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ABSTRACT

One dimensional (1D) metal borate and boride nanomaterials have attracted
tremendous attention due to their good chemical inertness, high-temperature stability,
excellent mechanical properties, and low thermal expansion coefficient.

Beta-BaB,0, (BBO) is a well-known nonlinear optical material with a high
second-order nonlinear susceptibility, wide transparency range, and high damage
threshold. Using a low temperature, organic-free hydrothermal technique, single-
crystalline barium polyborate BazBsOg(OH)s (BBOH) nanorods were synthesized. It was
found that BBO nanospindles can be achieved by annealing the BBOH nanorods at a
relatively low temperature of 810 °C. Transmission electron microscopy (TEM), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) techniques were used to
characterize these nanomaterials. The formation mechanisms are discussed in conjunction
with the crystallographic characteristics and surface energy of the BBOH nanorods and
BBO nanospindles. UV-vis absorption spectra demonstrated that both BBOH nanorods
and BBO nanospindles are transparent from the ultraviolet to the visible regions.

Single crystalline strontium borate (SrB,0,4) nanorods were synthesized for the
first time via a sol-gel route at low temperature. The SrB,O, nanorods have a good
crystalline nature and they are transparent from the ultraviolet to the visible regimes.
Nanoscale three-point bending tests were performed directly on individual nanorods to

probe their mechanical properties using an atomic force microscope. The elastic modulus

Vi



of SrB,O, nanorods was measured to be 158.2 + 7.9 GPa, exhibiting a significant
increase compared with other borate nanostructures and bulk borates. We calculated the
Young’s moduli of bulk SrB,0O4and SrB,0,4 nanorods with consideration of surface stress
effect of nanorods by density functional theory. The simulated results were found
consistent with the experimental values.

Zirconium diboride (ZrB;) is a highly covalent refractory and ultrahigh
temperature ceramic material with a hexagonal crystal. This along with its relatively low
density of ~6.09 g/cm® and good high temperature strength makes it a candidate for high
temperature aerospace applications such as hypersonic flight or rocket propulsion
systems. We present the synthesis and structural characterization of ZrB, nanorods.
Single crystalline ZrB;, nanorods were synthesized for the first time via a simple route at
a relatively low temperature of 800 °C. The XRD analysis revealed that the as-
synthesized nanorods have hexagonal phase of ZrB,. In this Dissertation, the mechanical
properties of ZrB, nanorods were also characterized by atomic force microscope-based
nanoindentation technique. Furthermore, the Young’s modulus of ZrB, nanorods was
calculated with consideration of surface stress effect of nanorods by density functional

theory. This theoretical prediction agrees well with the experimental results.
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CHAPTER 1
Introduction and Literature Review

Boron is a chemical element with chemical symbol B and atomic number 5, and has
properties which are borderline between metals and non-metals. Because boron is
produced entirely by cosmic ray spallation and not by stellar nucleosynthesis, it is a
low-abundance element in both the solar system and the Earth’s crust.!

Boron-based materials have been widely applied in the areas of glass, ceramics,
detergent formulations and bleaching agents, insecticides, semiconductors, magnets,
high-hardness and abrasive compounds, shielding in nuclear reactors, and pharmaceutical
and biological applications.*™*’

The literature review on the boron-based nanomaterials in the following sections will
be categorized into boron nanomaterials, metal borate nanomaterials and metal boride
nanomaterials, in terms of synthesis, properties and applications of these boron-based
nanomaterials.

1.1 Boron nanomaterials

Elemental boron is rare and poorly studied because the material is extremely difficult

to prepare. Most studies on boron involve samples that contain small amounts of carbon.

Chemically, boron behaves more similarly to silicon than to aluminum. Crystalline boron



is chemically inert and resistant to the attack of boiling hydrofluoric or hydrochloric acid.
When finely divided, it can be attacked slowly by hot concentrated hydrogen peroxide,
hot concentrated nitric acid, hot sulfuric acid or hot mixture of sulfuric and chromic
acids.!
1.1.1 Synthesis of boron nanomaterials

The crystalline boron nanowires with mean diameter around 10 nm and typical length of
several microns were prepared by using Si (100) as a substrate and a simple radio-
frequency magnetron sputtering process under argon atmosphere with Au catalyst.”® The
product was influenced by sputtering parameters, such as substrate temperature,
sputtering pressure and sputtering time. This method required the vacuum (5.0x10"2 Pa),
and highly pure argon gas (purity 99.99%) for sputtering deposition growth. Guo et al.
investigated amorphous boron rich nanowires obtained on ZrB, particles using diborane
as the gas precursor in a chemical vapor deposition (CVD) process under 20 Torr
pressure and at 900 °C.** The gas precursor, diborane, is toxic and harmful to the
environment. Vapor-liquid-solid processing of boron nanowires were carried out either
using a bottom-up or top-down growth mode.*® Tian et al. studied the patterned boron
nanowires on the substrate of Si(111) wafer by thermoreduction method.>* The patterns
on the Si wafer were large-scale and uniform. For the thermoreduction method, three
factors have to be considered: the concentration of the nanoparticle solution; the dosage
of the solution; the temperature of the wafer. By considering these factors, Tian et al. also

synthesized flexible boron nanowires via thermoreduction method in boron-oxygen
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compounds.®® Large-scale arrays of feather-like boron nanowires were prepared using
magnetron sputtering with a target of highly pure boron and boron oxide mixture.>® The
branched boron nanofeathers always nucleated and grew on the same sidewall of the
backbone nanowire. Yang et al. reported aligned single crystal boron nanowires by using
nanochannel-Al,O3 as a substrate and a CVD process.>* Crystalline boron nanowires
were formed on Pt coated sapphire substrates using pulsed laser ablation at different
temperatures under the pressure of 50 Pa.>>® The synthesis temperatures, intensities of
the laser beams, the types of the metal catalysts are the main factors on the growth for
pulsed laser ablation method. Zhang et al. used boron powders as boron source and, Si
and Ni as catalysts to synthesize boron nanowires.>” For this method, Si and Ni were
critical in the synthesis of the boron nanowires. In addition, the boron nanowire yield was
significantly improved when Si was added.

All the methods mentioned above have been used to synthesize boron nanomaterials.
However, the product purity is low due to the carbon contamination. The synthesis
parameters, such as synthesis temperature, compositions of the targets, are not studied
systemically in most of these works. Furthermore, diborane, used as the gas precursor, is
toxic and harmful to the environment. Therefore, it tends to avoid using diborane for
developing the methods for synthesizing boron nanomaterials. It remains a great
challenge to develop a not only easy, cost-effective, productive, but also environment-

friendly technique for synthesizing boron nanomaterials.



1.1.2 Properties of boron nanomaterials

Boron is a trivalent element possessing strong covalent bonds.*® As the nearest neighbor
of carbon in the Periodic Table of the Elements, boron has exceptional properties, such as
low density, low volatility, good resistance to corrosion, and high melting point. It is
stronger than steel, harder than corundum, and lighter than aluminum.®® Boron is one of

).”° The mechanical

the hardest materials known (Vicker’s hardness, Hv = 3000 kg-mm
response of crystalline boron nanowires was studied with the mechanical resonance
method and tensile testing.>® The mechanical resonances of cantilevered boron nanowires
were excited and their frequencies were used to obtain the Young’s modulus of the
nanowires, according to simple beam theory.®® Electrical-transport studies on individual
boron nanowires distinguished them as p-type semiconductors with low carrier
mobility.®* It has been revealed that there are six stable configurations of boron
nanowires obtained by growing along different base vectors from the unit cell of the bulk
alpha-rhombohedral boron (alpha-B) and beta-rhombohedral boron (beta-B). It has been
well known that, the bulk boron is usually metallic without magnetic property. However,
theoretical results about the magnetic and electronic properties showed that, for both the
alpha-B-based and the beta-B-based nanowires, the magnetic property was dependent on
the growth direction. When the boron nanowires grew along the base vector [001], they
exhibited ferromagnetism with the magnetic moments of 1.98 and 2.62 pg for the alpha-c

[001] and beta-c [001] directions, respectively. Electronically, when the boron nanowires

grew along the alpha-c [001] direction, it showed semiconducting with the direct bandgap
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of 0.19 eV. So boron nanowires possessed the unique direction dependence of the
magnetic and semiconducting behaviors, which was distinctly different from that of the
bulk boron. Therefore, these theoretical findings would bring boron nanowires to many
promising applications.”®®* High-pressure induced superconductivity in boron nanowires
with rhombohedral crystal structure was studied by Sun et al.®* These boron nanowires
became superconductors with T(c)=1.5 K at 84 GPa, while bulk beta-r-B was still a
semiconductor at the same pressure.”> There was a study showing that the boron
nanowire films had good field emission characteristics. The turn-on field was 9.0 V/um
and the threshold field was 14 V/um.®® This turn-on field value of boron nanowires is
better than that of In,O3 nanowires and GaN nanowires, but higher than that of graphene
(turn-on electric field of 0.7 V/m) and carbon nanotube (turn-on electric field of 2-3
V/m)'173,174

In summary, these exceptional properties of boron nanomaterials, including mechanical,
magnetic, conductive and optical properties, have been well reported. However, it is still
not clear regarding the mechanism that governs these novel properties of boron
nanomaterials with reference to the bulk boron materials. The properties of boron
nanowires must be further studied in terms of solid-state physics and solid-state
chemistry.
1.1.3 Applications of boron nanomaterials

Boron nanomaterials should find applications in many areas, such as semiconductors,

flat plane display and electron emission nanodevices, high-hardness and abrasive
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compounds.®*? Electrical-transport studies on individual boron nanowires established
them as p-type semiconductors with low carrier mobility.** Boron nanowires with
rhombohedral crystal structure could serve as superconductors.®® It was reported that the
boron nanowires could be applied in the field emission community, such as flat plane
display and electron emission nanodevices.®

The bulk boron materials have been used in various fields, such as in the fields of glass,
ceramics, detergent formulations and bleaching agents, insecticides, magnets, high-
hardness and abrasive compounds, shielding in nuclear reactors. Some applications of the
boron nanomaterials have been reported as mentioned above. However, more
applications need to be investigated by learning from the well-developed applications of
bulk boron materials, such as those in the fields of glass, ceramics, magnets, high-
hardness, abrasive, and shielding in nuclear reactors.
1.2 Metal borate nanomaterials

Recently, more and more attention has been paid to the preparation and characterization
of nanowires of the family of one dimensional metal borate nanomaterials due to their
novel properties, such as chemical inertness, high-temperature stability, excellent
mechanical properties, and low thermal expansion coefficient.”*’ In this section,
synthesis, properties and applications of metal borate nanomaterials will be reviewed.
1.2.1 Synthesis of metal borate nanomaterials

Nanowires of metal borates Al;gBgO3s3 and MgB,O; were synthesized by thermal

evaporation of mixed powders containing metal oxide (Al,O; or MgO) and boron
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oxide.”* This method may allow researchers to choose and combine other interesting
oxide vapors to fabricate nanowires of new compounds. Anderson et al. investigated the
phase transformations (dehydration, amorphization, crystallization, polymorphic
transitions), thermal expansion of M*Bs0g(OH),-2H,0 (M* = K, Rb, Cs) compounds and
the polymorphic transformations of the CsBsOg compound.” Raja et al. prepared single
crystals of potassium pentaborate (KBsOg-4H,O or KB5) by low temperature solution
growth methods.*® High-aspect-ratio and single-crystal aluminum borate (AligBsOs3)
nanowire bundles with an ordered orientation were formed by using an innovative
sucrose-assisted growth process.*® Sucrose, used as the monodispersed solvent and a
novel adhesive template in this process, is a cheap and safe reactant. Therefore, this
process is environment-friendly and easy for the large-scale production of high-aspect-
ratio ordered orientation nanowire bundles.

Magnesium borate (Mg,B,0s) nanowires were obtained by CVD method.? In addition,
Ma et al. reported single-crystal Al;sB4033 microtubes using solution method followed by
annealing at 1050 °C for 1 h under the gas flow of Nx(H,).** Zhao et al. synthesized
thorn-like polycrystalline Ca;B,0s-H,O microspheres with nano-sized slices using boric
acid and calcium hydroxide as reactants by a hydrothermal method.*> This method is
catalyst-free, and carried out at low temperature. Hierarchical laminar superstructures of
rhombic priceite (CasB10019:7H20) were reported in terms of hydrothermal synthesis,
shape evolution, optical, and thermal decomposition properties.***” A sol-gel route

followed by calcination was used to grow various aluminum borate nanowires.® The
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morphology and structure of Al4B,Og and Al;sB4O33 nanowires could be controlled by
adjusting the boron oxide content in the sol-gel derived precursors and the calcined
temperature. Strontium borate SrBO,(OH) and barium polyborate BazBsOg(OH)s were
prepared using hydrothermal techniques.® Zhang et al. studied uniformly BN-coated
Al1gB4O33 nanowires by the reaction of Al4B,09 nanowires with ammonia at high
temperature.?® Experimental investigations by in situ providing the precursors for BN
coating indicated that the reaction precursors strongly controlled the composition and
morphology of aluminum borate nanomaterials. Liu et al. reported rod-like nickel borate
by a thermal conversion route.*? These nickel borate rods had a length within the range of
6-20 um. Therefore, this method is suitable for synthesizing micro-scale materials.

