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ABSTRACT 

Energy Storage Capacity and Superconductivity of Nanosized Titanium 
Diboride, and Multifunctionality of Carbon-based Nanostructures: 

Development of Nano-engineered Solutions 

by 

Zhou Zhou 

“We are about to be able to build things that work on the smallest possible 
length scales, atom by atom, with the ultimate level of finesse… I may not live to see it, 
but, with your help, I am confident it will happen.”1 

— Dr. Richard E. Smalley 

Nanotechnology has risen into prominence since the discovery of the 

“buckyball” in 1985,2 due to the enhanced tunability and performance of 

nanomaterials.3 Keenly awaited, scalable and facile application of nanotechnology, 

however, remains challenging. In petroleum industry, for instance, implementation 

barriers in scalability, controllability, and profitability have been hindering the 

advancement of nanotechnology innovations. The potential of fine tuning material 

properties and creating novel solutions is yet to be realized.  

Industrial friendly, scalable synthesis of nanosized titanium diboride and 

multifunctional nanostructures are exploited in this thesis, to include chemical 

vapor deposition, liquid exfoliation and electrochemical deposition. State of the art 

characterization techniques reveal atomic level properties in physical structure and 

chemical composition. After iterative material development cycles, the performance 

of prototypes are evaluated experimentally and theoretically. 
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Lithium ion storage capacity and type II superconductivity are first time 

reported for nanosized titanium diboride. Remarkable theoretical capacity of 385.7 

mAh/g and superconductive critical temperature of 5.8 K are attributed to the 

dimensional confinement of the nanoscale. Titanium diboride nanoparticles exhibit 

remarkable charge storage capacity, demonstrating great potential for applications 

as lithium ion battery anode and supercapacitor material. Their high energy storage 

capacity together with their newly discovered superconductivity manifest the 

distinctive material characteristics induced by dimensional confinement.  

Looking beyond the enhancement of material properties offered by the 

nanoscale, the multifunctionality of nanostructures are explored. Impelled by the 

virtues of carbon nanotubes, multifunctional, nano-engineered prototypes are 

designed and fabricated, combining hydrophobicity, mechanical and chemical 

resistance. The multifunctionality of infiltrated carbon nanotubes appeal to various 

applications such as protective composite, hydrophobic coating and photocatalyst. 

Bridging the gap between academic research and industrial application, 

nano-engineering and design thinking approaches in this thesis develop 

nanostructures to solve explicit problems. Size confinement induced properties and 

innovative designs of nano-engineered structures are vital to convey the value of 

nanotechnology. The developed prototypes provide innovative solutions to various 

existing problems, including low durability of drilling tools, high friction in 

mechanical operations, critical environment energy storage and hazardous water 

waste. 
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Chapter 1 

 “There is plenty of room at the 
bottom.”4 – Dr. Richard P. Feynman 

1.1. Nanotechnology and innovations 

In his lecture to American Physical Society, Dr. Richard Feynman presented 

us “an invitation to enter a new field of physics” in 1959.4 At that time, he 

categorized “the problem of manipulating and controlling things in a small scale”4,5 

into 10 questions on writing technique, information storage, high resolution 

microscopy, biological system, miniaturization of computing and manufacturing, 

lubrication, micro-processing, atom rearrangement, and chemical synthesis.4 Since 

then, more than two decades it took, for nanotechnology to arrive at its booming era 

in late 80’s.6–8 Renowned discovery of buckminsterfullerene and various fullerenes 

by Nobel laureates Dr. Richard E. Smalley, Dr. Robert F. Curl, and Dr. Harold W. 

Kroto in 1985,2 sparked off the enthusiasm of nanoscience research. Soon after the 



 
2 

discovery of carbon nanotubes in 1991,9,10 same year, the first nanotechnology 

program was established by the National Scientific Fund in US.6 

1.2. Carbon based nano-materials  

1.2.1. One dimensional (1D) nanostructures  

1D material is considered to be lateral dimensions between 1-100 nm 

including nanowire, nanorods and nanotubes.11 They are suitable model for 

quantum confined physics research. Unique electrical and thermal transport, 

mechanical properties make 1D nanostructures promising candidates in 

applications such as electronics, optoelectronic and electromechanical devices.11 

Popular fabrication methods include templated deposition, self-assembly, 

lithography, chemical methods (e.g. chemical vapor deposition for carbon 

nanotubes) and their combinations.11,12 Using chemical method, nucleation and 

growth are the two main processes for the crystallization of 1D structures.11 The 

anisotropic in crystal structure and chemical bonding is the major driven force of 

one dimensional growth of the materials.11 Many 1D nanostructures have been 

explored for their potential in various applications. Besides the first discovered 

carbon nanotubes (CNTs), another remarkable example is TiO2 1D structures such 

as nanowires, nanorods and nanobelts,13 for their optic and electronic properties.14 

Potential applications of TiO2 1D nanostructures include solar cell, photocatalysis, 

ion-intercalation batteries and sensors.13,14 Other recent, more sophisticated 1D 

systems include Ni-Au multi-segmented nanowires for MRI enhancement;12 size-
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induced metal-semiconductor transition of Bi nanowires at 52 nm diameter 

reported by Z. Zhang from Dresselhaus group;15 and, GaN nanowires for high power 

and high temperature electronics.14 Si/SiGe 1D superlattice nanostructure 

demonstrates an interfacial phonon scattering, due to the high complexity of the 

structure, for thermal conductivity applications.16 The large bandgap around 3.37 

eV of ZnO nanorods is suitable for blue optoelectronics with UV laser, reported in 

1998 by Tang, et al.17 Single crystal SnO2 nanoribbon, functioning as room 

temperature (RT) photochemical NO2 sensor, is reported in 2002 by M. Law in P. 

Yang’s group.18 

1.2.2. Carbon nanotubes (CNTs) 

Carbon nanotubes (CNTs), first discovered in 1991 by Sumio Iijima of NEC 

Corporation,9,19 can be considered as rolled-up graphene sheet, inheriting the in-

plane physical properties of graphene with confined dimensions.10,20 1D spatial 

confinement leads to localized wavefunction and quantized conductance, 1D 

quantum wire.21 Their unique electron and phonon behaviors heavily rely on the 

structural variations: chirality, helicity and symmetry.10,21 Resulted conductivity, 

elasticity, mechanical strength, thermal conductivity, chemical functionality and 

theoretically predictability lead to versatile applications in various industries: 

semiconductors, conducting wires, enhancement filler, polymer reinforcements and 

nanocomposites. A thorough review of CNTs’ applications is published by Prof. 

Ajayan, discussing mechanical reinforcements in high performance composites, 

CNT-based field emitters, nanoprobes in metrology, templates for complex 
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nanostructures, with challenges in manufacturing, processing, and production 

cost.22 

1.2.3. Synthesis of CNTs 

Iijima proposed the first growth model of carbon nanotubes in 1992.23 Later, 

Richard Smalley group at Rice University improved the yield of high quality single 

wall carbon nanotubes (SWCNTs) to more than 70% using laser induced 

vaporization of carbon and Ni/Co mixture.24 During the formation of nanotubes, the 

pentagons and heptagons induces layered growth as reactive and nucleation sites, 

and can be used for future decoration and functionalization.23 Large-scale 

fabrication has also been achieved in early 90s’ reported by NEC corporation.25 

Early reported synthesis methods of both SWCNTs and multi-wall carbon nanotubes 

(MWCNTs) are commonly laser ablation and arc discharge.19 Since then, numerous 

synthesis approaches has been explored for both SWCNTs and MWCNTs.10,19–26 One 

of the most popular approach is chemical vapor deposition (CVD) which consists of 

transition metal catalysts nanoparticles (Fe, Ni, Co, Mo), carbon sources, and 

elevated temperature of 800 to 1000 ℃.27 In this thesis work, modified CVD 

involving water vapor in deposition process is employed to produce CNTs. 

Moreover, plasma enhanced chemical vapor deposition (PECVD) is reported to be a 

significant advancement in synthesis technique for aligned CNTs (A-CNTs), by 

reducing the deposition temperature.19 More comprehensive review on CVD 

methods is in following section 2.2. With the improving of synthesis and production, 
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CNTs have attracted increasing attention from researchers for its outstanding 

properties. 

