tendency of the interlayer
distance in the kinking regions was further confirmed by the HRTEM observation (Figure 5.14). Nevertheless,
such a phenomenon leads to strong redistribution of electronic density between layers, which contributes to
the formation of local conductive channels near the kink area (Figure 5.13a). Indeed, systematic study of
electron density evolution upon decreasing the regarded distance for the case of 2 C layers covered on 2 BN
layers shows strong charge redistribution and joint electron density between the layers when the distance is
reduced to 2.17 A. In Figure 5.13b the electron density distribution in the e/A? units between C and BN layers
upon the interlayer distance decrease is presented. In Figure 5.13a we show a slice of electron density in the
middle of a coaxial BN-C tube. The formation of the joint electron density from all layers of BN-C tubes from
the inner side of the kink area is apparent. Strong interaction between the layers is also observed within the
kink area thus shrinking the distance. Such a reduction of the distance between the nanotube walls could lead

to an interesting physical property change via the formation of quantum dots in the kink regions. Such
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phenomenon may be important for future applications of the present hybrid nanotubes in advanced optical and

optoelectronic fields.
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Figure 5.13 (a) Analysis of the kink area of a hybrid coaxial BN-C nanotube with 2 BN and 2 C walls. (b) The
magnified image of the atomic structure within the formed kink. (b) Dependence of electron density
distribution on the distance between the tubular walls. B, N and C atoms are depicted by red, blue and green

colors.
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Figure 5.14 (a) High-resolution TEM image of the kinked region. (b-¢) Fast Fourier transform (FFT) patterns
corresponding to the marked regions in (a). The interlayer distance was calculated for the spots marked by red
circles. It was found that the layer spacing is reduced from the pristine value of around 0.335 nm (b and c) to
0.317 nm (d) and 0.321 nm (e) in the marked kink region. These experimental observations agree well with
the reduction tendency of the layer distance in the kink areas, exactly as predicted by the theoretical

calculations.

5.4 Summary
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In summary, we designed core-shell hybrid BN-C nanotubes and studied their mechanical and electrical
properties under bending to further promote their potential applications in flexible devices. /n situ TEM
investigations revealed that such nanotubes possess a nonlinear transport behavior along their lengths. The
effects of peculiar kinking deformation on both structural and electrical parameters were analyzed in detail. It
has been found that even the sharp kinks appeared, the transport behavior was not notably affected. Importantly,
the tubes could fully recover their shape after bending, implying their excellent structural flexibility.
Computations showed that the kink positions had closely been related to the tube geometrical parameter, i.e.
tube diameter to its length ratio, which is in good agreement with the in situ TEM bending tests. In the
meantime, the analysis of atomic structures in the kink area confirmed the absence of permanent structural
defects and full structural recovery of the tubes. Bending led to significant redistribution of electron density

between the layers which could be directly connected with the formation of quantum dots in the kink regions.
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Chapter 6

Conclusions and Outlook

Boron nitride nanotubes (BNNTs) are important functional materials and promising candidates for
applications in diverse fields, especially for mechanical applications in extreme environments, since BNNTSs
are as mechanically strong as the CNTs, but chemically inert, as opposed to CNTs. However, up to now,
several issues on the research of BNNTSs have still been not well-understood: (1) Intrinsic elastic properties
have not been precisely evaluated; (2) Effects of extrinsic defects on the mechanical properties of BNNTSs are
not studied, which is important for their space shielding application; (3) Effects of composition on tuning their
electro-mechanical properties have not been realized, and still the large bandgap and electrical insulating
characteristic largely block their applications in flexible devices; (4) The response of transport properties of
the BN-C heterostructure to mechanical bending has not been established. Despite these aspects, when the
structure decreases to a nanoscale size, the issues of how to ‘see, fix, manipulate, apply load’ to the target are
preventing us from getting deep insight into its properties. In the meantime, with further explorations, it’s been
revealed that the size, crystal orientations, interfaces, as well as defects play essential roles in determining the
mechanical properties of a nanomaterial. Thus, it becomes challenging, yet essential, to develop a precise
measurement method for the material properties when it comes to the nanoscale size. Nowadays, several
microscopic measurement methods have been developed to understand the mechanical and electrical behaviors
of 1D nanomaterials. Among these methodologies, in situ TEM has the advantages of high spatial resolution,
real-time imaging and spatially-resolved chemical analysis, which provide us with a perfect platform to

understand the structure-properties-processing relationships of nanomaterials.