Bulk beta phase barium borate (beta-BaB,0O,4 or BBO) crystals were generally grown by
high temperature methods, such as the modified Kyropoulos and Czochralski
techniques.>®® The beta phase crystal could be directly synthesized from a BaB,O,
composition melt without flux elements, although the beta phase crystal was metastable.?
Zhou et al. prepared BBO nanoparticles via coprecipitation using different bases as
precipitants.®* Zhao et al. reported network-like BBO nanostructures by a sol-gel
method.?” It was a simple, inexpensive, and efficient sol-gel approach as the first example
of a morphology-controlled synthesis of BBO nanostructures with novel 1D
morphologies. BBO nanofilms were prepared by sol-gel deposition,** metal organic
chemical vapor deposition,?* and injection metal organic chemical vapour deposition.? In

the method of injection metal organic chemical vapour deposition, pulsed precursor
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injection was implemented with a vertical downstream apparatus, avoiding continuous
precursor injection and an inverted vertical reactor geometry.

To date, only a few of methods mentioned above have been used to synthesize barium
borate nanomaterials, such as coprecipitation, sol-gel deposition, and metal organic
chemical vapor deposition. Solution methods usually bring pollutions into the
nanomaterials. In addition, the productivity and product purity by using these methods
are low. Therefore, it remains a great challenge to develop a cost-effective and productive
technique for synthesizing metal borate nanomaterials. Meanwhile, in order to obtain
high-quality barium borate nanomaterials, we also need to pay more attention to the
process of synthesis.

1.2.2 Properties of metal borate nanomaterials

One dimensional metal borate nanomaterials possess chemical inertness, high-

temperature stability, excellent mechanical properties, as well as low thermal

expansion coefficient.>™*’

Below are the specific properties of metal borate
nanomaterials reported in literature.

The optical, mechanical, lubricative and thermal properties of BBO were
reported.*>®1112 The dielectric constant and loss tangent of single crystals of
potassium pentaborate (KBsOg-4H,O or KB5) were determined as a function of
temperature.*® A novel fluorine beryllium borate crystal Sro 3Cao.77Na,Be>B,0gF, has

been grown by high temperature solution method from its self-flux system. Optical

transmittance spectrum reveals this compound has a very wide transmission range.
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The IR spectrum and thermal behavior of Sry,3Cag77NaBe,B,OgF, were also
reported.®® LisCs,Bs050 was studied to be a congruently melting and deep UV
nonlinear optical material.*® Ni3(BOs), particles showed remarkable reflection within
the visible light wavelength range of 425-690 nm, as well as within the near
ultraviolet wavelength range of 270-400 nm.** The presence of NaCl during the
synthesis did not show significant effect on the UV-vis properties of the Ni3(BO3),
particles.

These novel properties of metal borate nanomaterials mentioned above have been
studied, such as optical and mechanical properties. However, we still need to conduct
futher investigation on more properties of metal borate nanomaterials with reference to
the properties of bulk metal borates, such as chemical inertness, high-temperature
stability. The mechanism that controls these novel behaviors must be further studied to
explain the novel phenomena and measure new properties, and more attention should be
paid to the relationship between the properties and structures of metal borate
nanomaterials.

1.2.3 Applications of metal borate nanomaterials

Metal borate nanomaterials could be applied in various fields, such as glass, ceramics,
detergent formulations and bleaching agents, insecticides, semiconductors, flat plane
display and electron emission nanodevices, magnets, high-hardness and abrasive
compounds, and shielding in nuclear reactors.”** In this section, the applications of

metal borate nanomaterials will be introduced.
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A novel fluorine beryllium borate crystal, Srq23Cag77Na,Be,B,0gF,, exhibited a very
wide transmission range revealed by optical transmittance spectrum. Thus, it could be
used as an optical material.** The BBO crystal has typical applications in nonlinear
optics, quantum electronics and radiation shielding.>*"33%! potassium pentaborate was
reported to be applied in dielectric components.'® LisCs;BsO1 is @ deep UV nonlinear
optical material.*’

In summary, some applications of metal borate nanomaterials have been reported in the
fields, such as optical and mechanical applications. However, we should probe more
applications, such as heterogeneous catalysis, sensors, energy conversion and storage,
oxidation-resistant and whisker-reinforced composites, by measuring more novel
properties of metal borate nanomaterials, understanding the growth mechanism and the
relationship between the properties and structures of these metal borate nanomaterials.
1.3 Metal boride nanomaterials
1.3.1 Synthesis of metal boride nanomaterials

CoB thin films were obtained by the electroless coating technique and showed
charge/discharge cyclic characteristics.®® A solid state heterojunction diode based on a
micrometer thick n-Mg,B14 on p-type Si substrates was deposited by laser ablation.®® The
mechanochemical synthesis of W,Bs powders was carried out at room temperature.®’
TiB, were used to promote LiBH4-MgH, composite for reversible hydrogen storage by a

novel three-step method.®® Hafnium boride (HfB,) was applied to improve the anti-

oxidation and ablation properties of carbon/carbon (C/C) composites, by using a two-step
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process of in situ reaction and thermal gradient chemical vapor infiltration.®® Tungsten
boride compounds were synthesized by self-propagating high-temperature synthesis
method and following leaching process.”* Yin et al. reported the strength at elevated
temperatures of in-situ toughened ZrB,-TiB, ceramic composites that were prepared via
pressureless sintering at 2100 °C for 2 h.”® Yubuta et al. investigated the layered boride
YbAIB, single crystals with YCrB,-type and ThMoB,-type phases derived from a
hexagonal AlB,-type.®? It is significantly important for understanding transport and
magnetic properties to reveal the nanostructures of both phases in the real space.
Zirconium diboride (ZrB,) is a leading material in the category of ultrahigh temperature
ceramics (UHTCs) due to very high melting point, high thermal conductivity, good
thermal shock resistance, low coefficient of thermal expansion, retention of strength at
elevated temperatures and stability in extreme environments.*****? Superior mechanical
properties (hardness and four-point bending strength), thermal shock and oxidation
resistance are due to the highly covalent nature of this ceramic. These properties render it
potential candidate to thermal protection system for hypersonic flight and atmospheric
reentry and rocket propulsion. When dropped in the atmosphere of earth, the nose cap
and leading edge of space crafts have to endure very high temperature and high speed
ions ablation.”® According to the reentry simulation testing, SiC reinforced ZrB,
composites possess remarkable properties of antiablation capability and oxidation

resistance.
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1.3.2 Properties of metal boride nanomaterials

Metal borides, in general, have drawn significant attention because of their promising
scientific and technological characteristics, such as efficient field emission, high melting
point, hardness, chemical stability, antiablation capability, oxidation resistance,
superconductivity, semiconducting, thermal neutron detecting, catalysis, wear resistance
and magnetic properties.”*®® This section focuses on the synthesis, properties and
applications of metal boride nanomaterials.

Among the metal borides, lanthanum hexaboride was mainly used in making filaments
of electron microscope where a high brightness electron source with long service life was
required. LaBg had a unique combination of desired properties including high melting
point, high electrical conductivity, low work function and low vapor pressure at high
temperature. This made it one of the best thermionic materials for high electron density
cathodes.” A solid state heterojunction diode based on a micrometer thick n-Mg,B14 on
p-type Si substrates was demonstrated as thermal neutron detector.®® WB has a lower
compressibility at high pressure. From the partial densities of states (PDOS) of WB, it
was found that the Fermi level was mostly contributed by the d states of W atom and p
states of B atom, and the contributions from the s, p states of W atom and s states of B

atom were small.”

Rodriguez-Castro et al. studied the wear resistance of the FeB/Fe,B
layers using the four-ball test.”® The brittleness results were comparable to the values of

ceramic materials, such as sintered carborundum, Al,O3, and aluminum oxide nitride.

Zirconium and hafnium diboride were two major material systems that were critical for
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applications in ultra-high temperature environments where both oxidation and
mechanical damage mechanisms (such as creep) were operative.”” CrB, showed an
almost temperature-independent paramagnetism, consistent with low-spin Cr-1 in a
metallic compound. Conductivity measurements confirmed the metallic character.” Fe,B
layers showed good fracture toughness determined by the Vickers indentation,”® and
Berkovich nanoindentation.®® The structure stability, magnetism, electronic structure and
elastic properties of MoyFeB, in nonmagnetic (NM), ferromagnetic (FM) and
antiferromagnetic (AF) cases were reported.’® HoBgs and LuBgs were studied on the low-
temperature specific heat, magnetic susceptibility, and thermal expansion.®* HoBgs had
one of the largest magnetic moments among all rare-earth ions, and hence a higher
transition temperature into an ordered state might be expected. Nickel boride
nanoparticles exhibited the activity of catalysis in hydrogenation reactions.”® Low
temperature hydrogen treatment (T < 100 °C) of nickel boride nanoparticles in the
presence of ethanol may induce a substantial increase in the catalyst activity for the direct
hydrogenation.

In summary, some novel properties of metal boride nanomaterials have been studied and
reported as discussed above, such as wear resistance, low-temperature specific heat,
magnetic susceptibility, and thermal expansion. However, more novel properties of metal
boride nanomaterials still need to be investigated with reference to the bulk metal
borides. The mechanism that controls the exceptional performance must be further

studied to explain the novel phenomena and test new properties of metal boride
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nanomaterials.
1.3.3 Applications of metal boride nanomaterials

Metal boride nanomaterials should find applications in various areas, including glass,
ceramics, catalysis, wear resistance, semiconductors, flat plane display and electron
emission nanodevices, magnets, high-hardness and abrasive compounds, and shielding in
nuclear reactors.”*® In this section, the applications of metal borate nanomaterials will be
discussed.

Hafnium boride (HfB,) was applied to improve the anti-oxidation and ablation
properties of carbon/carbon (C/C) composites.®® The wear resistance of the FeB/Fe,B
layers was reported by using the four-ball test.”® LaBs could be used as filaments of
electron microscope and thermionic materials for high electron density cathodes.”* HoBgg
and LuBgs could be applied as magnets due to their low-temperature specific heat,
magnetic susceptibility, and thermal expansion.®* Nickel boride nanoparticles were used
as catalyst in hydrogenation reactions.”® Although these applications of metal boride
nanomaterials have been investigated, more applications of these nanomaterials still need
to be further studied with reference to the applications of their bulk counterparts.

In our group, Mg,B,0s nanowires with (010) twins were synthesized for the first time
using a catalyst-free method. The microstructure of the Mg,B,0s nanowires was
extensively studied by cross-sectional high-resolution transmission electron microscopy.
The mechanical properties of the Mg,B,0s nanowires were tested by nanoindentation

directly on individual nanowires. It was found that the twinned Mg,B,0s nanowires
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achieved comparable hardness but 19% decrease in elastic modulus compared to their
bulk counterpart. The elastic softening mechanisms of the Mg,B,0s nanowires were
discussed with reference to their twin defects, size, and surface effects.?