1.2.4. Properties of CNTs 

Electronic properties of CNTs are dictated by the variation in diameter and 

charity, and confined 1D lattice structure.28 The tunable conductivity of CNTs, from 

metallic to semiconductive, through structural and dimensional adjustments, proves 

their great potential in nano-electronics and quantum wires.29 Traditional metal 

wires have significant disadvantage as nano-electronics, owing to the electro-

migration; while, MWCNTs can endure much higher current with current density 

ranging from 106 to 109 A/cm2.29 The high resistance to electro-migration is 

attributed to the stable sp2 bonds that dominate the CNTs hexagonal lattice. Both 

theoretical and experimental results indicate that only the outer shell of MWCNTs is 

conducting.29 The confined 1D morphology also creates unique vibrational 

properties. Phonon properties changes drastically with the tube diameter varying 

from SWCNTs to MWCNTs.30 Using Raman spectroscopy, the vibration mode of G-

band is a signature to distinguish the different structures and diameters of CNTs 

with different conductivity (metallic or semiconductive) and doping effect on charge 

transfer.31 SWCNTs have G-band located at 1590 cm-1 (G+), reflecting carbon atom 

vibrations along tube axis (LO phonon); and 1570 cm-1 (G-), reflecting carbon atom 

vibrations along circumferential direction (TO phonon).31 As a comparison, in 

MWCNTs, the large diameters and layers of tubes result in the G-band with a weak 

asymmetric peak around 1582 cm-1, corresponding to graphite frequency.31 The 
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mechanical and thermal properties of CNTs are fundamentally different from carbon 

fibers and graphite, due to the anisotropic thermal conduction reported in 90s.30 

Extremely high tensile strength is predicted for SWCNTs theoretically, up to 300 

GPa, with Young’s modulus of around 1 TPa, and yield strength of up to 120 Gpa.32,33 

Strength of SWCNTs is characterized based on their diameters and chirality; while, 

MWCNTs are more complicated, due to the structural complexity, sliding and inter 

layer forces.32 Common ways to measure the mechanical strength of CNTs include 

tensile measurement with SEM, tapping mode of AFM and deformation test using 

TEM.32 These research efforts demonstrate an average bending strength of around 

14 Gpa, and axial compressive strength of around100 Gpa, for MWCNTs.32 

Numerous chemical modifications can be performed on CNTs, via redox reactions, 

functionalization, filling and covalent bonding. Structurally, CNTs possess large 

outer wall surface area and hollow inner tube to host other molecules and 

functionalization groups, with largest elastic modulus among known materials.34 

1.2.5. Applications of CNTs 

Due to the above discussed outstanding electronical, thermal, and 

mechanical properties of CNTs,28–34 many potential applications of CNTs have been 

explored. One of the most appealing and investigated directions is nanotube 

composites.35 The reinforcement property of CNTs outperforms traditional carbon 

fibers, due to a fundamental structural difference. Carbon fibers are stiff, brittle and 

rigid; while, CNTs are elastic, flexible and easily deformed as necessary with much 

higher stiffness and tensile strength than carbon fiber.35 Challenges of nanotube 
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composites lie in interfacial slippage and massive production. However, with further 

advancement in fabrication technology, CNT composites can be applied to enhanced 

electrical conductive plastics, better performance of sports gadgets, aerospace and 

energy industry, as CNT reinforced elastomers or rubbers.35 Another extensively 

invested application potential is filtration membrane with CNTs for selective surface 

adsorption and nano-porous structure.36 Two major applications are distillation of 

petroleum oil against heavier hydrocarbon molecules; and water purification 

eliminating bacteria and viruses (e.g., Escherichia coli, Staphylococcus aureus, and 

poliovirus).36 Moreover, the filtration can be driven simply by gravity as reported.36 

Advantageously, CNT filtration membrane is reusable, unlike conventional filters 

such as cellulose nitrate or acetate membrane filters, for they can be easily cleaned 

via ultrasonication and autoclavage.36 CNT filters are also temperature stable, up to 

400 ℃, several folds higher than that of conventional polymer filters (~ 52 ℃).36 

Biosensors based on CNTs are reported with enhanced electrochemical reactivity 

and electro-transfer reactions of biomolecules and proteins.34 With proper 

functionalization and immobilization, CNTs can be applied as enzyme electrodes, 

oxidase biosensor, dehydrogenase biosensor, DNA sensor, etc.34 Due to the surface 

tension, CNTs can also act as removable templates for uniform construction of metal 

oxide@CNTs, by coating thin or even monolayer metal oxide atoms on individual 

CNT and filling oxides into the hollow tubes.37 Constructed metal oxides@CNTs 

nanostructures have better oxidation resistance and can serve in many purposes 

depending on the coated materials’ properties.37 Hydrophobicity is another 

important trait of CNTs, leading to applications of CNTs in hydrophobicity coatings 
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and devices. A superhydrophobic structure is reported combining vertically A-CNTs 

with hydrophobic polymer coating.38 The intrinsic hydrophobicity of CNTs and 

nanoscale surface roughness together create stable micro-level 

superhydrophobicity.38 Furthermore, various structures of CNTs are practical 

building blocks for nano-architectures. Nano-electronics such as diodes and 

transistors are benefited from CNTs’ current carrying capacity of more than 107 A 

cm-2.19 High thermal conductivity of CNTs are desirable for heat dissipation.19 Bulk 

bundles of CNTs are investigated for gas absorption, gas separation and catalyst 

support,19 and, NASA adventures the CNTs applications into space elevators, lighter 

yet sturdier aircrafts.27 

1.3. Titanium diboride  

1.3.1. From transition metal dichalcogenides to transition metal diborides 

Transition metal dichalcogenide (TMDC) monolayers, such as molybdenum 

disulfide and diselenide, tungsten disulfide and diselenide, have drawn heavy 

attentions from material scientists. However, there is one group of interesting 

materials that has been overlooked in the field of nanoscale research – transition 

metal diborides. Titanium diboride (TiB2), for example, is an industrial ultra-hard 

ceramic. Their outstanding mechanical and electrical properties include the high 

hardness, chemical resistance, oxidation resistance and high conductivity both 

thermally and electrically.39,40  By creating nanoscale structures of titanium boride 

compounds, we can extend these advantages to nanoscale devices and products, for 
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instance, ultra-thin protective coating for oil drilling tools, aircraft materials, 

durable electronics, and heterostructures incorporating other nanomaterials. In this 

thesis, the nanoscale titanium diboride compounds are proven to be a promising 

new direction of nanomaterial research. 

Boron rich ceramics have always been of interest to industrial research, since 

the 60s, for their remarkable mechanical performance, possible superconductivity 

and antiferromagnetism.41 Commonly appreciated are metal diborides, with crystal 

structures of hexagonal B atomic planes intercalated by close packed metal atom 

layers. Metal atoms donate electrons to B-B covalent bonds. Typical covalent bonds 

between B atoms observed in metal diborides have the same length of B-B single 

bond, varying between 1.7 to 1.8 Å. The metal-B bond is predominantly covalent, as 

well, confirmed by both theoretical calculation and experimental observation. 

Similar to many metal nitrides and carbides ceramic materials, borides have durable 

mechanical performance of high hardness, wear resistance and melting point, for 

applications in hard composites like crucibles, armors, and wear resistant coating.42 

Metal diborides also have high electronic conductivity, thus, considered to be 

potential diffusion barriers and nanowires in electronics. Based on these advantages 

of diborides materials, combining with previous knowledge on TMDCs, I therefore 

investigate the potentials of transition metal diborides, TiB2 in nanoscale. 

1.3.2. Lattice structure of TiB2 

TiB2 is an extremely hard ceramic material with remarkable room 

temperature hardness up to 25-35 GPa.43 It has hexagonal lattice structure, 
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belonging to space group P6/mmm as in Figure 1.1.44,45 Bulk TiB2 is reported with 

high thermal conductivity up to 60-120 W/mK, high electrical conductivity up to 105 

S/cm, and high melting point of 3225 ±20 ℃, according to National Institute of 

Standards and Technology (NIST).43 Furthermore, TiB2 has high oxidation and 

chemical corrosion resistance for protective purposes.44 

 

Figure 1.1 – Lattice structure of TiB2 consists of alternative Ti and B hexagonal 
layers. Similar to other AlB2 type transition metal diborides, TiB2 crystal is 

face centered with space group symmetry P6/mmm.43,46  

Lowest ground state occurs at (0001) surface according to density function 

theory (DFT) calculation, with two different surface terminations: Ti terminated or 

B terminated.45  
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Figure 1.2 – Schematic of two different TiB2 (0001) surfaces: (left) Ti-
terminated surface; and, (right) B-terminated surface. Atoms are color coded: 

Ti – black, B – grey.45 

Previously reported first-principle calculation indicate the lattice parameter 

a = b = 3.03 Å and c = 3.22 Å. Experimental measurements of atomic distance using 

transmission electron microscope (TEM), reported in my Master’s thesis, agrees 

with the calculated results. 

1.3.3. Synthesis of TiB2 

Current production of TiB2 suffering from difficulties in refinement, 

variations between procedures and batches. The inconsistency in manufacture, 

similar to many other ceramic materials, leads to microstructural dependence of 

physical properties, concerning grain size, density and morphology. Previous 

synthesis of TiB2, focusing on polycrystalline bulk formations, can be categorized 

into three ways, 

1.3.3.1. Sintering of TiB2 micro powders 

Due to the high melting point of TiB2, the sintering process naturally requires 

either high temperature, up to 2,000 °C under ambient pressure, or high pressure. 
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Sintering aids are commonly used such as Ni and Fe, for TiB2 is soluble in their 

liquid form, lowering the sintering temperature to about 1,500 °C. 

1.3.3.2. Physics vapor deposition (PVD) 

Including pulsed laser deposition (PLD) and magnetron sputtering, PVD is a 

widely adopted in both industry and academia to synthesis high energy barrier 

materials. 

1.3.3.3. Chemical vapor deposition (CVD) 

For CVD, frequently used reaction is the reduction of TiCl4 and BCl3 in gas 

phase (T. M. Besmann, el. Journal of Crystal Growth 31 (60-65), 1975): 

TiCl4 + BCl3 + H2 → TiB2 + HCl 

For this project, the focus of synthesis is to develop nanoscale titanium 

compound structures. Methods adopted are liquid exfoliation and CVD. 