The presented Thesis used the advanced in sifu TEM technique to study the mechanical properties of 1D
BNNTs and realized the simultaneous electro-mechanical properties modulation via the design of coaxial BN-
C heterostructures, and finally the transport properties of hybrid BN-C nanotubes to the mechanical bending

were studied. The conclusions of this work are given in the following four segments:

(1) Precise evaluation of the intrinsic elastic properties of BNNTs: A high-order resonance method was
developed to precisely evaluate the elastic properties of individual BNNTSs, and up to 4™ order resonances were

observed for the first time. Significantly, the method exhibits an ultra-high precision (1 %). The average
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modulus of BNNTs was evaluated to be 906.2 GPa with a standard deviation of ~ 8.9 %. In addition, a
combination of the detailed structure investigation and statistical analysis let me understand that the intrinsic
void defects are responsible for the modulus distribution. The technique provides a straightforward way to

precisely determine the elastic properties of BNNTs, and can be also applied to other 1D structures.

(2) Defect effects on mechanical properties of BNNTs: Electron beam irradiation was applied to
deliberately introduce defects into BNNTs to evaluate their space shielding application proposed by the
National American Space Association (NASA). Surprisingly, during irradiation, the moduli of BNNTs
decreased not continuously but reached a plateau, at a high modulus of ~ 662.9 GPa, 3 times that of steel (~220
GPa). In the meantime, a comparative study on carbon nanotubes (CNTs) revealed that the moduli of CNTs
kept decreasing with the irradiation dose and CNTs exhibited a much more remarkable loss than that of BNNTs.
This comparison clearly indicates that BNNTs have a superior capability with respect to radiation resistance.
In addition, it was found that the fracture strength for BNNTs had been kept decreasing along with the
irradiation dose. Interestingly, the reduction of the maximum force (40.5 %) was not as significant as the loss

of'the strength (53.4 %) implying that interlinking bridges may be formed between tube walls during irradiation.

(3) Tunable mechanical and electrical properties of coaxial BN-C heterostructures: An original way
to synthesize novel BN-C nanotubes with high quality was invented. Instead of constant elastic moduli and
resistivities for CNTs and BNNTSs, the elastic moduli of hybrid nanotubes could be tuned from ~140 GPa to
~700 GPa, and their electrical resistivities could be adjusted within three orders of magnitude, from ~0.16 Q-m
to ~2.5%10* Q-'m, just by changing the carbon shell thickness. The roles of carbon shells on modulating the
electro-mechanical properties of coaxial BN-C nanotubes were well explained by a core-shell model and the

proposed hopping mechanism, respectively.

(4) Kinking effects and transport properties of coaxial BN-C nanotubes: Coaxial BN-C nanotubes were
fabricated and their intrinsic transport properties, as well as structural and electrical response to bending deformation,
were studied inside a high-resolution transmission electron microscope. Ballistic, diffusive and hopping transports
within different tube length ranges were observed. When a bending deformation had been applied to the tubes, though
severe kinking became apparent, their transport properties were not notably affected. Meanwhile, both theoretical
and experimental analyses confirmed that the kink positions are dependent on the ratio of tube diameter to its length.
Possible formation of quantum dots, directly within the kink areas, was predicted through calculations of electron

density redistribution between nanotube walls at bending.

This study demonstrated a versatile universal strategy, i.e. high-order-high frequency electric field-induced
resonance method with a precision of 1% to investigate the elastic properties of 1D nanostructures. Combining
with the high-resolution imaging, a deep insight into the effects of defects was obtained and correlated with
the mechanical properties, which could guide the researchers and engineers toward a design of devices based
on nanoarchitectures with optimal performances. On the other hand, the novel idea for the construction of 1D
heterostructures to realize the modulation of various properties of the functional materials is critical for
realizing their multiple functions. Being accompanied with a high-precision manipulation using in situ TEM
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techniques, we may achieve the construction of 2D heterostructures inside TEM. This approach may help us
solve many current problems peculiar to 2D heterostructure fabrication, e.g. lack of structural control during
fabrication, or the limitations of hybrid materials with large lattice mismatch growth using the traditional CVD
methods. Furthermore, in situ exploration of external stimuli, like applied strain, electric field, Joule heating,
on tuning the electro-mechanical properties of 2D heterostructures should promote the establishment of clear

structure-property relationships which is the Holy Grail of Materials Science.
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List of Figures

Figure 1.1 (a) and (b) Structural models of single-wall CNT and BNNT, respectively. (¢) and (d) Total valence
electron distributions of a (6,6) CNT and BNNT at various isovalues of charge densities as indicated,

respectively

Figure 1.2 (a) and (b) HRTEM images of the multi-wall BNNTs. A metal particle is seen in (b). (c-e) HRTEM

images showing BNNTs with different number of walls and shapes of tube ends, respectively.