Single crystalline Ca;B,0s5-H,O (CBOH) nanobelts and stacking faulted Ca;B,0s
(CBO) nanogrooves were synthesized by catalyst-free routes and its structural and
mechanical properties were characterized.?® The CBOH nanobelts grew along the [104]
direction. The mechanical properties of the CBOH nanobelts (Figure 1.1) and the CBO
nanogrooves were tested by nanoindentation performed directly on individual CBOH
nanobelts and CBO nanogrooves. The measured elastic modulus and hardness of the
CBOH nanobelts were 126.6 + 15.2 and 6.3 £ 1.2 GPa, respectively. It was found that the
CBOH nanobelts, with the presence of hydrated H,O, achieved 28.7% increase in elastic
modulus, whereas the stacking faulted CBO nanogrooves, with the absence of hydrated

H,0, exhibited 99% loss in elastic modulus, compared to bulk CBO.
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Figure 1.1 Nanoindentation on individual Ca,B,0s-H,0 (CBOH) nanobelts. (a) 3D AFM
image of a nanoindentation mark made on a CBOH nanobelt. (b) Cross-sectional height
profile of the nanoindentation mark shown in (a). (c) Representative nanoindentation
load-displacement curve. (d) Elastic modulus and hardness of as a function of indentation
contact depth. 2

Two kinds of aluminum borate nanowires, Al;B,0g9 and Al;gB4O33, were synthesized by
a one-step combustion method through control of the Al:B atomic ratio and synthesis
temperature.*® Both nanowires are single crystalline but have distinguishing growth
habits. Nanomechanical characterization (Figure 1.2) shows the elastic modulus and
indentation hardness values of the Al;B,09 nanowires were 102.8 + 1.3 and 10.4 £ 0.3
GPa, respectively. It was found that the elastic modulus of Al;gB;O33 nanowires was
reduced by 70% compared with their bulk counterpart. The elastic modulus and hardness

values of the Al;gB4O33 nanowires were measured to be 121 + 4 and 12.8 + 0.4 GPa,
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respectively. AlgB4O33 nanowires exhibited higher hardness and elastic modulus than

Al,B>0g nanowires.
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Figure 1.2 (a) Three-dimensional (3D) AFM image of a nanoindentation impression
made on a clamped Al4B,Og9 nanowire. (b) Cross-sectional height profile of the
indentation impression shown in (a). (c) Representative nanoindentation load-
displacement curve. (d) Elastic modulus and hardness of Al4B,0g9 nanowires as a function
of indentation contact depth.®

Necklace-like nanostructures with SiOx beads on boron strings were self-assembled via
an environment-friendly method at atmospheric pressure. The electrical conductivity of
the boron string was a thousand times higher than that of bulk boron. Due to the unique
mechanical interlocking between beads and epoxy matrix, the reinforcement effect of the
nanonecklaces in epoxy was better than normal carbon nanotubes. B/SiOx nanonecklaces
were expected to exhibit unique electrical and mechanical properties for constructing

nanodevices.'%’
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Table 1.1 summarizes the synthesis methods, properties and potential applications of
boron, borate and boride nanomaterials. Various methods have been used to synthesize
these boron-based nanomaterials. However, among these methods, hazardous chemicals
or a torch sealed and evacuated tube system is usually essential. For example, the gas
precursor, diborane, is usually used to synthesize boron nanomaterials, and it is
hazardous to public health and the environment. Therefore, we should develop the
methods for synthesizing boron-based nanomaterials without using diborane. It remains a
great challenge to develop a not only easy, cost-effective, productive, but also
environment-friendly technique for synthesizing boron-based nanomaterials. Meanwhile,
we also should pay more attention to the process of synthesis in order to obtain high-
quality boron-based nanomaterials. Although the bulk boron-based materials have been
used in various fields, the application of boron-based nanomaterials remains an open
question. We need to further study the mechanism of the exceptional behaviors
mentioned above in these nanomaterials to explain the novel phenomena and measure
new properties, especially, pay attention to the relationship between the properties and
structures of the boron-based nanomaterials. To the best of our knowledge, only one
paper reported the successful production of bulk barium polyborate, BasBsOg(OH)s-the
first reported chain borate, in which the boron atoms were all tetrahedrally coordinated by
oxygen atoms.?® The BasBsOs(OH)s nanomaterials have not been reported in literature.

To date, SrB,O,4 nanostructures are still absent in literature and their nanoscale-enabled
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properties are completely unknown. One dimensional ZrB, nanostructures are still

lacking and their properties must be further studied.

Table 1.1 Summary of boron, borate and boride nanomaterials.

Potential

Nanomaterials | Synthesis methods Properties o Ref.
Applications
boron nanowires |chemical vapor superconductivity superconducto |62
deposition (CVD) T(c)=1.5K at 84 GPa|r
boron nanowire  |CVD good field emission, |nanoscale cool |63

films

turn-on field is 9.0
V/um and the
threshold field is

14 V/um

cathode
materials in flat

panel display

devices and
electron
emission

nanodevices

boron nanowires |radio-frequency - nanodevices |48
magnetron sputtering
process
amorphous boron |[CVD - nanodevices |49
rich nanowires
boron nanowires |vapor-liquid-solid conductivity with nanodevices |50

processing

average

Vritica=5.6 V for
base-growth, 13.1 V

for top-growth; two-
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stage behavior of the

I-E curves
patterned boron  [thermoreduction good field emission: |nanodevices |51
NanowIres turn-on field is
15 V/um, and the
apparent
threshold field is 24
V/pm
feather-like boron |magnetron sputtering |- nanodevices |53
nanowires
boron nanowires |pulsed laser ablation |- nanodevices |55,5
6
boron nanowires - |- p-type p-type 61
semiconductivity: (6 [semiconductor
=10?% (Q cm) ™t with |s
low carrier mobility
(Un = 107 cm?/Vs),
similar to those of
bulk boron.
B/SiOx growth in tube furnace|electrical conductivity,|electrical and (107

nanonecklaces

at 1500 °C

reinforcement effect:
hardness=0.34+0.05

GPa, elastic modulus=

4.75+0.39 GPa, a

32.3% increase in

elastic modulus, and a

61.9% increase in

mechanical

nanodevices
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indentation hardness,

compared to the

matrix.
Al1gB9O33 thermal evaporation |- nanodevices |13
nanowires
MgB,O7 nanowires|thermal evaporation |- nanodevices |13
Al1gB4033 innovative sucrose- |- nanodevices |18
nanowire bundles |assisted growth
process
Mg,B,0s CvD wide band gap semiconductor |9
nanowires semiconductor: the  |nanodevices
conductivity is 10 (Q
cm)™?
Al1gB4033 CvD - nanodevices |14
microtubes
Thorn-like hydrothermal method |- optical 42
Ca,;B,0s5-H,0 material
CayB10019:7TH,O  |hydrothermal method |weak absorption optical 43,4
nanosheets within the wavelength |material 7
ranges 280-320 nm
(UV region), 550-610
nm, and 750-790
nm(visible region),
indicating the quasi
transparent
characteristic
beta-BaB,0, coprecipitation nonlinear optical optical 84
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nanoparticles properties material
network-like beta- |sol-gel method nonlinear optical optical 87
BaB,0, properties material
beta-BaB,0, sol-gel deposition nonlinear optical optical 12
nanofilms properties material
beta-BaB,0, metal organic optical properties: wave guiding [22,2
nanofilms chemical vapor micro-Raman spectra |applications |4
deposition show an intense peak
at 637 cm * that is the
fingerprint of BBO
KB50g-4H,0 low temperature dielectric property  |dielectric 16
solution growth material
methods
Al4B,0g nanowires|sol-gel route followed |thermal property: a  |nanodevices |19
by calcination very broad exothermal
peak from 100 to 900
°C
Al1gB4033 sol-gel route followed |thermal property: a  |nanodevices |19
nanowires by calcination constant weight was
maintained from 400
to 1000 °C
SrBO,(OH) hydrothermal method |thermal property: thermal 25
weight loss of about  |material
6.0% in the range
100-300 °C in air
Ba3BsOg(OH)s hydrothermal method |thermal property: the |thermal 25
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weight loss

corresponding

to the removal of the
hydroxyl groups

is about 7.0% in the
range 100-600 °C in

air, with endothermic
effects at about 140

material

and 350 °C
BN-coated reaction of Al;B,0y |- - 26
Al1gB4033 nanowires with
nanowires ammonia at high
temperature
nickel borate thermal conversion - - 32
route
Li3Cs,B5019 - nonlinear optical nonlinear 40
property optical
material
Sro.23Cag 77NazBe, |high temperature optical transmittance, {thermal 64
B2OgF2 solution method from |thermal behavior material
its self-flux system
zinc borate - increasing the modification |123
rapidest of polymers

decomposition
temperature and
reducing the

decomposition rate of
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wood-flour-polyvinyl
chloride composites

lithium
difluoro(oxalato)bo

rate

solution method

electrochemical
performances: 0.9
mol-L™* lithium
difluoro(oxalato)borat]
e/DMS (1:1, by
volume) electrolyte is
stability against
oxidative
decomposition (>5.5
V) and satisfactory

conductivity

lithium-ion

batteries

124

lithium

bis(oxalato)borate

compressing dry

granulation method

electrochemical
performances: high
oxidation potentials
(>5.3V)and
satisfactory

conductivities

lithium ion

batteries

126

NaSrBOsz:xEu®*

photoluminescence
properties:
characteristic red

emission of Eu®* ions

phosphors

125

Mg2B,0s

nanowires

catalyst-free method

good hardness but
19% decrease in

elastic modulus

hard material

20

Al4B>0g nanowires

one-step combustion

method

lower hardness and

elastic modulus

mechanical

area

85
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Al1gB4033 one-step combustion |higher hardness and |hard material |85
nanowires method elastic modulus
Ca,;B,05-H,0 catalyst-free method |elastic modulus mechanical |28
nanobelts area
CayB,0s5 catalyst-free method |stacking faulted mechanical |28
nanogrooves area
LiMnBO3 sol-gel method electrochemical high-capacity |127
nanoparticle performances: first |cathode
discharge capacity of |material
136 mAh-g™ within a
window of 4.7-1.7
Vat C/20 rate.
calcium borate thermal treatment thermal stability of the|thermal field |128
nanoparticles method via co- annealed samples at
precipitation higher temperatures
Mg.B,0s nanorods [soft template method |optical property: optical 129
Raman spectra material
La,CaB10010:Pr** |crystallization from  |laser operated elasto- |optical 130
nanocomposites  [lower temperature optical properties material
solutions
cerium borate sol-gel method under |anti-wear property: |anti-wear 83

nanoparticles

micro-emulsion by

oleic acid

friction coefficient of
the base oil by the
addition of the
nanoscale cerium
borate particles

diminished greatly

material
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nickel borate precursor- mediated |antiferromagnetic magnet 88
nanostructures route behavior with the

Neel temperature

ranging from 44 to 47

K
Al;B,0q high energy ball- - - 131
nanowhiskers milling pretreatment
Mg3B20g precipitation reaction |- - 132
nanoarchitectures |and sequential

calcination

BN-coated sol-gel and post- increase in composite [aerospace 133
Al1gB4033 thermal-treatment hardness by the application
nanowhiskers method addition of coated

nanowhiskers into

Mg alloys
LaBOs3 hollow soft-template self- high coulombic lithium-ion 134
nanospheres assembly process efficiency and batteries

charge-discharge

cycling capacities of

up to 100 cycles in

the lithium-ion

batteries
Tb modified solid state reaction and|intense green phosphor 135
yttrium borate sol-gel method emission
core-nano silica
shell
Ni3(BO3): sol-gel method - - 136
nanorods
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magnesium borate |surface-modified better tribological wear 137
nanoparticles method capacity in base oil  [resistance
application
calcium borate - better antiwear additives in  |138
nanoparticles property and friction- {lubricant oils

reducing property in
base oil under the

novel process

Fe;BOg nanorods

supercooled liquid

electrodes, gas

139

precursor sensors, and
medical tools
calcium borate modified by oleic acid |significant synergisticjwear 140
nanoparticles effects on tribologicaljresistance
properties, and application
corrosion-inhibiting
property
zinc borate solid-liquid reaction |flame retardant of flame 141
nanoflakes polyethylene retardant
application
Mg.B,0s nanorods|solvothermal method |- - 142
at the super-critical
conditions
nickel borate reverse micellar route |antiferromagnetic magnetic field |143
nanoparticles ordering with Neel
temperature of 47 K
LiB30s mechanical method UV-induced red shift |optical 144

nanocrystals

application
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Cu?* doped beta- |co-precipitation Cu®*ionsareina optical 145
barium borate tetragonally distorted |application
nanopowder octahedral site in the
host lattice
Sr3Y,(BO3), doped|sol-gel Pechini methodphotoluminescence |phosphor for (146
with Eu** ions properties: red plasma display
emission with the panels and
quantum yield of luminescent
54%-55% tubes
zinc borate/ melt blending method |flammability flame 147
polypropylene properties and retardant
nanocomposites thermal stability: 38%japplication
reduction in the peak
heat release rate; a
slight increase in the
limiting oxygen
indices
calcium borate one-step precipitation |an increase in lubricant 148
nanoplatelets reaction in aqueous |dispensability of oleicjapplication
solution acid modified
calcium borate in
lubrication
Eu(BO3)3 direct sintering photoluminescence |optical 149
nanowires Eu(NO3)s-6H,0 and  |properties: Eu®* application
H3BO3 with Ag as orange-red emission
catalyst at 591 nm
Al4B,0g nanorods |[sol-gel method with  |complex network - 150

glucose as the

structures formed in
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template

aqueous solutions

lanthanum borate |modified by better friction- lubricant 151
nanoparticles triethanolamine reducing property in |application
monooleate base oil
magnesium borate |one step hydrothermal |optical properties: optical 152
hydroxide process enhanced absorption |material
nanowhiskers in the low-
wavelength region;
broad emission band
with the peak
maximum at around
400 nm
zinc borate coordination excellent inflaming |flame 153
nanoflakes homogeneous retarding effect for  |retardant
precipitation method |[polypropylene application
MgB,0s nanorods |solvothermal method |- - 154
under supercritical
conditions
Mg3B20¢ nanorods|solvothermal method |- - 154
under supercritical
conditions
MgsB,0s nanobeltsiheating mixed - - 155
powders of boron and
MgO under flowing
Ar/H,0 gases at 1100
°C
zinc borate one-step precipitation |the aspect ratios close|thermal 156
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nanowhiskers

reaction in aqueous

solution

to 10-20; an increase
in the thermal
stability of
polyethylene upon the
addition of the

nanowhiskers

application

copper borate one-step precipitation |hydrophobic, and the|lubricant 157
nanoparticles reaction in aqueous [friction coefficients |application
solution of basic oil decreased
with adding the
hydrophobic copper
borate
Al4B,0g nanorods [low-heating- single phase, large |- 158
temperature solid-state|surface area, narrow
precursor method size distribution of
20-30 nm
zinc borate one-step precipitation |hydrophobic - 159
nanoplatelets reaction in aqueous
solution
zinc borate coordination better char formation |flame- 160
nanonets homogeneous effect retardant filler
precipitation method
Mg,B,0s heating the mixed lubricating properties:|lubricant 161
nanowires tablet of Mg(BO,),  |[significantly decrease |application

and graphite directly

in vacuum at 1200 °C

in the friction
coefficient of the oil
by the addition of
Mg.B,0s nanowires.
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Al1gB4033 spray pyrolysis generation of 3D photocatalyst 162
nanowires technique hollow spherical
architectures; good
photocatalytic
activities
Mg,B,0s nanorods|calcinations of mixed |- - 163
powders containing
Mg(OH)Z and H3BO3
Yo.9Er1Al3(BO3), [sol-gel method very stable to obtain |integrated 164
nanopowders homogeneous gels  |optical
and transparent systems
amorphous thin films
CoB thin films electroless coating charge/discharge electrical 65
technique cyclic characteristics |material
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1.4 Density functional theory for calculation of elastic properties of

nanowires

Density functional theory (DFT)is aquantum mechanical modelling method used
in physics and chemistry to investigate the electronic structure (principally the ground
state) of many-body systems, in particular atoms, molecules, and the condensed phases.
With this theory, the properties of a many-electron system can be determined by
using functionals, i.e. functions of another function, which in this case is the spatially

dependent electron density. Hence the name density functional theory comes from the use
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of functionals of the electron density. DFT is one of the ab initio (or from first principles)
methods since it is based only on basic physical laws and is parametrization free in
theory, and is among the most popular and versatile methods available in condensed-
matter physics, computational physics, and computational chemistry.