1.3.4. TiB2 Properties  

The properties of polycrystalline TiB2, mentioned previously, highly depend 

on the microstructures. The elastic modulus is highly influenced by the density and 

composition of samples. The higher the mass fraction, the better elasticity TiB2 

sample provides, maximizing on 565 GPa at density of 4.5 g/cm3 under room 

temperature.  
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Similarly, the strength of poly-TiB2 is in strong correlation with grain size 

and density. Limited information has been published: when grain size is ~ 18 µm, 

the compression strength is 1.1 GPa at 3.8 g/cm3, increasing to 1.8 GPa at 4.5 g/cm3. 

With grain size of ~ 10 µm, the strength increases to 5.7 GPa at density of 4.51 

g/cm3. The significance of grain size on the mechanical properties of TiB2 also 

reflect on fracture toughness, which maximizes at ~ 6.2 MPa·m1/2 with grain size 

between 5 to 10 µm. 

Another crucial implication of mechanical performance is hardness, however, 

with TiB2, reported data seem to be scattering in a wide range, lack of correlation 

with grain size or density. The wear resistance is a vital merit of TiB2, but difficult to 

characterize. The complexity is caused by the variation of system designs and the 

interaction between TiB2 and oxygen in air. During ring-on-block tests, mass gain is 

observed with temperature over 600 °C, due to the oxidation reaction forming B2O3 

on the wear track. For high temperature applications, the specific heat of high 

quality TiB2 increases with temperature. 

Overall, the exquisite performance of TiB2 can be summarized as below, 

recreated from Munro, R. G. (2000). 
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Temperature (°C) 20 500 1000 1200 1500 2000 
Single Crystal Density (g/cm3) 4.500 4.449 4.389 4.363 4.322 4.248 

Single Crystal Lattice Parameter a (Å) 3.029 3.039 3.052 3.057 3.066 3.082 
Single Crystal Lattice Parameter c (Å) 3.229 3.244 3.262 3.269 3.281 3.303 

Bulk Modulus (GPa) 240 234 228 
   

Elastic Modulus (GPa) 565 550 534 
   

Compressive Strength (GPa) 1.8 
     

Wear Coefficient (10-3) 1.7 
     

Fracture Toughness (MPa·m1/2) 6.2 
     

Vickers Hardness @ 5N (GPa) 25 11 4.6 
   

Specific Heat (J/(Kg·K)) 617 1073 1182 1228 1291 1396 
Thermal Conductivity (W/(m·K)) 96 81 78.1 77.8 

  

Table 1.1 Crystal, mechanical and thermal features of polycrystalline TiB2 
with mass fraction higher than 98%, density of ~ 4.5 g/cm3 and grain size of ~ 

9 µm, at different temperature (recreated from Table 1, Munro, R. G. 2000). 

TiB2, for its unique properties and diverse applications, draws interest to the 

fabrication and characterization. However, there is no current standard procedure 

for high quality TiB2 production, leading to severe variation in chemical composition 

and performance of the products. Evidences presented above have confirmed the 

strong dependence of properties on microstructure. The motivation of my project, 

therefore, is to characterize the advantages of TiB2, investigating the development 

and synthesis in nanoscale for industrial applications. 
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Chapter 2 

Develop Solutions in Nanoscale – 
Material Synthesis and 

Characterization 

No different from the general methodology to develop solutions targeting 

specific problems, an effective, scientific method of adopting nanotechnology and 

designing nanomaterials is through the iteration of material synthesis and 

characterization to achieve desired properties. The non-linear nature of problem 

solving and design thinking approach requires the development of nanostructures 

evolving through a spiral path between synthesis, modification and 

characterization. This chapter describes in details the material development 

processes of nano-TiB2 and CNTs. 
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2.1. Titanium Diborides Nanostructures 

The design, synthesis and characterization of transition metal boride 

nanostructures is explored and developed, with comparison with nitrides, and 

sulfides. Synthesis methods are mainly bottom up deposition and top down 

exfoliation. 

Definitive procedures have been developed for TiB2 liquid exfoliation to 

achieve optimal quality and productivity. E-beam evaporation is employed as a 

substrate preparation method. I have designed and constructed a tube furnace as 

the primary apparatus for the chemical vapor deposition of titanium compound 

nanostructures. A series of substrates, precursors and deposition parameters are 

utilized to achieve various deposition products. 

2.1.1. Chemical vapor deposition of Ti compounds 

Chemical vapor deposition is a versatile and broadly applied synthesis 

method for compound nanostructures, with tremendous success in 2D layered 

materials. In this project, special designed chemical vapor deposition apparatus and 

optimized growth procedure are combined to achieve depositions of various 

titanium compound nanostructures. In my Master’s thesis, chemical vapor 

deposition results are presented with detailed characterizations, revealing the 

complex chemical compositions and intriguing 3D nanostructures. 

Based on the study of CVD synthesis of transition metal dichalcogenides, a 

tube furnace system has been assembled for titanium boride and nitride compound 
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film fabrication. Various compositions of films have been deposited on both Ti foil 

and silica wafer substrates. Major film components include titanium oxides, nitrides 

and borides. Oxygen is detected mainly on the film surface. 

For the gas phase chemical deposition to happen, designated elements 

including B and Ti are introduced into the heated chamber during synthesis via 

different means. Challenges include oxidation, and co-deposition of N and C with Ti.  

I have designed and constructed a standard tube furnace as apparatus with 

gas supply and exhaustion channels, temperature control unit and quartz tube as 

the reaction chamber. To better control the process, mass flow meter, oxygen filter 

and mechanical pumps are later added to the setup. 
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Figure 2.1 – Scheme of tube furnace setup and deposition procedure for Ti 
compound nanostructures. 

CVD approach for 2D nanomaterial fabrications has been extensively 

investigated from graphene to TMDs, such as (Mo/W)(S/Se)2, together with their 

heterostructures. This project takes advantage of this versatile chemical synthesis 

method, and further extends its capability to develop more complicated 

nanocomposites and 3D nanostructures. The achieved titanium compound 

nanostructures demonstrate the diversity and flexibility of CVD, in creating novel 

nanomaterials, not limited to single matter but with complex chemical 

compositions. 
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Previous reports on titanium diboride synthesis, including TiB2 micro-

powder sintering, PVD and CVD, have only achieved bulk production. In order to 

develop thin, nanoscale structures of titanium diboride and nitride compositions, 

CVD of titanium compounds is investigated in this project. 

 

2.1.1.1. Apparatus design and setup 

A CVD tube furnace has been set up for titanium compound nanostructure 

growth. The furnace design is illustrated in Figure 3. Components include furnace 

oven, temperature control unit, quartz tube, mounting racks, gas line tubing and 

coupling, mass flow meters, and oxygen filter. Gas supply consists of argon and 

hydrogen for oxygen reduction, protection and precursor carrier. 

The requirements for the boride and nitride of Ti metal include high enough 

temperature, proper carrier gas, and certain degree of vacuum. The high 

temperature is to vaporize ammonia borane, activate chemical reactions and assist 

the crystallization of titanium compounds. Protective gas also functions as carrier of 

vaporized precursor, ammonia borane, preventing oxidation. The vacuum is applied 

to remove oxygen from CVD system prior to deposition, as well as promote the 

reaction and crystallization of titanium compounds. 

Based on the above mentioned requirements, high temperature tube furnace 

with Ar/H2 gas supply and attachable vacuum pump is designed for titanium 

compound nanostructure synthesis. Quartz tube is connected with Ar gas input and 
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vacuum pump at either side. A pressure meter can be applied to the pump end to 

measure system pressure and gas flow. The temperature curves are programed and 

monitored by control unit. 

This system is designated to synthesize compound materials with solid 

precursors, commonly TMDs or borides (e.g., BN, transition metal/metal borides). 

Growth of carbon nanostructures, such as CNTs, graphene, normally requires 

additional carbon source supply. With this system design, a new furnace is built for 

the project to fabrication titanium compound nanostructures. Growth procedures 

are also specifically developed for this CVD system. 

2.1.1.2. Deposition procedure for titanium compound nanostructures 

Different substrates and precursors are explored to investigate the 

mechanism of CVD Ti compounds. Consequently, resulted nanostructures display 

diverse morphologies and physical properties. This section, I report detailed CVD 

procedures, catering to different substrates and reactions. 

 Titanium Foil Substrate 

CVD producing titanium compound nanostructures, proper chemical reaction 

is critical. Possibilities of different reactions include the hydrogen reduction of TiCl4 

together with BCl3 in gas phase; the replacement of oxygen with boron in TiO2; and, 

the boride of Ti metal directly under high temperature. Considering the accessibility 

and reactivity, I start with the strategy of boride Ti metal or TiO2 using high 

temperature CVD. The Ti metal, for this approach, is in the form of thin foil, acting as 
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both metal source and substrate. Boron atoms are provided by ammonia borane, a 

common boron precursor, for its low boiling point. Ti foils are prepared by thorough 

cleaning clean with acetone ultrasonication prior to use.  

With the expectation of boride Ti foil under high temperature, other 

byproducts are also possible, as the ammonia borane precursor containing both B 

and N atoms. Due to the presence of nitrogen, titanium nitride is highly possible to 

form on Ti foil as well. Besides, different ratios of borides are expected, not only TiB2 

but also TiB, Ti2B and TixBy with different degrees of defects. Moreover, owing to the 

tight bonding of B network and the metal electron donation, the film growth 

dynamics of titanium borides is naturally different from that of layered TMDs. For 

titanium compound CVD growth, 3D constructions are more realistic instead of 

layer formation. Therefore, the focus of Ti compound CVD is to develop novel 

nanoscale 3D configurations. 