Figure 1.3 (a) and (d) Scanning electron microscopy (SEM) images of BNNTs. (b) TEM image showing the
bamboo-like structure of BN sample. (¢) X-ray powder diffraction (XRD) pattern of BNNTSs, showing the

existence of iron impurity.

Figure 1.4 (a) and (b) SEM and TEM images of BNNTs, no metal particles were detected. (c) XRD pattern of
BNNTs, showing no impurities. Inset of (a) is a photograph of BNNTSs of white color appearance. (d) Schematic
illustration of the BNNTSs synthesis inside a horizontal furnace. (e-g) Electron microscopy of BNNTs. (h)

Energy filtered imaging showing that these nanotubes consist of boron and nitrogen atoms, and have no carbon.

Figure 1.5 (a) 192 g of BNNTs collected from a single experiment, demonstrating a production rate of 20 g/h.
(b) TEM images of individual BNNTs and BNNT bundle. (c-d) BNNTs obtained after a further improvement
of yield rate to 35g/h. (¢) TEM images showing that BNNTs have wall numbers spanning from 2 to 6 nm.

Figure 1.6 Comparison of mechanical properties of several aerospace materials, CNTs and BNNTs at (a) room
temperature and (b) 700 °C, showing the excellent mechanical properties of BNNTs both at room and high

temperatures.

Figure 1.7 (a) Illustration of the experimental setup for tensile test on a single CNT. (b) SEM image showing
a CNT clamped between two opposite AFM tips. (c) Plots of stress-strain curves for different CNTs.

Figure 1.8 (a) Schematic of a bending test on a fixed Au wire. (b) and (c) AFM images of the Au wire after

elastic and plastic bending, respectively. (d) Relationship between the yield strength and Au wire diameter.

Figure 1.9 (a) Schematic of the tensile test on a Si nanowire by using the AFM-TEM holder. (b) Elongation
of a nanowire under different strains and the final fracture. (¢) HRTEM image of the fracture surface of Si

nanowire.

Figure 1.10 (a-c) TEM images showing the original view and the resonance of an individual CNT; (d) The

measured bending modulus distribution as a function of tube diameter

Figure 1.11 (a) and (b) TEM images of 1% order resonances of individual BNNTs excited by thermal and
electric field-induced method, respectively. (¢) Corresponding moduli distribution obtained from the method
used in (b).
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Figure 1.12 (a-c) TEM images showing the introduction and growth of triangle-shaped vacancy defects under
different irradiation stage. (d) Schematic illustration of a single vacancy in a single BNNT. (e) Schematic

illustration of the growth direction of the irradiation-induced vacancy.
Figure 1.13 Elastic moduli and electric resistivities for various nanostructured materials.
Figure 2.1 Schematic illustration of BN nanotubes’ synthesis.

Figure 2.2 (a) SEM image of as-prepared BNNTSs. Inset is a photograph of BN sample. (b) and (¢) XRD pattern
and Raman spectrum of BNNTs.

Figure 2.3 (a) Low-magnification TEM image, (b) High-resolution TEM image, (¢) Outer diameter
distribution diagram for BNNTs. The inset in (a) is SAED pattern taken from BNNT.

Figure 2.4 Schematic of the experimental setup of in situ TEM high-order resonance for measuring the elastic
moduli. BNNTs were attached to an Au support by silver epoxy. An Au probe, used as a counter electrode, was
controlled by a piezo-motor. An arbitrary/function generator provides a sinusoidal signal. By carefully tuning

the signal frequency, up to 4™ order normal and parametric resonances were excited.

Figure 2.5 (a) Schematic drawing of the relation between the actual nanotube length (L) with the projected
nanotube length (Lreu) acquired under TEM imaging. (b) The relationship between nanotube lengths estimated
from L= (((Do-j/Do-im)-L1er)’+7?)"? and high order resonance.