For the past 30 years, DFT has been the dominant method for the quantum mechanical
simulation of periodic systems. In recent years it has also been adopted by nanomechanic
researchers for the simulation of elastic properties of nanowires. Guo and Li'®°
elucidated the size dependency of the elastic modulus of ZnO nanowires using the
concept of surface stress. Surface stress is defined as the reversible work per unit area
required to elastically stretch a surface, while surface energy is the reversible work per
unit area required to create a surface. The elastic modulus of a nanowire is proposed to be
168,169

described in the following form:

L2

8
B, =B+ 0(d-v) s (1-1)

where, E, and E, are the elastic modulus of the nanorod and bulk materials,
respectively, L and D is the length and diameter of the nanorod, g is the surface stress,
and v is Poisson’s ratio. Thus, a positive (tensile) surface stress would lead to an
increase in elastic modulus with the decreasing nanowire diameters, while a negative
(compressive) surface stress would lead to a decrease in elastic modulus with the
decreasing nanorod diameters. The above relation has been shown to be valid for Ag,

Pd, and ZnO nanowires.*®® Zhang and Huang'’’ found from DFT calculation that the
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elastic modulus of ZnO nanoplates with thickness below 3 nm would be higher than

178 calculated

those of bulk materials and increase as their size decreases. Guo and Li
the bulk and surface properties of the materials using DFT method. The calculated
properties include Young’s modulus, Poisson’s ratio, surface energy, and surface
stress. They predicted Young’s moduli of Ag, Au, and ZnO nanowires as functions of
nanowire diameter.

Although these simulations mentioned above by DFT method are encouraging, they
only have determined the elastic properties of a few nanowires, such as Au, Ag, and
ZnO. The elastic properties of more nanowires, for example, borate and boride
nanomaterials with exceptional mechanical properties, still need to be widely
investigated by DFT method.

Our first-principles calculations were performed using the periodic plane wave
implementation of density functional theory, VASP.**2 \We used the projector
augmented wave method (PAW) and the GGA-PW91 functional for exchange and
correlation. The PAW method is a generalization of the pseudopotential and linear
augmented-plane-wave methods, and allows density functional theory calculations to be
performed with greater computational efficiency. And GGA-PW9L1 is one of the popular

170 \We chose

generalized gradient approximations (GGA) proposed by Perdue and Wang
a kinetic energy cutoff of 600 eV for the plane wave basis sets. In theory all plane waves

(with infinite numbers) should be included, but it is practically not viable. So we only

keep those important plane waves which have low kinetic energies. Setting the cutoff to
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be 600 eV proved to be a fairly good tradeoff between accuracy and efficiency. The

energy convergence for all geometry optimization was set to be 1x10° eV.
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CHAPTER 2
Motivation and Research Objectives

2.1 Motivation

From literature review in Chapter 1, although significant advancement in syntheses
of low dimentional nanomaterials has been achieved, to the best of our knowledge,
only one paper reported the successful production of bulk barium polyborate,
BasBsOg(OH)s; the BasBsOg(OH)s nanomaterials, SrB,O, nanomaterials and  one
dimensional ZrB, nanostructures have not been investigated in literature. Their
nanoscale-enabled properties are completely unknown. Furthermore, there is an urgent
need for theory, modeling, simulation and experimental research on the nanoscale to
discover to links between the key properties, functionalities and reliabilities of
nanomaterials and their size, shape and composition.
2.2 Research objectives

Based on the literature survey and motivation, the objectives of this study are,
therefore, to utilize experimental methods to synthesize and probe the intrinsic

properties of 1D boron-based nanomaterials:
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2.2.1 To synthesize BasBsOg(OH)s nanorods and -BaB,0O, nanospindles, understand
the growth mechanism, and investigate the structural, morphological, chemical,
thermal, and optical properties of these nanomaterials.

2.2.2 To prepare SrB,04 nanorods, and study the structural, morphological, chemical,
mechanical properties of these nanomaterials; to calculate the Young’s moduli of
bulk SrB,O, and SrB,O4 nanorods with consideration of surface stress effect of
nanorods by DFT.

2.2.3 To synthesize ZrB, nanorods, and characterize them in terms of the structural,
morphological, chemical, and mechanical properties; To calculate Young’s modulus

of ZrB, nanorods with consideration of surface stress effect of nanorods by DFT.
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CHAPTER 3
Low temperature, organic-free synthesis of Ba;BsOy(OH)e nanorods and

B-BaB,0, nanospindles’

! Rui Li, Xinyong Tao and Xiaodong Li. 2009. Journal of Materials Chemistry. 19:
983-987.
Reprinted here with permission of publisher.
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3.1 Introduction
One dimensional (1D) metal borate nanomaterials have attracted tremendous
attention due to their good chemical inertness, high-temperature stability, excellent

9,14,18,19,20,74,91 Barium

mechanical properties, and low thermal expansion coefficient.
borate has potential applications in radiation shielding®’, lubricating additives* and
dielectric devices.™® It has two crystalline phases with the transition temperature of
925 °C, namely, high temperature phase a-barium borate and low temperature phase
B-barium borate, p-BaB,0O4 (BBO). Among them, BBO is a well-known nonlinear
optical material with a high second-order nonlinear susceptibility (dess =2.2 pm/V),
wide transparency range (189 nm-3500 nm), and high damage threshold.**>?*122 Bylk
BBO crystals are generally grown by high temperature methods, such as the modified
Kyropoulos and Czochralski techniques.>®® To date, only a couple of methods have
been used to synthesize barium borate nanomaterials. BBO nanoparticles were
synthesized via coprecipitation using different bases as precipitants by Zhou et al.®*
Network-like BBO nanostructures were produced by a sol-gel method.®” BBO
nanofilms were prepared by sol-gel deposition'? and metal organic chemical vapor
deposition?’. To date only one paper reported the successful production of bulk
barium polyborate, BasBsOg(OH)s (BBOH), which is the first reported chain borate in
which the boron atoms are all tetrahedrally coordinated by oxygen atoms.® The

BBOH nanomaterials, however, have not been reported in literature.

In this chapter, we reported the low temperature, organic-free hydrothermal
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synthesis of single crystalline BBOH nanorods. Morever, we found that single
crystalline BBO nanospindles can be easily obtained by annealing the BBOH
nanorods at a relatively low temperature of 810 °C. Both BBOH and BBO were
transparent from ultraviolet to the visible regions.

3.2 Experimental

All chemicals used in our experiments were purchased and used without further
purification. Barium chloride dihydrate (BaCl,-2H,0) was purchased from Alfa.

Boric acid (H3BO3) and sodium hydroxide (NaOH) were purchased from Fisher.

Stlrrlng 1.5[} o2 8h

Autuclave

ash

81[}"0 3h

Scheme 3.1 Schematic process of synthesizing the products by hydrothermal method.

In a typical experiment, as shown in Scheme 3.1, 2 mmol of BaCl,-2H,0, 3 mmol
of H3BO3;, and 4 mmol of NaOH were dissolved in 12 ml distilled water under
constant magnetic stirring at room temperature. Then, the above suspension was
transferred into a 23 ml Teflon-lined stainless steel autoclave. The autoclave was

maintained at a fixed temperature of 160 °C for 8 h without stirring or shaking, and
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then was allowed to cool to room temperature naturally. The precipitate was separated
by centrifugation, washed with distilled water and absolute ethanol three times,
respectively, and then dried at room temperature. The as-prepared powders were
placed in a alumina boat and annealed at 810 °C for 3 h in air .

The products were first analyzed by X-ray diffraction (XRD, Rigaku DMax 2200 using
Cu Ka radiation). A few drops of ethanol solution containing the as-prepared products
were deposited onto copper grids for transmission electron microscopy (TEM, Hitachi H-
8000) and high-resolution transmission electron microscopy (HRTEM, JEOL JEM
2010F) studies. The solvent was then vaporized under ambient conditions. Ultraviolet-
visible (UV-vis) absorbance studies were performed using a Beckman Coulter 640 DU
spectrophotometer and quartz cuvettes from Starna. Elemental compositions and
oxidation states were determined by X-ray photoelectron spectroscopy (XPS), a Kratos
Axis Ultra DLD instrument equipped with a monochromated Al Ka X-ray source and
hemispherical analyzer capable of an energy resolution of 0.5 eV. Thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) were performed using a Thermal
Analysis Instruments SDT2960 Thermogravimetric Analyzer, and the sample was
scanned at a rate of 20 °C per minute. Fourier Transform Infrared (FTIR) analysis was
performed using a Perkin Elmer Spectrum 100 FTIR spectrometer fitted with a Diamond

ATR attachment.
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3.3 Results and discussion

(a)

(020)

Intensity (a.u.)

20 (Degree)

e

Figure 3.1 (a) XRD pattern of the sample synthesized via hydrothermal at 160°C for 8 h,
(b) low magnification TEM image, (c) high magnification TEM image, (d) HRTEM
image, and (e) corresponding SAED pattern of BBOH nanorods.

Figure 3.1a shows a representative XRD pattern of the sample synthesized via
hydrothermal method at 160 °C for 8 h. All the peaks can be readily indexed to the
monoclinic phase of BBOH (JCPDS file, n0.01-071-2501), with lattice constants of
a= 6.99, b= 7.14 and ¢ = 11.92 A, and space group of P2/c. No impurity peaks were
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observed. The low and high magnification TEM images (Figure 3.1b and 3.1c) show
that the synthesized BBOH exhibits rod-lik morphology with an average diameter of
115 nm and length ranging from 1 to 3 um. The representative HRTEM image (Figure
3.1d) and corresponding selected area electron diffraction (SAED) pattern (Figure
3.1e) at the zone axis of [010]jointly indicate that the synthesized BBOH nanorods
are single crystals with the growth orientation along the [102] direction. No defects
such as dislocations and twins were found. The measured distance between the lattice

fringes for the (102) planes is 0.45 nm.
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Figure 3.2 TGA and DTA curves of BBOH nanorods.

For the BBOH nanorods, the weight loss was found to be about 7.6% in the range of
100-600 °C when heated in air (Figure 3.2), in good agreement with the weight loss from

the removal of the adsorbed water molecules and the hydroxyl groups. Analysis of the
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TGA curve (Figure 3.2) reveals that the weight loss occured in two stages, as in the case
for some reported borate hydrates.*® The first stage is in the temperature range of 125-240
°C with the weight loss 2.6% and the second stage proceeds in the range of 300-600 °C
with the weight loss 5.0%. These two weight loss stages agree well with the two
endothermic effects at about 197 °C and 382 °C in the DTA curve (Figure 3.2), which are
57 °C and 32 °C higher than those of the bulk BBOH, respectively.”® The exothermic
effect at about 763 °C can be attributed to the crystallization of the BBO crystals, which
will be discussed in the following paragraphs.