 SiO2/Si Wafer Substrate 

Silica wafers as substrates for Ti compound CVD function in two ways: first, 

the pristine wafer provides deposition surface directly without surface treatment; 

second, wafer surface is e-beam evaporated with Ti nanoscale layer, and involves in 

the boride and nitride reactions, as well as, acts as substrate. Wafers are sectioned 

into centimeter square before use. 10-15 nm Ti layers are e-beam evaporated onto 

wafer surface prior to deposition. Due to the easy oxidation of Ti, the final film 

surface is mostly TiO2. 
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Ammonia borane, simplest molecular boron-nitrogen-hybrid compound, is 

commonly used to produce hBN monolayer, under CVD conditions.47 Owing to its 

easy vaporization and decomposition, ammonia borane can also work for the 

synthesis of titanium borides and nitrides complex nanostructures. 

During titanium compound growth, ammonia borane is vaporized close to 

the edge of heating zone. The decomposition temperature of ammonia borane is 

about 110 °C.48 Carrier gas Ar/H2 brings ammonia borane vapor into heating zone 

for the reaction and deposition. To remove air and oxygen in CVD chamber, Ar/H2 

mixture is passed through quartz tube for 30 min before deposition. The commonly 

used temperature for hBN deposition is 1000 °C. The reaction occurred with 

titanium is expected to be the substitution of O with B or N. 

Referring to previous established CVD process for BN growth, 1000 °C is 

chosen to be the reaction temperature. The vacuum is kept at 9×10-2 torr to remove 

contamination from air. Ar/H2 is used as protective gas. Deposition runs for 20 min 

for complete reaction. 

Resulted structures vary with deposition conditions and parameters. 3D 

nanostructures with complex chemical profiles include oxides, nitrides and borides 

are achieved using this procedure. 

Different CVD procedures are conducted with different substrates and 

parameters. To achieve deposition on silica wafer for convenient detection and 

characterization, I examined the possibility to sublime Ti powder and deposit onto 

wafer surface together with boron atoms from gas source. The temperature used is 
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1000 °C. Boron supply is carried with Ar/H2 protective gas, and the reaction is kept 

for 40 min to compensate the limited Ti and B input. 

Varying the pressure and precursor gas concentration can produce different 

film compositions and surface morphologies. Another approach reduces chamber 

pressure to 10-1 torr to compare with previous results from 9×10-1 and 9×10-2 torr. 

Practically, higher chamber pressure implies larger carrier gas flow. The deposition 

is conducted on both Ti foil and SiO2 wafer under 1000 °C for 20 min. 

Several CVD trails are conducted on Ti foil substrates and Ti powder covered 

SiO2 wafers. The growth on Ti foils results in column-like nanostructure. However, 

due to the high melting point of Ti metal, it is problematic to vaporize and deposit Ti 

atoms directly. Therefore, I deposit 10-15 nm Ti layer on SiO2 wafer surface prior to 

deposition, via e-beam evaporation, to realize Ti compound growth on wafer 

surface. 

Certain Ti compound CVD trials suffer from the lack of crystallization. For 

this reason, I heat the Ti foil substrates at 1000 °C for 30 min before CVD growth. 

Meanwhile, I increase the deposition time to 30 min for extended boride reaction. 

Two different substrates are utilized, Ti foil and 10 nm Ti e-beam evaporated wafer. 

Results demonstrate higher boron deposition and Ti substrates are well crystallized. 

The chemical states of deposited boron are confirmed with further characterization. 

As comparison, Ti coated wafers are utilized with the same procedure. 

Similarly, the substrate was pre-heated at 1000 °C for 30 min. However, there's 

neither crystallization nor significant deposition observed on the wafers. This result 
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attributes to the weak signal of 10 nm of Ti for energy dispersive X-ray spectroscopy 

(EDS) detection.  

In addition to EDS, several physical characterizations are conducted on CVD 

titanium compound nanostructures. The (X-ray diffraction) XRD spectroscopy of 

various samples determines the crystal structures of deposited films. To further 

understand the chemical compositions, depth profile (X-ray photoelectron 

spectroscopy) XPS is performed on both Ti foil and Ti@SiO2 substrates; revealing 

the compositional change layer by layer. More analysis techniques include 

(transmission electronic microscopy) TEM, (scanning electronic microscopy) SEM, 

Raman spectroscopy and optical microscopy, commonly applied to nanostructure 

characterizations.  

During the development and optimization of CVD procedures for titanium 

compound nanostructures, the final products’ sensitivity and dependence to 

deposition conditions and parameters draw my attention. Slight alternation in gas 

flow rate, deposition duration, pressure fluctuation and temperature profile leads to 

drastic variation in deposited nanostructures. Constant updating and improving the 

apparatus setup, I have been able to advance the CVD results, reducing oxygen 

contamination. Optimized CVD procedure using updated furnace produces majorly 

TiN. Other complex compounds contain oxygen, boron and carbon. The primary 

adjustments on current furnace system are increased chamber pressure from 

previous 1 torr to ambient pressure, and added oxygen filter along with flow rate 

controllers. 
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In summary, the CVD procedure of titanium compound nanostructures: 

 Substrates: Ti foil; Ti e-beamed SiO2/Si wafer (Ti@SiO2); pristine wafer 

 Precursor: vaporized ammonia borane 

 Temperature: 1000 °C 

 Pressure: ambient pressure 

 Protective gas: Ar/H2 mixture 

 Deposition time: 30 min 

2.1.1.3. Characterization of titanium compound nanostructures and 

compositions  

Various surface morphology and nanostructures are achieved with CVD on 

different substrates listed above. 

 Ti foil substrate 

The optical microscopy images demonstrate a significant surface change 

before and after. Pristine Ti foil is bright silver color with polishing lines on surface. 

The coating is in dark grey or brown with white particles on top. The deposition 

appears to be uniform in quality and majorly composed with TiN and TiB2, which 

will be discussed in following sections. The nanostructure is revealed with SEM. 

Sample surface consists of columnar structures and particles. The columnar 

nanostructures have the diameter of ~ 150 nm, and confirm the crystallization of 
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the deposition. Different synthesis results are achieved on Ti foils, another growth 

mechanism occurs with limited ammonia borane supply. The optical image shows a 

slight alternation on foil surface with dark grey color. The back side, which had less 

ammonia borane exposure, of the film displays a crystalline structure. The 

smoothness of the coating depends on the surface structure of Ti foil. Nanoscale 

surface morphology is verified with SEM images showing column-like 

nanostructures assembles the deposition with excessive ammonia borane supply. 

However, the crystallization is not as comprehensive. According to the EDX 

spectrum, the elements contained in the film are mostly Ti, N and B, with an atomic 

concentration of 33.92 %, 17.38 % and 48.70 %. An amorphous deposition results in 

yellowish brown color coating, dislike previous crystalized growth. The coating is 

with clear grain boundary, which contains majorly TiN and BN as the amorphous 

cluster structures. Besides columnar nanostructures, some depositions result in 

cauliflower shape clusters, indicating amorphous growth. SEM images exhibit 

different surface morphology, compared to fabrications under low pressure. With 

ambient pressure system, the coating consists of polyhedron grains, instead of 

columnar or amorphous nanostructure presented above. Another batch of 

deposition with similar conditions, as a contrast, has the result quite different. This 

film contains more oxygen, displaying a dark grey color. The grain morphology is 

also different. The atomic concentrations are listed: 

B: 25%; N: 0%; O: 41%; and, Ti: 34%. 
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A thin film of titanium nitride can appear to be purple with limited mixture of 

oxygen and other elements. The color may vary from dark grey, gold to bright 

purple, depending on the actual composition of TiNx. Depositions featuring low 

oxides and high nitrides compositions, display bright purple color, the typical 

appearance of TiN coatings. Under the similar conditions, different deposition can 

occur on Ti foils.  An even coating is achieved with ammonia borane precursor, 

ambient pressure and 1,000 °C deposition temperature. The EDS results 

demonstrate 13 at.% boron, 15 at.% carbon, 14 at.% nitrogen and 27 at.% oxygen 

with 32 at.% titanium, a complex titanium compound nanostructure. 

On Ti foil substrate, crystallization is achieved. At 1,000 °C, with ammonia 

borane vapor, nanoclusters seed and grow on the boundary lines of substrate 

grains. 

With abundant ammonia borane precursor and low chamber pressure, the 

deposited coating contains 17% TiN, 20% BN, 31% TiB and 32% TiO0.48. Residual 

oxygen in furnace tube after vacuum results in some uncompleted oxidation of 

titanium. Structural analysis with XRD reveals the group space of fm3m, for both 

TiN and TiB, a cubic lattice structure. The lattice parameters are 4.27 Å and 4.261 Å 

respectively. 

To further understand the deposition with different conditions, a better 

controlled ammonia borane source is provided. The XRD analysis proves that oxides 

are still the main component, but more TiN is detected at 11.6 %. Increase in TiN is 

also observed with XPS spectrum. 
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Due to the easy oxidation nature of Ti, Ti foil substrate is covered with 

titanium oxide layer prior to deposition. During CVD process, nitrogen atoms 

substitute oxygen atoms on the substrate surface indicating nitride reaction 

requires lower chemical energy than boride reaction. 

With a restricted precursor gas supply, Ti foil substrates, at 1,000 °C CVD 

experience a complicated reaction process, resulting in more complex chemical 

formation after deposition. The XRD spectrum exhibits a significant broadening, 

meaning the deposition contains a large amount of small grains. With restricted 

ammonia borane vapor, oxygen concentration is increased, which is expected and 

also agreed by XPS results. 