Figure 2.6 (a) and (b) TEM images showing a BNNT resonating at natural (»=2) and parametric (»=1) modes
of from 1% to 4™ and 1% to 3™ orders. Node positions are marked by blue circles. (c) The plot of experimentally

recorded and theoretically predicted resonance frequencies for each resonance mode and order.

Figure 2.7 (a) Resonance frequencies ratio between high order and 1% order resonance for five BNNTSs at the
natural resonance mode (n=1, integer i denotes different resonance orders). (b) Resonance frequencies ratio
between parametric (#=1 and n=4) and natural resonances (#=2) at different orders for five different BNNTs,

n denotes different resonance modes. The dashed line represents the theoretical value.

Figure 2.8 (a)-(e) Natural (»=2) and parametric (»=1 and n=4) resonance modes for 5 additional individual

BNNTs at different resonance orders. Nodes in each resonance order and mode are marked by yellow circles.

Figure 2.9 (a-c) Elastic moduli distribution for 15 individual BNNTs acquired from 1%, 2" and 3™ order
resonance, respectively. The dashed line in each panel denotes the average value of elastic modulus. (d)
Histograms showing the comparison of the elastic modulus distributions of BNNTs between our results and

those reported in the literatures.

Figure 2.10 Resonances of three individual BNNTs with different moduli and HRTEM images showing the

details of their structure. Cavities are marked by dashed yellow lines.

Figure 3.1 Schematic illustration of the experimental set-up for tensile test to evaluate the fracture strength of

BNNTs: (a) for pristine BNNT, (b) the “sheath” of the BNNT in (a). The Au support or probe was manipulated
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by a piezo-motor to perform the tensile test. And the loading force is recorded by a Si cantilever. (c) Optical
microscope image of the sensing cantilever along with a reference cantilever.

Figure 3.2 (a) HRTEM images of an individual BNNTSs during irradiation process; (b) Variation of inner
diameters of 4 individual BNNTs along with increasing irradiation dose. D;;and D; denote the inner diameter
at different irradiation dose and original inner diameters, respectively; (c)The reduction of outer diameters of

4 individual BNNTs with increasing irradiation dose.

Figure 3.3 (a) The reduction of resonance frequencies of 4 individual BNNTs with increasing irradiation dose;

(b) The relationship between elastic moduli of BNNTs and irradiation dose.

Figure 3.4 TEM images of the fractured BNNTs after the tensile test (upper panel), HRTEM images of the
fractured BNNTs (middle panel), and time-force and time-stress curves of a pristine BNNT (a) and that
subjected to different irradiation doses (b-d).

Figure 3.5 (a) Variation of the maximum force when the BNNT was fractured under a tensile test along with

increasing the tube electron irradiation dose; (b) Reduction of fracture strength along with irradiation dose.

Figure 3.6 (a) TEM images showing the 1 and 2™ order resonances of a CNT. (b) A series of HRTEM images
showing the structural evolution of a CNT during electron irradiation, corresponding to the points in (f). (c)
Dependence of outer and inner diameters of CNTs on irradiation dose. (d) The reduction of resonance
frequencies with increasing irradiation dose. () and (f) Modulus value change and reduction of modulus during

irradiation.

Figure 3.7 A series of HRTEM images illustrating the structural evolution of a BNNT during electron beam
irradiation, this reveals a continuously decreased outer diameter and formation of a defective surface layer

with a thickness of ~ 3.2 nm.

Figure 3.8 Defects density as a function of irradiation dose. Defects density is estimated via knock-on

displacement theory.

Figure 3.9 The elastic modulus of a defective shell evaluated from the steady modulus region for 4 BNNTSs in

Figure 4(c) via applying the core-shell model.

Figure 3.10 Comparison of shell thickness for BNNTs obtained from real-time HRTEM images (solid line)

and the theoretical calculation results (dash line) via applying the core-shell model.
Figure 4.1 Schematic illustration of the core-shell BN-C nanotubes’ synthesis.

Figure 4.2 (a) SEM image of core-shell BN-C nanotubes. Inset is the photograph of BN-C sample. (b) Raman

spectrum of the sample.