Figure 3.3a shows the XRD pattern of the product obtained after annealing the BBOH
nanorods at 810 °C for 3 h in air. All the peaks can be readily indexed to the hexagonal
phase of BBO (JCPDS file, no.80-1489), with lattice constants of a=12.53, c=12.73 A
and space group of R3c. The TEM images (Figure 3.3b and 3.3c) reveal that the obtained
BBO exhibits spindle-like morphology with an average length of 600 nm and width
ranging from 35 to 60 nm in the widest section. The HRTEM image and SAED pattern
(Figure 3.3d) at the zone axis of [110] further reveal that the BBO nanospindles are single
crystals with the growth orientation of the [113] direction. No defects such as dislocations
and twins were found. The measured distance between the lattice fringes for the (113)

planes is 0.35 nm.
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Figure 3.3 (a) XRD pattern, (b) low magnification TEM, (c) high magnification TEM, (d)
HRTEM, and (e) corresponding SAED pattern of BBO nanospindles.

XPS analysis was carried out to further characterize the BBOH nanorods and BBO
nanospindles (Figure 3.4). The binding energies were corrected by taking C 1s core level
at 284.8 eV for the two samples. Both survey spectra, as shown in Figure 3.4a, exhibit Ba

3p, Ba 3d, Ba 4d, Ba 4p, B 1s, O 1s and C 1s core levels, and Ba MNN Auger peak. In
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Figure 3.4b, the peaks at 779.8 eV and 795.1 eV in the BBOH curve and the peaks at
780.1 eV and 795.4 eV in the BBO curve can be attributed to Ba 3ds, and Ba 3dsp,
respectively. B 1s and Ba 4py, peaks overlapped in the survey spectra, and XPSPEAK
software (Version 4.1) was used to fit this overlapped peak with two components, i. e., B
1s and Ba 4py, peaks. In Figure 3.4c, the peak at 191.7 eV in the BBOH curve and the
peak at 191.9 eV in the BBO curve correspond to B 1s core level. The binding energies

of Ba 3dand B 1s of BBO are 0.3 eV and 0.2 eV greater than
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Figure 3.4 XPS spectra of () BBOH nanorods and (f) BBO nanospindles. (a) Survey
spectra, (b), (c), and (d), detailed spectra of Ba 3d, B 1s and O 1s core levels, respectively.

those of BBOH, respectively, due to the different chemical structures of these two



materials. In Figure 3.4d, the O 1s peaks at 531.27 eV in the BBOH curve and at
531.8 eV in the BBO curve suggest that the oxygen exists as O> species in the BBOH
nanorods and BBO nanospindles. These results for BBO nanospindles are in good

agreement with the values for crystalline BBO reported in literature.>®’
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Figure 3.5 UV-vis absorption spectra of (o) BBOH nanorods and () BBO nanospindles.

Figure 3.5 shows the UV-vis absorption spectra of BBOH nanorods and BBO
nanospindles. It can be seen that both BBOH and BBO are transparent up to 210 nm
(5.90 eV) within the limitation of instrument whose working range is 210-790 nm. The
absorption spectra are relatively featureless, and the broad and overall constant low
absorbance from 210 to 790 nm is consistent with the reported values for bulk BBO
single crystals** and network-like nanomaterials®’, thus demonstrating that it is

transparent from ultraviolet to the visible regions.

49



831 /‘ e

Relative Intensity (a. u.)

964
1400
1235

1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 3.6 FTIR spectra of (o) BBOH nanorods and () BBO nanospindles.

Figure 3.6 shows the FTIR spectra of the BBOH nanorods and BBO nanospindles.
The BBOH nanorods show an absorption in the range of 4000-2700 cm™, indicating
the presence of hydroxyl groups. The broad strong bands observed close to 831 cm™
are due to the vibrations of tetrahedral (BO,)>™ groups, that are the basic units of the
BBOH structure.”®> The FTIR spectrum of the BBO nanospindles exhibits broad
absorptions in the 900-1500 cm™ range. The absorption peak at 1235 cm™ results
from the B-O stretching in the BOs®> unit, which is a component of the (B30s)*™ ring.
The peaks observed at 964 and 1400 cm™ are attributed to B-O extra-ring
stretching.® The detailed FTIR analyses suggest that the BBO nanospindles have the

characteristics of bulk BBO crystals.
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Figure 3.7 Schematic diagram showing the growth processes of BBOH nanorods in the
autoclave (a-d) and BBO nanospindles in the alumina boat (e-h).

Based on the above experimental results, the formation mechanisms of the BBOH
nanorods and BBO nanospindles are proposed. The whole process, which is described
in the following reactions,

3 Ba”" + 6 H3BO3+ 6 OH = BagBsOg(OH)s| + 9 H,0 (3-1)

BasBsOy(OH)s = 3 BaB,0,4 + 3 H,01 (3-2)

can be schematically illustrated in Figure 3.7. Flocculent precipitates, as we observed
in the experiments, were formed immediately after solving the reactants in the
aqueous solution under intensive stirring. This suspension was transferred into a 23
ml Teflon-lined stainless steel autoclave. The autoclave was maintained at a fixed
temperature of 160 °C for 8 h without stirring or shaking. First, as shown in Figure
3.7a, nuclei were formed from the flocculent precipitates in the suspension under
hydrothermal conditions.*®*?! Second, the nuclei grew by consuming the ambient raw

materials (Figure 3.7b). Third, the larger nanoparticles fell down to the bottom of the
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autoclave and began to aggregate most probably by electrostatic gravitation and
intermolecular force (Figure 3.7c). The smaller ones were attached to the aggregate
and extended in a certain way because the anisotropic growth of the nanocrystals in a
template-free method is generally related to the different surface energy of different
crystal planes of the nanocrystals. Those planes with high surface energy have a
strong tendency to capture smaller nanoparticles from the reaction solution in order to
reduce their surface energy.’®*?! This leads to growth along those planes and
formation of the 1D BBOH nanorod bundles in Figure 3.7d. After ultrasonic treatment
BBOH nanorods were obtained.

To prepare the BBO nanomaterials, the as-prepared BBOH nanorods were annealed
at 810 °C for 3 h in air. The BBOH nanorods contain water in the form of both
hydroxyl ion and adsorbed water molecules. This allows one to rationalize a complex
process of dehydration of borates at elevated temperatures which involves elimination
of individual adsorbed water molecules and hydroxyl groups, due to association of
boron-containing anions (see TGA and DTA curves in Figure 3.2). Dehydration of
borates is accompanied by a specific effect of borate rearrangement®, namely,
dehydration causes a complete destruction of the crystal lattice and transition of the
BBOH nanorods into the amorphous state; further heating leads to crystallization
including the nucleation and growth processes as solid-state reaction. First, in Figure
3.7e, nuclei were formed from amorphous solid under heat-treatment conditions.

Second, the nuclei grew by consuming the ambient amorphous solid (Figure 3.7f).
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Third, in Figure 3.7g, the nanoparticles aggregated in a certain way driven likely by
electrostatic attraction and intermolecular force. Finally single crystal BBO
nanospindles were formed (Figure 3.7h).

Spindle-shaped nanostructures have great potential applications in field of

optics,7'21'27

the detailed optical and optoelectronic properties will be studied further
in future. The mechanical properties of BBOH nanorods and BBO nanospindles also
lack and will be investigated.
3.4 Conclusions

Barium polyborate BBOH nanorods were synthesized via a low temperature, organic-
free hydrothermal route. These nanorods can be easily transformed into BBO

nanospindles through heat treatment at 810 °C for 3 h. Both BBOH nanorods and BBO

nanospindles are transparent from ultraviolet to the visible regions.
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CHAPTER 4
Synthesis, structural, optical and mechanical characterization of SrB,0,

nanorods?

2 Rui Li, Lihong Bao and Xiaodong Li. 2011. CrystEngComm. 13: 5858-5862.
Reprinted here with permission of publisher.
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4.1 Introduction

One dimensional (1D) metal borate nanostructures have attracted tremendous
attention due to their outstanding chemical inertness, high temperature stability,
excellent mechanical properties, and low thermal expansion coefficient.?*%41% As an
important type of optical materials,? strontium borates have shown various promising
applications in high pressure sensors,®® magnetooptical media,® ultraviolet (UV)
phosphors,”™ and detectors for thermoluminescent dosimetry.’® Guided by the SrO-
B,O; phase diagram,” five bulk strontium borate materials have been synthesized,
which are SrsB,0g, Sr,B,0s, SrB,0s, SrBsO7, and Sr.B1s02.%° The representative
synthesis techniques include solid state reactions between strontium oxide and boric
acid and hydrothermal method. However, to our knowledge, strontium borate
nanostructures are still absent in literature and their nanoscale-enabled properties are
completely unknown.

In our previous work, 1D nanostructures of magnesium borate,?® aluminum
borate,® barium borate,®® and calcium borate?® have been successfully synthesized.
These borate nanostructures exhibit superior mechanical properties. However, the
mechanical properties of strontium borates are rarely reported, even for the bulk
materials. On the other hand, the optical properties of strontium borate nanostructures
have not been explored or theoretically predicted. In this chapter, we report the
synthesis, structural, optical and mechanical characterization of SrB,04 nanorods.

Single crystalline SrB,0O,4 nanorods were synthesized for the first time via a sol-gel
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route at a relatively low temperature of 800 °C. The X-ray diffraction (XRD) analysis
revealed that the as-synthesized nanorods have an orthorhombic phase of SrB,0,4 with
lattice constants of a= 12.01, b= 4.34 and ¢ = 6.59 A, and space group of Pbcn
(JCPDS#84-2175). The high-resolution transmission electron microscopy (HRTEM)
characterization showed that individual SrB,O, nanorods are single crystals with the
growth direction along the [511] orientation. The ultraviolet-visible (UV-vis)
absorption spectroscopy study unveiled that the SrB,O,4 nanorods are transparent from
the ultraviolet to the visible regimes. Atomic force microscopy (AFM) three-point
bending tests were performed directly on individual nanorods to probe their
mechanical properties. The elastic modulus of the SrB,O4 nanorods was measured to
be 158.2 + 7.9 GPa. Such structural, optical and mechanical information provides
design guidelines for developing SrB,0O, nanostructure-based nanodevices and
nanocomposites, and lays a constitutive foundation for modeling the nanostructures of
strontium borates and other borate nanostructures.
4.2 Experimental

All chemicals used in our experiments were purchased and used without any further
purification. Strontium chloride dehydrate (SrCl,-2H,0) was purchased from Alfa
Aesar. Sodium borohydride (NaBH,) and cetyltrimethylammonium bromide (CTAB)

were purchased from Sigma Aldrich.
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Scheme 4.1 Schematic process of synthesizing the products by sol-gel method.

In a typical experiment, shown in Scheme 4.1, 1 mmol of SrCl,-2H,0 and 1.5
mmol CTAB, and 6 mmol of NaBH, and 1 mmol CTAB were separately dissolved in
12 ml distilled water with constant magnetic stirring at room temperature. Then the
NaBH, solution was added dropwise to the SrCl, solution in 2 minutes. The reaction
mixture was stirred for half an hour, and then stored in air at room temperature
without stirring or shaking, and after 48 h a white gel was formed. The as-prepared
precursors were placed in an alumina boat and annealed at 800 °C for 1 h in Ar. The
white products were washed with distilled water and absolute ethanol three times,
respectively, and dried at room temperature.

The chemical process for synthesizing SrB,O, nanorods can be described in the

following reaction:
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SrCly-2H,0 + 2 NaBH,4 + 2 H,0 = SrB;04+ 2 NaCl + 8 Hy 1 (4-1)

The crystal structure of the products was characterized by XRD (Rigaku DMax 2200
using Cu K, radiation). A few drops of ethanol solution containing the as-prepared
products were deposited onto copper grids for transmission electron microscopy (TEM,
Hitachi H-8000), and HRTEM (JEOL JEM 2010F) analyses. The solvent was then
vaporized under ambient conditions. The resulting product was collected for
characterization by scanning electron microscopy (SEM, Zeiss Ultra Plus FESEM). UV-
vis absorbance spectrum of the as-prepare products was obtained using a Beckman
Coulter 640 DU spectrophotometer and quartz cuvettes from Starna. Chemical
compositions and oxidation states of the products were determined by X-ray
photoelectron spectroscopy (XPS, a Kratos Axis Ultra DLD instrument equipped with a
monochromated Al Ka x-ray source and hemispherical analyzer capable of an energy
resolution of 0.5 eV). Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were carried out using a Thermal Analysis Instruments SDT2960
Thermogravimetric Analyzer with a scan rate of 20 °C per minute. Fourier transform
infrared (FTIR) analysis was performed using a Perkin Elmer Spectrum 100 FTIR
spectrometer fitted with a Diamond ATR attachment. Nanoscale three-point bending tests
were performed directly on individual nanorods to probe their mechanical properties
using AFM. To avoid sliding during the bending tests, both ends of the nanorods, which

bridged over the trench, were clamped by electron beam induced deposition (EBID) of
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paraffin in SEM (FEI Quanta 200).%°91%" This carbonaceous material thin layer and
the strong adhesion force between the nanorod and the edges of the trench insured the
fully clamping of the both ends of the suspended SrB,0O, nanorod during the bending
tests, and thus the suspended SrB,0,4 nanorod can be treated as a double clamped beam.
4.3 Calculation methods

Our first-principles calculations were performed using the density functional theory
implementation, VASP. 1172 We used the projector augmented wave method and the
GGA-PW91 functional for exchange and correlation. We chose a kinetic energy cutoff of
600 eV to expand the electronic wave functions in the plane wave basis. The energy
convergence for all geometry optimization was set to be 1x107° eV.
4.3.1 Bulk materials

Bulk SrB,0O, has an orthorhombic structure (space group: Pbcn) with experimental
lattice constants of a = 12.014 A, b = 4.339 A and ¢ = 6.586 A. Using a 5x12x8 k-point
mesh for k space integration, we have optimized the lattice constants of SrBO, and
calculated the elastic constants of it following the procedure in reference 167.
4.3.2 Nanoscale materials

For the SrB,0, (001) surface calculations, we have used a supercell with 2 layers (8 Sr
atoms, 16 B atoms and 32 O atoms) and a vacuum of 15 A, and employed a 5x12x1 k-
point grid for all the subsequent calculations. We deformed the surface along the (100)

direction by strains of ¢ in the range of [-0.02, 0.02] with an interval of 0.005.
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4.4 Results and discussion
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Figure 4.1 (a) XRD pattern and the corresponding JCPDS standard (PDF#84-2175) (b,
c) SEM images, (d) EDS spectrum, (e) TEM image, (f) HRTEM image and (inset)
corresponding FFT pattern of SrB,O4 nanorods.