The higher percentage of oxides in this deposition with limited ammonia 

borane precursor further proves that the nitride and boride growth is the reaction 

of replacing oxygen with nitrogen and boron on Ti foil surface. When the boron and 

nitrogen supply is reduced, the Ti foil substrate contains mostly oxides. 

 E-beam evaporation coated wafer substrate Ti@SiO2 

10-15 nm Ti layer is e-beam evaporated onto SiO2/Si wafer for this set of 

deposition. CVD procedure used is the same as described in “Apparatus Setup”. 

Same as with Ti foil substrate, various depositions are achieved with slightly altered 

parameters and uncertainty of CVD process. Unique nanoscale crystalline is 

developed for in depth characterization. The compositions are, similarly, with 

multiple constituents of oxides, nitrides to borides. 3D nanostructures are as well 

the primary deposition results obtained on Ti@SiO2 substrates. 
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1. Nano-rods and particles 

With Ti@SiO2 substrate, one synthesis result is in forms of nanoparticles and 

nanorods surrounding defects on the substrate. The deposition is uniform and 

evenly distributed with nanoscale size. 

The chemical composition of deposited nanostructures is revealed by EDS. 

According to the atomic percentage, relatively high concentration of boron is 

detected. Nitrogen signal is not significant and about 12-15 at. % carbon is detected. 

2. Nano-Stars 

Another deposition structure on Ti@SiO2 wafer substrate is star-shaped 

nanoparticles with spike structures are observed. The star flakes are with size of 

hundreds nanometers, and the spikes are about 100 nm in length. The star 

nanoparticles are evenly distributed over the wafer surface, and the structure 

pattern indicates distinct crystallization. Previous experience implies that this kind 

of star nanostructures can be a result of crystallization defects during growth 

The majority EDS signal is picked up from the SiO2 wafer. Before CVD, the 

Ti@SiO2 substrate exhibits 73.5 at.% Si, 25.5 at.% O, and only 1 at.% Ti, due to the 

limited thickness of Ti coating (10-15 nm). 

After CVD growth, the EDS on the star flakes have an increased Ti signal of 

4.5 at. %. The oxygen increases to 28.77 at. % and Si decreases to 66.77 at. %. The 

intensification of both Ti and O signals implies that the nano-star structures are 
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probably titanium oxides. The oxidation surface layer of the wafer potentially 

releases oxygen atoms reacting with the coated Ti layer. 

 Pristine Wafer Substrate 

On clean wafer substrate, pristine SiO2/Si wafer with oxidization layer of 285 

nm, deposition results in amorphous clusters of BN composition. Different CVD 

processes are explored, to obtain deposition on silica wafer for easier detection and 

characterization. The temperature used is 1000 °C. Differently, low level boron 

supply is carried with Ar/H2 protective gas, and the reaction is running for 40 min 

to compensate the low Ti and B input. 

The optical images express little deposition on the wafer surface. Ti powder 

is not proved to be sublimed at 1000 °C. Under the e-beam of SEM, the sample 

exhibits poor conductivity. A thin, homogeneous film is detected, with amorphous 

configuration 

To understand the chemical composition of this amorphous deposition, XPS 

is conducted. The film consists of mostly BN. No trace of Ti is detected, indicating 

that the sublimation of Ti requires higher energy. The N1s binding energy is 398.5 

eV, and B1s is 191 eV which agrees with the chemical binding observed in BN. The 

carbon component has a peak at 285 eV, corresponding to adventitious carbon. 

As additional evidence of BN, the atomic concentration table demonstrates a 

1:1 atomic ratio of B and N. C and O concentration is relatively low. As a conclusion, 

the rather limited deposition on pristine wafer surface is basically amorphous BN. 
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The XPS conducted on the film surface displays complex spectrum with 

difficulties in confirming the accurate compositions for the overlap range of binding 

energy of different compounds. Besides, there’s no established XPS data on the main 

peak of Ti 2p1/2 in TiB2. 

The films are also observed to experience oxidation once exiting the furnace 

chamber, leaving Ar/H2 gas protection. Visually, the film surface turns grey from 

black in a few hours after the synthesis. Comparison between EDS and XPS confirms 

the presence of oxygen at the very surface due to this post-deposition oxidation. 

To further confirm whether the oxidation occurs during or after synthesis, 

XPS with surface etching is utilized to reveal the components beneath the top layer 

of the deposited coatings.  

2.1.1.4. TiN Nanostructures synthesized with chemical vapor deposition 

After optimizing the CVD furnace settings, most depositions result in TiN 

containing nanostructures. The depositions retain the diversity in morphology and 

compositions. Following discussed characterizations and analysis reveals 

interesting physics of the formation of TiN nanostructures. 

SEM images of synthesized 3D nanostructures on different substrates exhibit 

very different morphologies. Two different morphologies are observed on titanium 

foil substrates. Both substrates support uniform depositions, with varied surface 

structures. XPS analysis revealed the chemical compositions indicating a 1:1 Ti to N 

atomic ratio.  
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Improved furnaces generate more constant growth results. The XPS analysis 

confirms that current deposition condition favorites the reaction for TiN 

nanostructure formation. There is no typical synthesis methods reported in 

fabricating high quality, uniform, nanosized TiB2, for the special material properties. 

Detailed description of experimental setup and procedures are presented in 

previous work of my master. 

2.1.2. Liquid exfoliation of TiB2 nanostructures 

Liquid exfoliation is to create nanoscale TiB2 and TiS2. First attempts use 

strong acid on TiB2 microsized particles, which leads to partial size reduction with 

smaller 3D particles. Second approach involves matching the surface tension of the 

solution (IPA/water mixture) with the materials to be exfoliated. This IPA/water 

exfoliation results in a better efficiency. Atomic images are obtained at the thin area 

of exfoliated TiB2 and TiS2 particles, which confirms the hexagonal lattice structure 

and the lattice parameter of about 3 Å. 

The exfoliation of TiB2 is challenging due to the strong network formed by 

covalent bonds between B atoms. Though it has hexagonal layer lattice pattern as 

most 2D TMDs, the interlayer binding is however strong. Lattice parameter is ~ 3 Å 

for a, b and c, which indicates the tight bonding between atoms. No previous report 

is found on the exfoliation of TiB2, and it is confirmed that TiB2 is stable in 

hydrofluoric acid (HF). One possible approach to destruct the strong covalent bonds 

is ultrasonication with strong corrosive acid. Another strategy is to use organic 

solvent with matching surface tension. Different exfoliation solution formulas have 
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been tested. With water/IPA mixture solution, the suspension extracted after 

centrifuge is more stable over time with less sediment. Due to the strong bindings 

within TiB2 crystal, 4 hr sonication results in sub-micron size particles.  

2.1.2.1. Acid exfoliation of TiB2 

Methanesulfonic acid (MsOH or MSA) is a clear strong acid with the chemical 

composition of CH3SO3H. It has PH < 1, yet relatively safe to operate, for its non-

volatile and stability at room temperature. It has been previously utilized to 

exfoliate hBN in large scale.49 As the first step, I disperse TiB2 micro-particles in MSA 

at the concentration of 1 mg/ml. The mixture is observed to be stable with a 

uniform dispersion. The TiB2 particles merged in the MSA overnight confirmed the 

stability of the mixture. 

TiB2 particles with the average size of tens of microns are ultrasonicated in 

MSA for 8 hrs at the concentration of 2 mg/ml. The mixture is then centrifuged and 

filtered to harvest the exfoliated particles. Exfoliated TiB2 stays suspended in MSA 

after ultrasonication for one week, a light brown color remaining in the liquid. After 

centrifuge at 3,000 rpm for 30 min and filtration with 200 nm membrane, the MSA 

liquid becomes clear. Majority of the MSA is removed after centrifuge and initial 

filtration. Gathered TiB2 nanoparticles are filter washed with ethanol. 

2.1.2.2. Organic solvent exfoliation of TiB2 

Formulations of organic exfoliation solvents are chosen based on the surface 

tension calculations. Instead of simply matching the total surface tension, 
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formulations used here take the surface tension components in to consideration, 

achieving higher efficiency. Agreeing to the lattice structures and physical 

properties, the calculation conducted by Dr. Jianfeng Shen’s group indicates that 

TiB2 behaves similar to hBN, comparing with TiS2 to MoS2 in terms of liquid 

exfoliation. With more accurate matching, the surface tension components approach 

offers acute liquid exfoliation procedures and results. Commonly used organic 

exfoliation solvents, such as n-methyl-2-pyrrolidone (C5H9NO or NMP) and 

dimethylformamide ((CH3)2NC(O)H or DMF), have high toxicity and high vapor 

points. Instead, adjusting the ratio between water and solvents, like isopropyl 

alcohol ((CH3)2CHOH or IPA), tetrahydrofuran ((CH2)4O or THF) and acetonitrile 

(CH3CN or ACN), with lower vapor points achieves proper surface tension at higher 

efficiency and safer operation. Under the guide of surface tension components 

calculation, several solvent formulations are examined. The best ratios are 

confirmed to be 2 to 8 vol. IPA to water for TiB2. Well formulated solvents reduce 

the ultrasonication duration to 3-4 hrs, which is followed by centrifuge at 3,000 rpm 

for 30-40 min. 