Figure 4.3 (a) Low-magnification TEM image, (b) High-resolution TEM image, (c) Outer diameter
distribution diagram of BN-C sample; (d) Comparision of EEL spectra for BNNTs and core-shell BN-C NTs,
respectively. The inset in (a) is SAED pattern taken from the BN-C nanotube.
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Figure 4.4 (a) HRTEM image of a BN-C nanotube. (b) ADF STEM image acquired next to the area in (a). (c)
RGB composite map of the region in (b), showing the distribution of B (red), C (green) and N (blue) species.
(d) Averaged EEL spectra extracted from the corresponding regions arrowed in (c). (e) Averaged concentration

profiles extracted from the map in (c), perpendicular to the tube axis.

Figure 4.5 (a) Schematic drawing of the relation between the actual nanotube length (L) with the projected
nanotube length (Lrzym) acquired under TEM imaging. (b) Comparison of the outer diameter at low-

magnification (5k-10k, D;,) and high-magnification (200k-300k, Dp»). The real nanotube length can be

expressed as : L= (((Dyn/Dim)*L1er)’+7°)"? () Results of the length measurements obtained from the two-step
calibration and from the second mode resonance.

Figure 4.6 (a) Photograph of the front end of the STM-TEM holder and the schematic drawing of the
mechanical resonance of an individual core-shell BN-C nanotube. (b) TEM image of an individual cantilevered
BN-C nanotube. (c) HRTEM image and (d) EEL spectrum of the BN-C tube chosen for resonant measurements.

(e) The first and (f) second mode harmonic resonances of the BN-C nanotube.

Figure 4.7 (a) and (b) First and second mode harmonic resonances of the same nanotube with graphite layers
coated (BN-C NT) and then removed. (c-e¢) Comparative HRTEM images and EEL spectra taken from the
areas marked in (a) and (b), respectively. (f) Response curves of the nanotubes at their first mode resonance.
The solid lines are Lorentzian fits for the data points. (g) Calculated relationship between the elastic modulus
of 16 individual BN-C nanotubes and the relative coated C content (relative C content is calculated from the
EELS quantification results and defined as the atomic ratio between C content and the total content of B, N

and C).

Figure 4.8 (a) and (b) Elastic modulus and Q factors of three individual nanotubes with graphite layers coated
and removed, respectively. (c) Schematic illustration of the core-shell composite nanotube model. (d) Elastic

modulus of the coated graphite layers by using the core-shell model.

Figure 4.9 (a) Representative /-7 curves of various individual BN-C nanotubes with different amounts of
coated C (averaged values over the whole structures) and (b) relationship between effective resistivity and
relative C content for individual BN-C nanotubes. Colored zones represent the areas where the surface
graphitic domains are gradually forming and evolving (yellow), and where the formation of an external

continuous graphitic shell has ultimately been achieved (purple).

Figure 4.10 (a) TEM image of a BN-C nanotube without bias applied. (b) and (¢) TEM and HRTEM image
of the same nanotube showing that the external C nanotube layers were damaged and “onion”-like C structures

were formed on the BN surface after applying a high bias (10 V).

Figure 4.11 (a) Schmatic illustation of the graphite layers foramtion, from small islands to continuous layers.
(b-d) TEM images showing the growth of graphite islands, connection of these islands and finally continous

layers, respectively.
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Figure 4.12 (a) TEM images showing consecutive contact points on an individual BN-C nanotube. (b) EEL
spectra acquired from the marked regions in (a) revealing the variations in C content in these areas. (c)
Recorded -V curves corresponding to each of the points in (a). (d) Electrical resistance values calculated for

some of the contact points in (a).

Figure 4.13 (a) TEM images showing consecutive contact points on an individual BN-C nanotube. (b) EEL
spectra acquired from the marked regions in (a) revealing the variations in C content in these areas. (c)
Recorded /-V curves corresponding to each of the points in (a). (d) Electrical resistance values corresponding

to each of the contacts in (a).

Figure 4.14 Comparison of the present data with the previous reports on different materials (Au, 22 Ag, 2%

Cu, ! Al, **3 Pt, 3** and W 3%37 nanowires, CNTs, 734 *BNNTs 4 and SINW*?) in terms of elastic

moduli and electrical resistivities at room temperature (different characteristic regions are marked).

Figure 5.1 Low-magnification TEM (a) and high-resolution TEM image (b) of a core-shell sandwich-like
coaxial BN-C nanotube showing perfect crystallinity. (c) ADF-STEM image acquired from a nanotube
segment. (d-f) Spatially resolved EELS elemental maps corresponding to the image in (c) revealing B, N, and

C species distribution. (g) EEL spectra extracted from the corresponding regions arrowed in (c).