Figure 4.1a shows a representative XRD spectrum of the product synthesized via the
sol-gel method at 800 °C for 1 h. All the peaks can be readily indexed to the
orthorhombic phase of SrB,O,4 (JCPDS file, No. 84-2175, with lattice constants of a=
12.01, b= 4.34 and ¢ = 6.59 A, and space group of Pbcn). No impurity peaks were

observed, indicating high purity of the product. The SEM image of the product shown
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in Figure 4.1b reveals that the product is composed of SrB,O, nanorods with an
average diameter of 80 nm and length ranging from 1 to 3 um. High-magnification
SEM image shows that the SrB,O4 nanorods have a circle-like cross-section (Figure
4.1c). The energy dispersive spectroscopy (EDS, Figure 4.1d) pattern of the SrB,0,
nanorods indicates that the nanorods contain Sr, B and O with the atomic ratio of
18.5: 29.5: 52.0, which is comparable to that obtained by XRD. The TEM image
(Figure 4.1e) shows that the SrB,0, nanorods have very smooth surfaces and the
average diameter and length of the nanorod are consistent with the SEM results. The
representative HRTEM image (Figure 4.1f) and corresponding fast-Fourier transform
(FFT) pattern at the zone axis of [011] jointly suggest that the synthesized SrB,O.
nanorods are single crystals with the growth direction along the [511] orientation,
which is consistent with the stronger diffraction intensity of (511) in the XRD pattern
in comparison with the standard XRD pattern in Figure 4.1a. No defects such as
dislocations and twins were found in individual SrB,O4 nanorods. The measured
distance between the lattice fringes for the (200) planes is 0.58 nm, in good agreement

with the XRD results.
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Figure 4.2 TGA and DTA curves of the precursor.

To investigate the growth process of the SrB,O, nanorods from originating precursor
(the white color gel obtained from the reaction mixture without heat treatment), both
TGA and DTA were performed, as is shown in Figure 4.2. For the precursor, the weight
loss was found to be about 82.3% in the range of 25-300 °C when heated in air, in good
agreement with the weight loss from the removal of the adsorbed water molecules and the
organic groups. Detailed analysis of the TGA curve (Figure 4.2) reveals that the weight
loss process occurred in two stages, the same as the thermal chemistry process of the
reported hydrated borate.*®> As determined by EDS, the white color gel (precursor)
contains Sr, B, O, C, Na, Cl and Br elements. The contents of C and O reach upto 70
wt%, which indicates that the first stage is related to the removal of the adsorbed water
molecules and the hydroxyl groups in the temperature range of 76-180 °C with a weight

loss of 55.7%, and the second stage is ascribed to the decomposition of the organic
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components in the range of 200-300 °C with a weight loss of 26.1%. These two weight

loss stages agree well with the two endothermic effects at about 125 °C and 240 °C in the

DTA curve (Figure 4.2). The exothermic effect at about 600-870 °C can be attributed to

the crystallization of the SrB,0, crystals.
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Figure 4.3 XPS spectra of SrB,O, nanorods. (a) Survey spectrum, (b), (c), and (d),
detailed spectra of Sr 3d, B 1s and O 1s core levels, respectively.

XPS analysis was carried out to further characterize chemical compositions of the

SrB,04 nanorods (Figure 4.3). The binding energies were corrected by taking C 1s at

284.8 eV. The survey spectrum, as shown in Figure 4.3a, exhibits Sr 3d, B 1s, O 1sand C
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1s core levels, and O Auger peak. In Figure 4.3b, the peaks at 133.2 eV and 134.8 eV in
the curve can be attributed to Sr 3ds;, and Sr 3ds,, respectively. In Figure 4.3c, the peak
at 191.8 eV can be assigned to B 1s core level. In Figure 4.3d, the O 1s peak at 531.3 eV
suggests that the oxygen exists as O> species in the SrB,O, nanorods. The XPS results
for the SrB,O4 nanorods are in good agreement with the reported values for bulk

borates, 6104
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Figure 4.4 UV-vis absorption spectrum of SrB,0,4 nanorods.

Figure 4.4 shows the UV-vis absorption spectrum of SrB,0, nanorods. It can be
seen that the SrB,0,4 nanorods are transparent from 200 nm (5.90 eV) to 1100 nm
within the limitation of the instrument, whose working range is 200-1100 nm. The
absorption spectrum is relatively featureless, and the broad and overall constant low
absorbance from 200 to 1100 nm, including the nearly no absorbance from 200 to 300

nm, is consistent with the reported values for bulk SrB,O, single crystals,®
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demonstrating that the SrB,O4 nanorods are transparent from the ultraviolet to the
visible regimes. This transparent cahracter indicates that the SrB,O,4 nanorods is very

useful for the optical window application.
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Figure 4.5 FTIR spectrum of SrB,0O,4 nanorods.

Figure 4.5 shows the FTIR spectrum of the SrB,O, nanorods. The spectrum
exhibits broad absorptions in the 650-1600 cm™ range. Detailed FTIR analysis
suggests that the SrB,O,4 nanorods have all characteristics of bulk SrB,0O, crystals.
The peak observed at 949 cm™ are attributed to B-O extra-ring stretching.” The bands
at about 897 cm™ are due to the BO3; symmetric stretching modes. The band at 1417
cm™ is due to the asymmetric stretching vibration of the group BOs. The band at 1131
cm™ is assigned to the in-plane bending of the group BOs. The bands observed at 726,
699, and 678 cm™ are due to the out-of-plane bending mode of the group BOs. The

FTIR spectrum confirms the existence of the trigonally coordinated boron atoms,
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consistent with the crystallographic study.'%
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Figure 4.6 AFM three-point bending test on an individual SrB,O,4 nanorod. (a) Schematic
image of an EBID-fixed SrB,0O,4 nanorod in a three-point bending test with an AFM tip.
(b) SEM and (c) AFM images of a fixed SrB,0,4 nanorod suspended over the trench. (d)
Representative bending force-piezo position (F-Z) curves of the SrB,O,4 nanorod directly
sitting on Si wafer and the SrB,O, nanorod bridging a trench with both ends of the

nanorod fixed.

Nanoscale three-point bending tests™*'%’

were performed directly on individual
SrB,04 nanorods to probe their mechanical properties (Figure 4.6a). To avoid sliding

during the bending tests, both ends of the nanorod, which bridged the trench, were

clamped by EBID of paraffin.®**"* Figure 4.6b and 6c are representative SEM and

66



AFM images of an EBID-fixed nanorod, respectively. Figure 4.6d shows
representative force—piezo position (F-Z) curves obtained along the Z-direction on the
nanorod directly sitting on a Si wafer and the suspended nanorod, respectively. The F-
Z curves exhibit a strong linear relationship up to 450 nN. On the basis of elastic
beam-bending theory, the elastic modulus of SrB,O,4 nanorods, E,, can be calculated

from the equation:*®’

e FL kU (4-2)
" 192d | 1921

where | is the moment of inertia. For a circle-shaped nanorod, | = nr*/4, where r is the
radius of the nanorod. L is the suspended length of the nanorod and F is the applied
load at its mid-point position. k, (=F/dy) is the spring constant of the nanorod, and can
be obtained from the equation:**’

kK, (4-3)

where k; and k; are the slopes of the F-Z curves for the SrB,0O, directly sitting on the Si
wafer and the suspended SrB,O, nanorod, as shown in Figure 6d, respectively. The
average elastic modulus for the SrB,0O,4 nanorods was measured to be 158.2 + 7.9 GPa.
The mechanical properties of strontium borates have been rarely reported, even for the
bulk materials. This is the first time to report the mechanical properties of strontium
borates. Our SrB,O, nanorods achieved 25.0%, 25.8%, 30.7%, and 53.9% increase in

elastic modulus compared with Ca,B,0s-H,O nanobelts,® Mg,B,0s nanowires,”
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Al;gB4O33 nanowires, and Al,B,0y nanowires,® respectively. The observed elastic
modulus is also 1.8%, 60.8% increase compared with bulk borates: Mg,B;0s,%
Ca,B,05,"® respectively; 60.5% decrease compared with bulk AlgBsOs3.*® These
findings are significant for designing strontium borate nanostructure-based
nanocomposites and nanodevices, and lay a constitutive foundation for modeling the
nanostructures of strontium borates and other borate nanostructures.

In this study, we elucidate the size dependency of the elastic modulus (Young’s
modulus) of SrB,O, nanorods using the concept of surface stress. Surface stress is
defined as the reversible work per unit area required to elastically stretch a surface, while
surface energy is the reversible work per unit area required to create a surface.’® In Ref.
168 and 169, the elastic modulus of a nanowire is proposed to be described in the
following model:

L2

8
B, =B+ 0(d-v)5s (4-4)

where, E, and Ey, are the elastic modulus of the nanorod and bulk materials, respectively,
L and D is the length and diameter of the nanorod, g is the surface stress, and v is
Poisson’s ratio. Thus, a positive (tensile) surface stress would lead to an increase in
elastic modulus with the decreasing nanowire diameters, while a negative (compressive)
surface stress would lead to a decrease in elastic modulus with the decreasing nanorod
diameters. The above relation has been shown to be valid for Ag, Pd, and ZnO

nanowires.'®® Although these results are encouraging, it has determined the elastic
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properties of nanowires by neglecting the experimentally relevant point that different
loading methods (tension, bending, or resonance) may yield different elastic properties of
nanowires. For example, differences may emerge in nanoscale tension and bending tests
because the surfaces of the nanowire carry the most stress during flexural motion. This
hypothesis has been confirmed by the atomistic studies of Miller and Shenoy.'”® They
found differences in nanowire (thickness of 5 nm) elastic properties under bending and
tension. McDowell et al.'”® found that the effects of loading method on elastic modulus
become significant only in wires with cross-sectional thicknesses below about 5 nm,
which is significantly smaller than our experimental size range. Our first-principles
calculations for SrB,0, nanorods were performed using the VASP code.'™'"? We used
the projector augmented wave method and the generalized gradient approximation of
Perdew and Wang'™® for exchange and correlation. We chose a kinetic energy cutoff of
600 eV to expand the electronic wave functions in the plane wave basis. The energy
convergence for all geometry optimization was set to be 1x107° eV.

For using Equation 4-4, we have to know the elastic modulus and Poisson’s ratio of
bulk SrB,0,. Elastic modulus and elastic constants for most pure metals are available
over a wide range of temperature in literature. In contrast, data for borate compounds are
much more limited. In particular, single crystal elastic modulus and elastic constants,
which are required in the basic studies of materials science, are not available except for a
few borate compounds. Efforts have been made to calculate the elastic constants

theoretically from so-called first principles calculations and, although the bulk modulus
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has been calculated for various materials, calculations of elastic constants for SrB,0,
have not been reported. Therefore, in literature, there is not any experimental or
calculational information about the elastic modulus of bulk SrB,0,4. This motivated us to
calculate all nine independent elastic constants and related properties of SrB,O,4 from first
principle electronic structure calculations by DFT. The nine independent elastic constants
of SrB,0, are given in Table 4.1. Young’s modulus and Poisson’s ratio of SrB,0,
calculated from its elastic constants are listed in Table 4.2. Because of the special
significance of the bulk modulus and shear modulus for technological and engineering

applications, we have also calculated these quantities from the elastic constants.

Table 4.1 The single crystal elastic constants (cij in GPa) for SrB,O,4 obtained from DFT
calculation.