With organic solvent exfoliation, results on TiB2 are improved, compared to 

acid exfoliation. The strong atomic force still dictates the exfoliation performance, 

leading to nanoscale 3D particles, instead of layered separation. High carbon 

concentration is detected using EDS, which is commonly observed in liquid 

exfoliation, as organic molecules adsorbed onto the particle surface. And, the similar 

atomic number and signal overlay of boron and carbon in EDS leads to trace boron 

detection. The particles remained after exfoliation and centrifugal have the size of 
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less than 1 µm, which indicates this IPA/water solution effectively decreases the 

TiB2 particle size into nanometer scale. The high efficiency of IPA/water exfoliation, 

compared to the acid exfoliation, is confirmed by reduced energy requirement: only 

4 hrs of ultrasonication is applied, whereas, 8 hrs of acid exfoliation provides less 

effective particle size break down. 

2.1.3. Characterization of TiB2 nanostructure  

Material characterizations are essential for nano-engineering and material 

design, to provide feedback and optimize synthesis procedure. After several 

iterations with basic characterizations, material is then to be tested for application 

and prototype purposes. Physical and chemical characterizations of nano-TiB2 

reveal complex properties and compositions. Following discussion focuses on the 

characterization and comparison of in house exfoliated nano-TiB2 and 

commercialized TiB2 nanoparticles.  

2.1.3.1. Exfoliated versus pristine nano-TiB2 

The exfoliated TiB2 nanoparticles are relatively uniform in size and shape. 

Commercial TiB2 nanoparticles are tested for easier scaling up. Characterizations 

indicates a complex material composition similar to in-house fabricated samples 

consisting of titanium borides, nitrides and oxides. Due to the high hardness and 

chemical stability, TiB2 nanoparticles have great potential as composite fillers for 

various purposes, including lubrication and hardness enhancement.  
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SEM comparison of in house exfoliated nanoparticles and pristine nano-TiB2 

from vender is demonstrated in Figure 2.2. The size distribution is better in 

commercialized ones however with less controllable compositions. 

 

Figure 2.2 – (A) pristine nano-TiB2 particles with sub-hundred nanometer size 
distribution around 58 nm. (b) In-house exfoliated nano-TiB2 using IPA/H2O 

solution and ultra-sonication. 

2.1.3.2. Characterization of pristine nano-TiB2 

EDS reveals the complexity of the compositions within the nanoparticles, 

much more than simply TiB2, possible contents including amorphous B2O3, BN, TiN 

and TiO2. 

A B 
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Figure 2.3 – (A) area and (B) spot spectrum of pristine nano-TiB2 revealing the 
ratio of Ti, B, N and O. 

High oxyegn content is attributed to surface oxidation and absorption. XPS, 

demonstrated in Figure 2.4, however indicates a more sensible ratio of Ti and B. of 

1:2. 
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Figure 2.4 – XPS of pristine nano TiB2 shows a high oxygen percentage, and 
Ti:B = 1:2.  

The atomic concentration of oxygen increased by 35.7% than EDS, indicating 

the oxidation is concentrated on surface. Nitrogen remains the same. The possibility 

of amorphous boron oxides on surface agrees with the amorphous shell structure 

observed with TEM. 

By analyzing the peak position, one can deduct possible compositions. 
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Figure 2.5 – High resolution XPS, detecting binding energy of each element (A-
Ti, B-B, C-N, D-O) in TiB2 nano-powder sample, implies complex compositions 

of pristine nano-TiB2 

The peak positions of different elements in TiB2, illustrated in Figure 2.5, 

discloses the binding energy for each component The carbon binding energy at 

284.3 eV corresponds to typical adventitious carbon, commonly used as a reference 

for peak analysis. 

Ti 2p1 peak at 464.1 eV is in the range of TiO2 binding energy; Ti 2p3 peaks 

at 458.2 eV and 453.8 eV are corresponding to TiO2 and Ti bonds. According to the 

NIST library, Ti binding energy in TiB2 should be 454.4 eV, which is not obviously 

discovered in the spectrum. The reason could be that the peak is weak and 

overlapped with 453.8 eV peak. Moreover, there is only one citation available for Ti 
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peak in TiB2 which is due to the limited research on this material. The data listed 

may not be the best reliable source.  

The B 1s peaks have 3 positions including 191.9 eV, 189.4 eV and 186.8 eV. 

The 191.9 eV peak can be from BN or B2O3. 189.4 eV peak is close to binding energy 

of B6O. The 186.8 eV peak is in the range of pure B chemical bond. The NIST 

database provides B binding energy in TiB2 at 187.5 eV, which is also not recognized 

in the XPS spectrum. 

The binding energy of N 1s also depicts 2 peaks in the spectrum, at 401.1 eV 

and 397.2 eV. 397.2 eV is a typical TiN peak; and, the weak peak at 401.1 eV could be 

due to some boron nitride (BxNy) compound contamination. The N peak indicates 

there is a small amount of TiN in TiB2 powders. 

Oxygen 1s peak expresses a severe broadening as seen in the last spectrum 

of Figure 4, centered at 531.3 eV. The binding energy is within the range of TiO2 

bonds. The broadening could be a result of the existence of different Ti oxidation 

states. 

The XPS results of purchased nano-TiB2 powder indicate a complex mixture 

of TiB2, TiN and TiO2, etc. 

Dynamic light scattering (DLS) is used to investigate the size distribution 

shown in Figure 2.6. Due to the hydrodynamic nature of the testing, resulted particle 

size is a reflection of the particles interaction with incident light in solution, which is 
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different from the physical size measured via SEM and TEM. The advantage of using 

DLS is that it reveals the distribution width of the particle size in large quantity. 

 

Figure 2.6 – DLS indicates a narrow distribution of nanoparticle size. The 
hydrodynamic diameter of nano-TiB2 is averaged to be 350 nm over 3 trials, 

different from actually physical diameter of particles  

TEM provides information on lattice parameter, surface atomic arrangement 

and particle size of the nano-TiB2, shown in Figure 2.7. 
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Figure 2.7 – TEM of pristine TiB2 nanoparticles, measured particle size ~50 
nm, amorphous surface layer could be B2O3 

Nanoparticles with size of 50 nm are observed. An amorphous surface layer 

could be amorphous B2O3 or partially oxidized TiBxOy compounds. 

TEM also reveals the polycrystalline nature of the particles as in Figure 2.8. 
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Figure 2.8 – TEM shows polycrystallinity of pristine nano-TiB2 particles  

It remains a challenge to obtain high quality single crystal TiB2 even at 

nanoscale for the easy oxidation nature and difficulty in synthesis. 

Powder XRD is used to investigate the possible crystallization structure of 

the complex composition, presented in Figure 2.9. With limited resolution and small 

polycrystalline grain, diffraction pattern shows different stages of borides and 

oxides of the particles. The sample depicts hexagonal crystal structure with space 

group of P6/mmm (No. 191). The lattice parameter is a, b, c = 3.03, 3.03, 3.23 A. 
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Figure 2.9 – Powder XRD shows complex boride and oxide compound 

Challenges with identify the exact crystalline composition are stem from the 

high complexity of the sample, the unreported different degrees of borides and 

oxides, and the mixture of different compounds at various concentrations. 

Combining the characterization observation above, pristine nano-TiB2 is complex, 

polycrystalline nanoparticles containing various titanium borides and oxides 

compounds, with surface oxidation. 

2.1.3.3. Characterization comparing microsized and nanosized TiB2 

Size and dimention confinement introduces remarkable differences in 

physical and chemical properties, while maintain certain mechanical and chemical 

characters of material. 
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SEM and EDS in Figure 2.10 shows microsized particles provide similar 

content in terms of atomic percentage of each element. This consistency is desirable 

as size reduction doesn’t change the chemical compositions. Hence the following 

discussed performance enhancement with nanoparticles is predominantly induced 

by dimensional confinement. 

 

Figure 2.10 – EDS with microsized TiB2. Chemical composition is consistent 
from microparticles to nanoparticles 

Multi-Point Brunauer-Emmett-Teller (BET) surface area analysis listed in 

Table 2.1 reveals the increased surface ratio in nanosized samples conceptually. The 

nanoparticles tend to aggregate, and the gas absorption and release can be affected 

by various external factors such as humidity and temperature. 
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Table 2.1 – BET shows increased surface ratio of nano-TiB2 smaples 

TiB2 nanoparticles show much higher surface ratio, despite the dramatical 

variation between measurements caused by environmental factors. 

As XPS collects signals from within 5 nm of surface layer, measurement on 

nanoparticles, showing higher oxygen and lower boron percentage, validates the 

probability of surface oxidation. 

The XPS reveals the atomic concentrations in TiB2 powder as displayed in 

Figure 1.1. Two data are worth noticing. First, high oxygen concentration is up to 

46%. Possible reasons include, the Al foil substrate releases oxygen; the XPS 

instrument defects; and, sample contamination. Second, the Ti:B ratio is 1:3 instead 

of 1:2 in micro-TiB2. This indicates that there might be boron or other boron 

compounds in the sample other than TiB2. Additionally, the XPS data analysis may 

have suppressed the reading from Ti atoms. 



 
47 

 

Figure 2.11 – XPS results compare the chemcial compositions of bulk and 
nano-TiB2, showing similar binding energy peak positions 

Most importantly, peak at 187 eV of B1s is attributed to TiB2. As a 

comparison, B1s in BN is around 190 eV, whereas, in B2O3 is around 193 eV. 
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Figure 2.12 – XRD patterns compare the crystal structures of bulk TiB2 and 
nano-TiB2. 