Figure 5.2 (a) TEM image of a nanotube. (b) EEL spectra taken from the red circles marked regions in (a)

before and after thermal treatment, showing that only BN peaks remained while the carbon signals disappeared.

Figure 5.3 (a) The linear fitting for the relationship between the total resistance and the contact length.,
showing that the contact resistance is about 14.2 kQ. The total resistance was acquired from the /-V curves

shown in Figure 5.4c. (b) The contact resistance distribution obtained from 5 individual BN-C nanotubes.

Figure 5.4 (a) Schematic drawing of the electrical measurement on an individual coaxial BN-C nanotube. (b)
TEM image of the selected BN-C nanotube contacted by the sharp W probe; the contact length denotes the
nanotube length between the Au support and W probe. (¢) Representative /-V curves of the BN-C nanotube at
different contact lengths. (d) Relationship between the nanotube resistances and the contact length. Insets in
(d) are the enlarged regions marked by the colored rectangles, showing the ballistic (red) and diffusive (blue)

transport modes.

Figure 5.5 Resistance vs contact length plots for different nanotubes, indicating a nonlinear behavior for the

hybrid BN-C nanotube.

Figure 5.6. (a) Sequential TEM images of a selected BN-C nanotube showing its bending process. (b) High-
resolution TEM image of the marked region in (a), confirming a severe deformation for both core BN and
outer C layers. (c) A series of /-} curves recorded from the same BN-C nanotube in (a) at different bending

angles; (d) Dependence of resistance of different BN-C nanotubes against their bending angles.

Figure 5.7. I-V curve and TEM image (inset) revealing that the BN-C nanotube fully recovers both structurally

and electrically after severe deformation.
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Figure 5.8 Variation of 4R for BN-C nanotubes showing different transport behaviors at different bending
angles. The variation of resistance doesn’t show an obvious trend, but the average variation is about 0.7 %,

implying the stable transport behavior.

Figure 5.9 (a) and (b) /-V curves recorded from an individual BNNT as a function of contact length and
bending angle, respectively. (c) Representative /-J curves of a CNT at different contact lengths. (d)
Relationship between the resistances of CNTs and the contact length, this only shows the ballistic and diffusive
transport modes. (€) A series of /-} curves recorded from the same individual CNT at different bending angles;

(f) Dependence of resistance of different CNTs against their bending angles.

Figure 5.10 Atomic structure of a hybrid BN-C nanotube (cross-sectional view, BN-blue, C-green) before (a)

and after (b) geometry relaxation.

Figure 5.11 (2) and (b) Initial and final geometries of hybrid BN-C nanotubes before and after transverse
compression with different load directions; (c) The dependence of the strain energy of nanotube on the strain.
The red and blue lines correspond to the compression directions presented in (a) and (b), respectively. BN-

purple layers, green - C layers.

Figure 5.12 Main steps of a hybrid BN-C bending process exemplified by coaxial nanotubes with 2 inner BN
layers and 2 outer C layers (diameter of 2.8 nm) with a length of (a) 17 nm and (b) 45 nm. Schematic
representation of the external acting force is presented by red arrows; (c) Experimental TEM images of bent
hybrid BN-C nanotubes with various lengths and diameters. (d) Dependence of the Liin/D ratio on the D/L

ratio for hybrid nanotubes. Calculated and experimental data are shown by red and blue symbols.

Figure 5.13 (a) Analysis of the kink area of a hybrid coaxial BN-C nanotube with 2 BN and 2 C walls. (b) The
magnified image of the atomic structure within the formed kink. (b) Dependence of electron density
distribution on the distance between the tubular walls. B, N and C atoms are depicted by red, blue and green

colors.

Figure 5.14 (a) High-resolution TEM image of the kinked region. (b-e) Fast Fourier transform (FFT) patterns
corresponding to the marked regions in (a). The interlayer distance was calculated for the spots marked by red
circles. It was found that the layer spacing is reduced from the pristine value of around 0.335 nm (b and c) to
0.317 nm (d) and 0.321 nm (e) in the marked kink region. These experimental observations agree well with
the reduction tendency of the layer distance in the kink areas, exactly as predicted by the theoretical

calculations.
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