Cij C11 C22 Cs3 Cas Css Ce6 C12 C13 C23

DFT (GPa) 1635 2388 604 179 194 695 637 479 235

Table 4.2 The bulk modulus, B, shear modulus, G, Young’s Modulus, E, and Poisson’s
ratio, v, for SrB,0O, obtained from the single crystal elastic constants.

DFT (GPa) 814 432 1101 0275
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Inputting all those calculated material-dependent parameters into Equation 4-4, we
predict Young’s modulus of the SrB,O4 nanorod with 80 nm in diameter is 147.0 £ 5.1
GPa. Our calculated Young’s modulus of the SrB,O4 nanorod is found to be in good
agreement with the one obtained from our experiment, which is 158.2 =+ 7.9 GPa.
However, comparing the experimental value of Young’s modulus of the SrB,0O,4 nanorod
with the calculated one shows a difference of 7%. One possible origin for the discrepancy
is that the SrB,Oy isotropic bulk modulus was very much smaller than that we currently
use a flat, extended surface slab to model the nanorod surfaces. For small nanorods, their
surfaces are highly curved and hence have a significant transverse stress (strain)
component. Thus, the curvature effect must also be properly addressed in an elaborated
model for small nanowires. It is worth mentioning that the Young’s modulus increases
with decreasing diameter of SrB,O4 nanorods because that the positive (tensile) surface
stress in SrB,0,4 nanorods would lead to a hardened Young’s modulus when reducing
nanowire diameters (the Young’s modulus of bulk SrB,0O, is 110.1 GPa as we calculated
in Table 4.2).

During measurements, some variation is inevitable. It can be contributed by various
players such as limits in the uniformity of the object being measured, operator
differences, and equipment. On the basis of elastic beam-bending theory, the elastic
modulus of SrB,O4 nanorods, E, can be calculated from Equation 4-2 and Equation 4-3.
The method to determine the slopes of the F-Z curves is one source of error in Equation

4-3. From Equations 4-2 and 4-4, the error can be brought into the calculation through the
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measurements of beam length, L, radius, r and diameter D. Therefore, the best way to
reduce this error is to improve the precision of the measured values of L, r and D. Instead
of FEI Quanta 200 Scanning Electron Microscope, we used the Zeiss Ultraplus Thermal
Field Emission Scanning Electron Microscope, which is a high vacuum, high resolution
scanning electron microscope. The resolution is 1.0 nm at voltage of 15 kV at working
distance of 2 mm with precision of £ 1% (relative). We measured L, r, and D by
comparing it to the linear scale bar. The scale bar is shown in the SEM image. With
consideration of the propagation of the uncertainty, a common approach established by S.

J. Kline and F. A. McClintock*” was used to calculate the error:
OR OR 941/2
=[(—w —W —W ...... +(—w 4-
[(8x1 )7+ ( ) ( ™ )7+ (8)(n )] (4-5)

Where: R- a function of a number of independent variables, X1, X2, X3, .., Xn
Wr - uncertainty of R
w; - uncertainty of component x;.

For the uncertainty of experimental E, plug Equation 4-2 into 4-5 by setting function

kL 4k L _ _ . )
T 1021 1924" variables k,= 364.4 + 24.9 N/m, L = 560.0 + 5.6 nm, r = 40.0 + 0.4
nm. Then,
4k”L3 P 4knL3 P 4knL3
4 4 2
AE =w, =[(MAkn)z+(MAL)2+(MAI‘)2]“2
akn oL or 26
’ 3*4k |2 4% 4k |3 (4-6)
4L
= AK ) 4 (200 ALY 4 (=2 TP Ap)212
(g 40 Clgges A+ g s A7)
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=6.3 GPa
The standard devation of E, is 4.8 GPa for five nanorods. The combination of both

sources of errors gives an uncertainty of E, =+/6.3* +4.8° = 7.9 GPa

For the uncertainty of simulated E,, plug Equation 4-4 into 4-5 by setting function,

2

R=E, =E, +§g(1— v)%, variables L = 560.0 £ 5.6 nm, D = 80.0 = 0.8 nm. In Table

4.2, Ep =110.1 GPa, v = 0.275, and g = 0.451 Pa/m. Then,

8 L* 8 *
0(E,+-9(1-v) —3) o(B,+-9(-v) 5
AE = w, =[( > D™ AL)? +( > D™ AD)??
oL oD 47)
— § _ & 2 § _ _3|—2 29172
= [( 90-V) ALY + (£ (L) 7~ AD)’]

=5.1 GPa
Therefore, the uncertainty of experimental E, is 7.9 GPa and the uncertainty of
simulated E, is 5.1 GPa.

Furthermore, experimentally synthesized nanowires are not defect-free in contrast to the
perfect isotropic beam studied using elastic beam-bending theory. To avoid sliding during
the bending tests, both ends of the nanorods, which bridged over the trench, were
clamped by electron beam induced deposition (EBID) of paraffin in SEM (FEI Quanta
200). The suspended SrB,O, nanorod can be treated as a double clamped beam.
However, the suspended SrB,0,4 nanorod could slightly slide during the bending tests.

This leads to the error in measuring the piezo position.
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All of these errors could have played a role in causing the measured results being
discrepant from the exact value. In order to improve the precision of the measured results,
we should eliminate experimental uncertainty in instrument calibration, fixing and
mounting of samples, measurement of nanowire diameter, and boundary and loading
conditions.

4.5 Conclusions

In summary, single crystalline strontium borate (SrB,0,4) nanorods were synthesized for
the first time via a sol-gel route at low temperature. The SrB,O,4 nanorods are transparent
from the ultraviolet to the visible regimes. AFM-based nanoscale three-point bending
tests were performed on individual SrB,O4 nanorods to probe their mechanical properties
and the average bending elastic modulus is 158.2 £ 7.9 GPa, exhibiting a significant
increase compared with bulk SrB,O,, other borate nanostructures and bulk borates. We
calculated the Young’s moduli of bulk SrB,0,4and SrB,0O,4 nanorods with consideration of
surface stress effect of nanorods by density functional theory (DFT). The simulated
results were found consistent with the experimental values. Hence, we proposed based on
our results that the tensile surface stress, which is an inherent material property, is
responsible for the observed higher Young’s modulus of those nanomaterials compared
to their bulk modulus. Since surface stress plays a very important role in determining
Young’s modulus of nanomaterials, it is reasonable to expect that the elastic properties of
nanomaterials could be engineered by altering the surface stress through rational control

of the adsorptions, charges, structure, and impurities in the surfaces.
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CHAPTERS
ZrB, nanorods: synthesis, structural, nanomechanical characterization

and calculation by DFT?

% Rui Li, Jianmin Lu, Andreas Heyden, Goutam Koley, and Xiaodong Li. To be
submitted.
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5.1 Introduction

Zirconium diboride (ZrB,) is a highly covalent refractory ceramic material with a
hexagonal crystal structure. ZrB; is an Ultra High Temperature Ceramic (UHTC) with a
melting point of 3246 °C. This along with its relatively low density of ~6.09 g/cm®
(measured density may be higher due to hafnium impurities) and good high temperature
strength makes it a candidate for high temperature aerospace applications such as
hypersonic flight or rocket propulsion systems.**%**2 In addition, ZrB, can be used in
nuclear area, such as fuel rod cladding, structural and flow mixing grids, instrumentation
tubes, and guide thimbles. The representative synthesis techniques include solid state
reactions between zirconium oxide and boric acid and hydrothermal method. ZrB, parts
are usually hot pressed (pressure applied to the heated powder) and then machined to
shape.*3!* Sintering of ZrB, is hindered by the material’s covalent nature and presence
of surface oxides which increase grain coarsening before densification during
sintering.™>° Pressureless sintering of ZrB, is possible with sintering additives such as
boron carbide and carbon which react with the surface oxides to increase the driving
force for sintering but mechanical properties are degraded compared to hot pressed
ZrB,.*" Additions of ~30 vol% SiC to ZrB; is often added to ZrB, to improve oxidation
resistance through SiC creating - a protective oxide layer - similar to aluminum’s
protective alumina layer. However, to the best of our knowledge, ZrB, nanostructures are

still absent in literature and their nanoscale-enabled properties are completely unknown.
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In our previous work, 1D nanostructures of magnesium borate, aluminum borate,
barium borate, and calcium borate have been successfully synthesized. These borate
nanostructures exhibit superior mechanical properties. However, the mechanical
properties of ZrB, are rarely reported. In this chapter, we investigated the synthesis,
structural, and mechanical characterization of ZrB, nanorods. Single crystalline ZrB,
nanorods were synthesized for the first time via a simple route at a relatively low
temperature of 800 °C. The X-ray diffraction (XRD) analysis revealed that the as-
synthesized nanorods have hexagonal phase of ZrB, (JCPDS file, No. 34-0423), with
lattice constants of a= 3.17, b= 3.17 and ¢ = 3.53 A, and space group of P6/mmm. The
high-resolution transmission electron microscopy (HRTEM) characterization showed that
individual ZrB, nanorods are single crystals with the growth direction along the [001]
orientation. AFM-based nanoindentation tests were performed directly on individual
nanorods to probe their mechanical properties. Furthermore, the Young’s modulus of
ZrB, nanorods was calculated with consideration of surface stress effect of nanorods by
density functional theory. This theoretical prediction agrees well with the experimental
results.

Such structural and mechanical information provides design guidelines for developing
ZrB, nanostructure-based nanodevices and nanocomposites, and lays a constitutive
foundation for modeling the nanostructures of ZrB, and other boride nanostructures.

5.2 Experimental

All chemicals used in our experiments were purchased and used without any further
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purification. Zirconium chloride (ZrCl;) was purchased from Alfa Aesar. Sodium
borohydride (NaBH;) and Sodium chloride (NaCl) were purchased from Sigma
Aldrich.

In a typical experiment, 1 mmol of ZrCl, and 2 mmol of NaBH,4 and 10 mmol NaCl
were mixed in agate mortar and ground by pestle at room temperature. The as-
prepared mixture were placed in an alumina boat and annealed at 800 °C for 1 h in Ar.
The black products were washed with distilled water and absolute ethanol three times,
respectively, and dried at room temperature.

The chemical process for synthesizing ZrB, nanorods can be described in the
following reaction:

ZrCly + 2NaBH,4 = ZrB, + 2NaCl + 2HCI1 + 3H,1 (5-1)

The crystal structure of the products was characterized by XRD (Rigaku DMax 2200
using Cu K, radiation). A few drops of ethanol solution containing the as-prepared
products were deposited onto copper grids for transmission electron microscopy (TEM,
Hitachi H-8000), and HRTEM (JEOL JEM 2010F) analyses. The solvent was then
vaporized under ambient conditions. The resulting product was collected for
characterization by scanning electron microscopy (SEM, Zeiss Ultra Plus FESEM).
Chemical compositions and oxidation states of the products were determined by X-ray
photoelectron spectroscopy (XPS, a Kratos Axis Ultra DLD instrument equipped with a
monochromated Al Ka x-ray source and hemispherical analyzer capable of an energy

resolution of 0.5 eV). Nanoindentation tests were performed directly on individual
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nanorods to probe their mechanical properties using AFM. To avoid sliding during the
bending tests, both ends of the nanorods, which bridged over the trench, were clamped by
electron beam induced deposition (EBID) of paraffin in SEM (FEI Quanta 200).1%%%
This carbonaceous material thin layer and the strong adhesion force between the nanorod
and the edges of the trench ensured the fully clamping of the both ends of the ZrB;
nanorod during the tests.

5.3 Calculation methods

Our first-principles calculations were performed using the density functional theory
implementation, VASP. "2 e used the projector augmented wave method and the
GGA-PW91 functional for exchange and correlation. We chose a kinetic energy cutoff of
600 eV to expand the electronic wave functions in the plane wave basis. The energy
convergence for all geometry optimization was set to be 1x107° eV.

ZrB, has the hexagonal AIB, structure (space group: P6/mmm) with experimental
lattice constants of a = b = 3.168 A and ¢ = 3.523 A. For ZrB, nanorods grown along the
[001] direction, (210) and (110) surface are their lateral facets. For the (210) surface
calculations, we have used a supercell with 6 layers (6 Zr atoms and 12 B atoms) and a
vacuum of 15 A, and employed a 17x15x1 k-point grid for all the subsequent
calculations. For the (110) surface calculations, we have used a supercell with 5 layers
(10 Zr atoms and 20 B atoms) and a vacuum of 15 A, and employed a 15x9x 1 k-point
grid for all the subsequent calculations. To examine the strain effect, we deformed both

surfaces by strains of ¢ in the range of [-0.02, 0.02] with an interval of 0.005.
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5.4 Results and discussion

Figure 5.1 shows a representative XRD pattern of the product synthesized via the
sol-gel method at 800 °C for 1 h. All the peaks can be readily indexed to the
hexagonal phase of ZrB, (JCPDS file, No. 34-0423), with lattice constants of a= 3.17,
b= 3.17 and ¢ = 3.53 A, and space group of P6/mmm. No impurity peaks were
observed, indicating high purity of the product. The SEM image of the product shown
in Figure 5.2a reveals that the product is composed of ZrB, nanorods with an average
diameter of 70 nm and length ranging from 1 to 3 um. The TEM image (Figure 5.2b)
shows that the ZrB, nanorods have very smooth surfaces and the average diameter
and length of the nanorod are consistent with the SEM results. The representative
HRTEM image and corresponding fast-Fourier transform pattern at the zone axis
jointly suggest that the synthesized ZrB, nanorods are single crystals with the growth
direction along the [001] orientation, which is consistent with the stronger diffraction
peak intensity of (001) in the XRD pattern in comparison with the standard XRD
pattern in Figure la. No defects such as dislocations and twins were found in
individual ZrB, nanorods. The measured distance between the lattice fringes for the

(001) planes is 0.35 nm, in good agreement with the XRD results.
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Figure 5.1 XRD pattern of the ZrB, nanorods and the corresponding JCPDS #34-0423
standard pattern.