Comparing the XRD patterns acquired from micro- and nano-TiB2 in Figure 

2.12, confined particle size eliminates certain diffraction signals: (100), (101), (002), 

(110), (111), (200), leaving (001) peak for preferred exposed surface of (0001). The 

exfoliation and size reduction are likely occur along (0001) facet. Reduced 

dimension and polycrystalline nature causes the shift of peak positions, according to 

Scherrer equation. 

UV-Vis absorption spectrum is measured to determine the photoelectronic 

property of the TiB2 nanoparticles, shown in Figure 2.13. As a conductive, metallic 

material, the absorption is in the low energy range with wavelength above 1100 nm. 
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Figure 2.13 – UV-Vis absorption spectrum obtained from microsized and 
nanosized TiB2 powder samples in solution. 

A comparison between microsized and nanosized particles demonstrates 

similar absorption spectroscopy. A slight broaden peak at low wavelength indicates 

the particle size affects the UV light absorption. 

To test the hypothesis of that nano-TiB2 powder sample is easily oxidized on 

shelf. Thermogravimetric analysis (TGA) is performed with comparison to micro-

TiB2 as in Figure 2.14. 
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Figure 2.14 – TGA compares the oxidation of bulk and nano-TiB2  

TGA tests suggest that majority of the oxidation on TiB2 occurs at around 500 

℃ in air for both bulk and nanosized samples. At lower temperature around 150 ℃, 

a slight decomposition with weight reduction is observed with nano-TiB2. 
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2.2. Carbon nanotubes synthesized with chemical vapor 

deposition 

Multi-wall CNT is fabricated with water assisted CVD process. Two different 

substrates are tested, silicon wafer and steel. On silicon wafer, A-CNT forest is 

formed catalyzed with e-beamed iron nanoparticles; while on steel, the growth 

produces tangled CNT and carbon fiber network structure. The hydrophobicity of 

CNT forest delivers a contact angle of 138.5º. 

2.2.1. Water assisted chemical vapor deposition of aligned carbon 

nanotubes 

Aligned carbon nanotubes are often produced by chemical vapor deposition 

with metal catalysts such as Ni and Fe. A water assisted chemical vapor deposition 

vaporize water into atomic oxygen and hydrogen to remove amorphous carbon 

formed during deposition. The carbon nanotubes are seeded through iron 

nanoparticles with size of around 1.5 nm deposited on 10 nm Al layer through e-

beam evaporation. 

Using water assisted CVD, synthesis of A-CNTs with various length is 

achieved with upper limit to centimeter scale (five hour deposition) and lower limit 

of tens of microns (half hour deposition). Both S4140 and Si wafer are used as 

substrates under similar deposition conditions. 

To deposit Fe catalytic particles, a 10 nm layer of Al is necessary to provide 

rippled supporting template. After e-beam evaporation of the Al layer, a 3 nm iron 
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layer is deposited. During heating, the iron layer forms nanoparticles allocated in 

the ripples of the Al layer. 

Ethylene is the carbon source, and Ar/H2 is used as protective and carrier 

gas. Water bubbling system delivers H2O vapor, decomposing into H and O to etch 

the amorphous carbons. This additional step results in cleaner CNT growth. 

2.2.1.1. Characterization of A-MWCNTs@SiO2  

To fabricate the maximum length of CNT, a five hour water assisted growth 

was conducted, resulting in ~1 cm long CNT forest, as displayed in Figure 2.15. The 

sample forms a dense black cube on the wafer. Averaging from 3 readings, the 

contact angle of CNT forest is 138.5º with water. 

 

Figure 2.15 – 5 hr A-CNT forest on wafer is measured to be around 1 cm long. 
DI water droplet on top surface demonstrates high hydrophobicity with 

average contacting angel of 138.5 degree. 
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With 1 hr growth, the length of CNTs on Si wafer is on the scale of mm. SEM 

images are taken at different segments of the CNTs with different magnifications. 

The CNTs are clean and aligned without amorphous carbon as demonstrated in 

Figure 2.16. The connection between CNTs and wafer substrate and the 

macroscopic alignment of the tubes is demonstrated through SEM. The attachment 

between wafer and tubes is weak, and can be broken simply by peeling. As the 

magnification increasing, the CNTs reveals detailed wiggling structure due to the 

surface energy equilibrium. Overall, the CNTs are shown to be clean, high quality 

and well aligned. 

 

Figure 2.16 – CNT@wafer SEM of CNT forest on Si wafer at different 
magnifications. The upper left image displays the connection between CNTs 

and the wafer substrate and the alignment of the tubes.  
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Figure 2.17 – SEM of the bottom of CNTs close to wafer substrate. The early 
grown bottom segment of CNTs appears more tortuous. 

The bottom segment of CNTs close to the wafer appears to be more tortuous 

than the upper segment. The early grown CNTs are less aligned compared to latter 

grown longer CNTs in Figure 2.18. Although on the macroscale, the tubes are still 

aligned (upper left graph), individual bottom tubes twist much more than upper 

segment of CNTs under higher magnification. This result agrees with previous 

experience where shorter CNT forest are less aligned than longer carbon tubes. 

As a comparison, the tip segment of CNTs is demonstrated in Figure 3. The 

part of tubes grown later has better alignment and more patterned wiggling 

structure. The density of tubes remains the same. 
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Figure 2.18 – SEM of tip segment of CNTs on Si wafer. The tubes are less 
tortuous on the tip part and better aligned. 

The edge of CNT forest is presented in Figure 2.19, and the top surface in 

Figure 2.20. The images demonstrate a dense, even CNT forest. The space between 

tubes is on the nanometer scale. 
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Figure 2.19 – The top edge of CNT forest demonstrates a good alignment and 
even length of CNTs 

 

Figure 2.20 – Top view of the CNT forest. A dense evenly grown CNT forest is 
achieved. 
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This water assisted CVD method typically synthesizes MWCNTs of 3 to 10 

layers, which is confirmed with the TEM imaging in Figure 2.21. The measured 

average width of the CNTs is 8.5 nm. 

 

Figure 2.21 – TEM images of water-assisted CVD MWCNTs. The diameter is 
measured to be around 8.5 nm.and Raman spectroscopy of WA-CVD CNTs 
using 514 nm laser. 3 main peaks indicate the sample is mostly MWCNTs 

The Raman spectroscopy with 514 nm laser displays 3 main peaks: 

 G-band at 1592 cm-1 in plane vibration of graphite 

 D-band at 1350 cm-1 defect derived peak 

 2D band at 2684 cm-1 defect derived peak 
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The G-band at 1592 cm-1 is attributed to the carbon lattice stretching within 

the graphene plane. It presents in all the single wall, double wall and multi wall 

CNTs. The D-band at 1350 cm-1 is a defect-induced peak due to stacking disorder of 

graphitic structure. The high D-band peak indicates that the sample contains mostly 

MWCNTs. 2D-band peak is the secondary phonon from the same cause of D-band 

peak. For SWCNTs, the 2D peak is close to 2600 cm-1; while for MWCNTs, it normally 

shifts to higher frequency. As a conclusion, the WA-CVD produces mainly MWCNTs, 

which also agrees with the SEM images in previous report. 

2.2.2. CVD carbon nanotubes on steel surface 

Also explored is using industrial standard steel substrate S4140, curly CNTs 

are synthesized instead of aligned CNT forest. With the intention to have the 

synthesis technology more directly transferrable for industry, I tried to deposit 

CNTs on steel surface that is the coating surface in use currently on oil pumps and 

drilling facilities. 

The growth of CNT requires catalytic particles (Fe, Ni) and carbon source. 

The carbon source is normally induced by gas supply into the CVD furnace; while 

the catalysts can be pre-deposited on the substrates or injected during synthesis. 

However, pre-deposition of catalysts on steel normally doesn’t work, because iron 

and nickel wet steel pretty well, for example, forming Co-O-Fe alloy, and losing the 

catalytic capability. Thus, for thermal CVD CNT on steel synthesis, two possible 

approaches can be used. 
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One approach requires no external catalysts, growing CNT directly on steel 

surface. This method expects the Fe and Ni contents within steel to be the catalysts 

for CNT deposition, and highly depends on the original composition of the steel. The 

substrate I’m using is AISI 4140, commonly used steel in completion tools. The 

chemical composition is listed in Table 2.2. 

Element Content (%) 
Iron, Fe 96.785 - 97.77 

Chromium, Cr 0.80 - 1.10 
Manganese, Mn 0.75 - 1.0 

Carbon, C 0.380 - 0.430 
Silicon, Si 0.15 - 0.30 

Molybdenum, Mo 0.15 - 0.25 
Sulfur, S  0.040 

Phosphorous, P  0.035 

Table 2.2 – Chemical composition of AISI 4140. 

The iron content has a high percentage of ~97%, which can be used as 

catalyst. The heat treatment used to form 4140 is 845 C followed by quenching in 

oil. It can be normalized by heating for a long time at 913 C and then cooling by air. 

It is also reported that 4140 can be annealed at 872 C followed by slowly cooling in 

the furnace (azom.com). Another grade of steel, AISI 4340, can also be considered as 

a substrate candidate. 