Figure 5.2 (a) SEM image, (b) TEM image, (¢) HRTEM image and (d) corresponding
fast Fourier transform (FFT) pattern of ZrB, nanorods.
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Figure 5.3 XPS spectra of ZrB, nanorods. (a) Survey spectrum, (b) detailed spectra of
Zr 3d5/2, Zr 3d3/2 and B 1s core levels.

XPS analysis was carried out to further characterize chemical compositions of the ZrB,

nanorods (Figure 5.3). The binding energies were corrected by taking C 1s at 284.8 eV.
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The survey spectrum, as shown in Figure 5.3a, exhibits Zr 3d, B 1s and C 1s core levels,
and O Auger peak. In Figure 5.3b, the peaks at 182.1 eV and 184.6 eV in the curve can
be attributed to Zr 3ds;, and Zr 3ds, respectively. In Figure 5.3b, the peak at 188.5 eV
can be assigned to B 1s core level in boride. The XPS results for the ZrB, nanorods are in

good agreement with the reported values for bulk ZrB..

Nanoindenter

Figure 5.4 Schematic image of an EBID-fixed ZrB, nanorod in a nanoindentation test
with an AFM tip.
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Figure 5.5 (a) 3D AFM image of a nanoindentation impression made on a ZrB; nanorod.
(b) Representative nanoindentation load-displacement curve.
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Figure 5.4 is the schematic of nanoindentation on a nanorod fixed to a silicon substrate
by EBID method. Figure 5.5a reveals the representative three dimensional AFM image
of an indentation impression on one ZrB, nanorod. Figure 5.5b shows a representative
nanoindentation load-displacement curve of a ZrB, nanorod. Compared to bulk ZrB,, the
Young’s modulus of the ZrB, nanorods is decreased when decreasing their diameters in
Figure 5.6. Li and Bhushan studied that bending strength of silicon beams exhibits a clear
specimen size effect with nanoscale numbers being twice as large as numbers reported
for large-scale specimens.'®® Haque and Saif discovered that 1D Al and Au
nanostructures exhibit reduction in Young’s modulus.'*® Petrova et al. revealed a
decrease in Young’s modulus with decreasing size on gold nanowires.***'?° zns
nanobelts achieved 79% increase in hardness but 52% decrease in elastic modulus
compared to bulk ZnS.**® The decrease in hardness and elastic modulus of the ZrB,
nanorods could probably be attributed to their high surface-to-volume ratio. Unlike the
atoms locked in the lattice, surface atoms are less constrained, thereby making the ZrB,
nanorods easier to deform in the elastic regime, and consequently leading to a lower
hardness and a lower elastic modulus. It is still not clear regarding the mechanism that
controls the mechanical properties of the nanomaterials.

In this dissertation, we elucidate the size dependency of the elastic modulus of ZrB,
nanorods using the concept of surface stress. Surface stress is defined as the reversible

work per unit area required to elastically stretch a surface, while surface energy is the

84



reversible work per unit area required to create a surface.®® In Ref. 168 and 169, the
elastic modulus of a nanowire is proposed to be described in the following form:

L2

8
E, =By 00) G-

where, E, and Ey, are the elastic modulus of the nanorod and bulk materials, respectively,
L and D is the length and diameter of the nanorod, g is the surface stress, and v is
Poisson’s ratio. Thus, a positive (tensile) surface stress would lead to an increase in
elastic modulus with the decreasing nanowire diameters, while a negative (compressive)
surface stress would lead to a decrease in elastic modulus with the decreasing nanorod
diameters. The above relation has been shown to be valid for Ag, Pd, and ZnO
nanowires.'®® Our first-principles calculations for ZrB, nanorods were performed using
the VASP code.*"™ "2 We used the projector augmented wave method and the generalized
gradient approximation of Perdew and Wang'" for exchange and correlation. We chose a
kinetic energy cutoff of 600 eV to expand the electronic wave functions in the plane
wave basis. The energy convergence for all geometry optimization was set to be 1x10°

eV.
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Figure 5.6 Predicted size dependency and experimental data of the elastic modulus of
ZrB; nanorod.

In Figure 5.6, we plotted the calculated elastic modulus of ZrB, nanorods as a function
of their diameters. It is predicted that due to surface stress effect, the Young’s modulus of
ZrB; nanorods would be lower than the Young’s modulus of bulk ZrB, and decreases
with the decreasing diameters. Our theoretical predictions are consistent with our
experimental measurements. However, comparing the experimental value of Young’s
modulus of the ZrB, nanorod with the calculated one shows a difference of less than 10%.
One possible origin for the discrepancy is that their isotropic bulk modulus was very
much smaller than that we currently use a flat, extended surface slab to model the
nanorod surfaces. For small nanorods, their surfaces are highly curved and hence have a

significant transverse stress (strain) component. Thus, the curvature effect must also be
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properly addressed in an elaborated model for small nanorods. It is worth mentioning that
the Young’s modulus decreases with decreasing diameter of ZrB, nanorods because that
the negative (compressive) surface stress in ZrB, nanorods would lead to a softened
Young’s modulus when reducing nanowire diameters.

During measurements, some variation is inevitable. It can be contributed by various
players such as limits in the uniformity of the object being measured, operator
differences, and equipment. By first-principles DFT methods, the elastic modulus of ZrB,
nanorods, E, can be calculated from Equation 5-1, the error can be brought into the
calculation through the measurements of beam length, L, and diameter, D. Therefore, the
best way to reduce this error is to improve the precision of the measured values of L and
D. Instead of FEI Quanta 200 Scanning Electron Microscope, we used the Zeiss
Ultraplus Thermal Field Emission Scanning Electron Microscope, which is a high
vacuum, high resolution scanning electron microscope. The resolution is 1.0 nm at
voltage of 15 kV at working distance of 2 mm with precision of £ 1% (relative). We
measured L and D by comparing it to the linear scale bar. The scale bar is shown in the
SEM image. With consideration of the propagation of the uncertainty, a common
approach established by S. J. Kline and F. A. McClintock'’® was used to calculate the

error:
OR 2 OR 2 oR 279112
Wy, =[(—W,)" +(—W,)" +(—W,)" +...... +(—w 5-2
R [(8)(1 /) (ax2 2)" + (W) (axn )] (5-2)
Where: R- a function of a number of independent variables, X1, X2, X3, .., X,
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Wr - uncertainty of R
w; - uncertainty of component x;.

For the uncertainty of simulated E,, plug Equation 5-1 into 5-2 by setting function,

2

R=E, =E, +%g(1—v)§, variables L = 810.0 £ 8.1 nm, D is in the range of 60.0-

80.0 + 1% nm. E;, = 480 GPa, v = 0.132, and g = -0.127 Pa/m.*®® Then,

8 L2 8 L2
E a(Eb‘Fgg(l_V)F L ) a(Eb‘Fgg(l—V)F D 212
AE =w, = A + A
n =W =( AL )"+ ( D )]
8 2L 8 — 312
=[(gg(1—V)§)AL)2+(gg(1—V) D’ AD)?T"? (5-3)
1.73*107%
:T

D is in the range of 60.0-80.0 £ 1% nm, therefore, the percent uncertainty of Ej is ~ £3%.

In addition, experimentally synthesized nanowires are not defect-free in contrast to the
perfect isotropic beam studied using elastic beam-bending theory. To avoid sliding during
the bending tests, both ends of the nanorods, which were placed on the silicon wafer,
were clamped by electron beam induced deposition (EBID) of paraffin in SEM (FEI
Quanta 200). However, the clamped ZrB, nanorod could slightly slide during the
bending tests. This leads to the error in measuring the piezo position.

All of these errors could have played a role in causing the measured results being
discrepant from the exact value. In order to improve the precision of the measured results,

we should eliminate experimental uncertainty in instrument calibration, fixing and
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mounting of samples, measurement of nanowire diameter, and boundary and loading
conditions.
5.5 Conclusions

We investigated the synthesis and structural characterization of ZrB, nanorods. Single
crystalline ZrB, nanorods were synthesized for the first time via a simple route at a
relatively low temperature of 800 °C. The XRD analysis revealed that the as-synthesized
nanorods have hexagonal phase of ZrB,. Nanoindentation tests were performed on
individual ZrB, nanorods to probe their mechanical properties using AFM. Furthermore,
the Young’s modulus of ZrB, nanorods was calculated with consideration of surface
stress effect of nanorods by first-principles DFT method. It was found that the theoretical

prediction agrees well with the experimental results.
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CHAPTER G
Summary

This dissertation provided the synthesis, characterization and experimental studies on
1D boron-based nanomaterials. Below is the summary of four 1D boron-based
nanomaterials that have been studied.

Barium polyborate, BazBsO9(OH)s (BBOH), nanorods were synthesized for the first
time via a low temperature, organic-free hydrothermal route. These nanorods can be
easily transformed into B-BaB,04 (BBO) nanospindles through heat treatment at 810 °C
for 3 h. Both BBOH nanorods and BBO nanospindles are transparent from ultraviolet to
the visible regions.

Single crystalline strontium borate (SrB,0O,4) nanorods were synthesized for the first time
via a sol-gel route at low temperature. The SrB,O, nanorods are transparent from the
ultraviolet to the visible regimes. AFM-based nanoscale three-point bending tests were
performed on individual SrB,O, nanorods to probe their mechanical properties and the
average bending elastic modulus is 158.2 + 7.9 GPa, exhibiting a significant increase
compared with bulk SrB,0,, other borate nanostructures and bulk borates. We calculated
the Young’s moduli of bulk SrB,O4and SrB,O4 nanorods with consideration of surface

stress effect of nanorods by density functional theory (DFT). The simulated results
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were found consistent with the experimental values.

We investigated the synthesis and structural characterization of ZrB, nanorods. Single
crystalline ZrB, nanorods were synthesized for the first time via a simple route at a
relatively low temperature of 800 °C. The XRD analysis revealed that the as-synthesized
nanorods have hexagonal phase of ZrB,. Nanoindentation tests were performed on
individual ZrB, nanorods to probe their mechanical properties. Furthermore, the Young’s
modulus of ZrB, nanorods was calculated with consideration of surface stress effect of
nanorods by DFT. It was found that the theoretical prediction agrees well with the
experimental results.

Overall, the achievements presented here are only basic research on boron-based
nanomaterials. More reseach remains to be done in nanoscale mechanics studies to
investigate interesting properties of nanomaterials and explore the governing mechanism
through various ways. It is hoped that the findings and mechanisms presented in this
dissertation may provide the guidelines of rational design and applications of boron-
based nanomaterials, further miniaturization of MEMS/NEMS devices and

nanocomposites.
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CHAPTER 7
Directions of Future Research
The work presented in this dissertation focuses on the synthesis, characterization and
experimental studies on four kinds of 1D boron-based nanomaterials. But there are still
questions to be solved to fully discover the potential of boron-based nanomaterials.

1. The first step for doing nanomaterials research is to obtain the nanomaterials, in
other words, to synthesize the nanomaterials. One major challenge is the difficulty
to controllably synthesize the products in term of size, shape and composition.
Breakthroughs and proper controls are needed in sample growth process.

2. Another challenge is to reduce or eliminate the use or generation of hazardous
substances, which is one of the principles of Green Chemistry. Green chemistry is
increasingly seen as a powerful tool that researchers must use to evaluate the
environmental impact of nanotechnology.

3. Although some 1D boron-based nanomaterials have been successfully synthesized
and investigated, e.g. boron nanowires, there are still fresh lands for exploration on
other 1D boron-based nanomaterials. For example, magnesium diboride (MgB,)
becomes superconducting at 39 degrees Kelvin, one of the highest known transition

temperatures of any superconductor. What's more, its puzzling characteristics
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4.

include more than one superconducting energy gap. But the properties of nanoscale
MgB:; are still unknown and need to study.

Future research on 1D nanomaterials may direct to molecular scale modeling
approaches for predictions of size dependency.

Applications in industry of 1D boron-based nanomaterials would be developed,
such as, miniaturization of MEMS/NEMS devices, which are inherently small, thus
offering attractive characteristics such as reduced size, weight, and power
dissipation and improved speed and precision compared to their macroscopic

counterparts.
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