Synthesis of CNTs directly on steel surface has various benefits for its 

industrial application. It simplifies the process of inducing CNTs into steel coating, 

improves the attachment between steel and CNT, and increase the density of CNTs 
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in the coating. CNTs incorporated protective coating can potentially enhance the 

corrosion and erosion resistance as well as provide hydrophobicity.  

Produce CNTs directly on steel surface without any catalyst. The feasibility of 

this method relys on the Ni and Fe content existing in the steel matrix. The steel are 

etched with HCl before growth, and heated in Ar for 30 min. With standard water-

assisted procedure for 1 hr, both CNTs and amorphous carbon are observed. The 

CNTs are curved as reported in previous research. To remove the amorphous 

carbon, I use oxygen etching after deposition for 10 min. The growth still contains 

large amount of amorphous carbon however. Moreover, the oxygen etching peels 

CNTs of the substrate leading to a weaker attachment of CNT on steel. The carbon 

tubes grown on steel has more than 10 layers of walls which can be categorized as 

carbon fiber. 
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Figure 2.22 – WA-CVD of carbon nanotubes on steel surface produces curly 
carbon fibers mixed with amorphous carbon. 

Figure 2.22 is the SEM of WA-CVD results on steel. Optimization on the 

temperature and carbon source gas concentration is required to further reduce the 

amorphous carbon. To reduce the oxidation of catalyst, H2 can be supplied before 

deposition. Moreover, using higher temperature can potentially increases the 

concentration of atomic H and C leading to higher quality CNT deposition. Instead of 

the water vapor, use only H2 as growth assistant gas, for oxygen from water causes 

the catalyst oxidation and precipitation. Finally, adjust the etching time and rate of 
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supplying H2, as the atomic H has higher etching rate on the sp3 carbon bonds in 

amorphous and graphitic carbon than the sp2 bonds in CNT. 

2.2.3. Ferrocene injected CVD of CNTs 

The other approach uses liquid precursor containing iron to provide catalyst 

particles, for example ferrocene. The catalyst is injected to the CVD tube along with 

the carbon source during heated deposition. The parameter control becomes critical 

in this case. With some iteration and improvement, this methods are much easier 

adopted in high productivity fabrication. 

 

Figure 2.23 – Ferrocene injected  CVD results of CNTs on wafer 
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Figure 2.24 – SEM images of Ferrocene injected CVD results shows thicker 
CNTs are deposited on wafer. 

 

Figure 2.25 – EDS of Ferrocene injected CVD CNTs reveals the iron catalysts 
are distributed along the carbo nanotubes 
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2.3. Synthesis and characterization of nanoscale materials 

During my study, I’ve also worked on various nanomaterial synthesis with 

similar methods as mentioned above. CVD for TMDs, MoS2 for example. E-beam is 

utilized for substrate preparation. Electrochemical and electroless deposition 

creates nanodiamond and CNT incorporated metal coating. Solution based chemical 

reaction are efficient for elastomer fabrication and functionalization. Graphene 

oxides and reduction is a commonly reported industrial scale method of graphene 

exfoliation. Synthesis and modification methods can be combined to create desired 

materials for intended properties. Numerous iterations and adjustments of 

synthesis procedures are necessary for optimization following the characterization 

results. The overall development of nanomaterials calls upon creativity and 

persistence. 
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Chapter 3 

Nanosized TiB2 as lithium ion battery 
anode and supercapacitor material for 

energy storage 

As a conducting nanomaterial with mechanical advantages, TiB2 nanoparticle 

demonstrates its potential as lithium-ion Battery (LIB) electrodes. Cyclic 

voltammetry (CV) and charge/discharge tests on both microsized and nanosized 

TiB2 powder samples reveals unique dimensional confinement induced redox 

reaction and lithium ion storage mechanism. The discovery of lithium storage 

capacity in nanosized TiB2 is attribute to the unique surface storage mechanism 

which is enhanced with size reduction. The performance of LIB anode based on 

nano-TiB2 is comparable to current benchmark and with theoretical potential higher 

than current commercialized materials such as graphite and Lithium Titanate (LTO). 

Moreover, commercial TiB2 nanoparticles can be used for easier scaling up and 

further optimization. 
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3.1. Faradic reaction with nanosized TiB2 based electrode 

Nano-TiB2 significantly outperforms its bulk form as LIB electrode in 

capacity and Faradic reaction. This section compares the lithium ion storage and 

charge/discharge performance of microsized and nanosized TiB2. By reducing the 

particle size to nanoscale, the interaction between TiB2 and lithium electrolyte 

exhibits a remarkable improvement. 

3.1.1. Cyclic Voltammetry 

CV and charge/discharge test results of nano-TiB2 significantly outperforms 

its bulk form, demonstrating a potential as lithium ion battery electrodes. Figure 3.1 

compares the performance of microsized and nanosized TiB2 in standard CV tests. 

TiB2 microparticles displays no significant redox activity, indicating an absence of 

Faradic reaction; while, nanoparticles demonstrate sharp peaks at ~ 1.8 V. Nano-

TiB2 is proved to be a pseudocapacitive material for lithium ion storage. 
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Figure 3.1 – Cyclic voltammetry tests with microsized (left) and nanosized 
(right) TiB2 based electrodes. Sharp redox peak is observed only with 

nanoparticles indicating a remarkable improvement in lithium ion storage 
capacity. 

More specifically, nano-TiB2 shows reversible sharp redox peak at 1.8V vs 

Li/Li+ along with a rectangular shape curve in the tested potential range (1-3V vs 

Li/Li+). The sharp redox peak is attributed to the lithium ion intercalation, while the 

rectangular shape is the capacitive charge storage contributed from electrode 

surfaces. On the contrary, the redox peak at 1.8V vs Li/Li+ becomes much broader 

and weaker with micro-TiB2. 

3.1.2. Charge/Discharge over 100 cycles 

To evaluate the specific capacity of bulk and nanosized TiB2, galvanostatic 

charge/discharge tests are performed with voltage range of 1-3V and constant 

current density of 20 mA/g. Over a 100 charge/discharge cycling, bulk material has 

no significant capacity, while nanosized TiB2 displays an overall capacity of around 
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100 mAh/g. As shown in Figure 3.2, nano-TiB2 delivers specific capacity of 113 

mAh/g on the first cycle, while microsized TiB2 shows ten times less at around 15 

mAh/g. 

 

Figure 3.2 – Charge/discharge cycling compares the capacity of bulk (black) 
and nanosized (red) TiB2. Electrode with nanoparticles exhibits a capacity of ~ 

100 mAh/g. 

Both CV and capacity tests confirm the improved performance of nanosized 

TiB2. With high conductivity and increased surface area, nano-TiB2 displays great 

potential in Li ion battery application. 
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3.2. Nanosized TiB2 as lithium ion battery anode material 

Based on the promising preliminary testing results, comparing nanosized 

TiB2 with its bulk particles, in depth investigation and measurements are performed 

to gauge the potential of nano-TiB2 as a LIB electrode material. This section, the high 

rate capability, fast charging, long cycle life, and high temperature resilience of 

nano-TiB2 based anode are evaluated with various testing on standard half-cell. 

Moreover, nano-TiB2 based anode provides a feasible approach to durable device 

without carbon additive necessary, targeting at critical environment operation with 

increased energy density. 

Testing condition is standard: 

 Electrolyte: 1M LiPF6 in EC:DMC for room temperature measurement 

 Current density: 20 mA/g 

 Voltage window: 1-3V vs Li/Li+ 

with adjustments described separately for each measurement. 

3.2.1. Advantages over current anode materials 

More than microsized particles, nano-TiB2 demonstrates advantages over 

LTO and graphite in conductivity and chemical stability as well. Rate capability and 

cycle life of nano-TiB2 displays compatibility with market standard. Table 4.1 shows 

a comparison between LTO, graphite and nano-TiB2, demonstrating the advantages 

of incorporating TiB2 nanostructures as LIB anode material. 
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LTO graphite nano-TiB2 

Lithiation Potential 
(V) 

1.55 0.07-0.19 1.8 

Theoretical Capacity 
(mAh/g) 

175 372 385 

Electrical Resistivity 
(Ω·m) 

106 - 1012 2.5×10−6 - 
5×10−6 

9×10-8 - 15×10-8 

Rate Capability  ~ 10 C with 200 
C max.  

~ 1 C with 60 C 
max. 

compatible with 
LTO 

Cycle Life  up to 3,000 up to 1,000 compatible with 
LTO 

High Temperature 
Stability 

up to 150 ˚C up to 70 ˚C up to 90 ˚C (with 
current testing) 

Solid Electrolyte 
Interface 

No Yes No 

Table 3.1 – Comparison of nano-TiB2 with current LIB anode materials, LTO 
and graphite, demonstrates unique advantages in various specifications. 

Graphite and LTO are two widely adopted LIB anode materials. Compared to 

graphite and LTO, nano-TiB2 demonstrates high theoretical capacity, high 

conductivity and mechanical/chemical stability. With compatible performance with 

current industrial standards in terms of rate capability and cycle life, anode based 

on nano-TiB2 provide a unique solution to critical environment energy storage. 

3.2.2. Rate capability and coulombic efficiency of nano-TiB2 

Reduction in capacity is minimal over 100 cycles of charge/discharge, as in 

Figure 3.3, with almost 100% Coulombic efficiency. As a critical performance 

measurement of battery electrode, the capability to store charge at high current 

densities enables fast-charging and discharging applications. 75% of capacity is 

retained as current density increasing from 20 mA/g to 2 A/g after 100 cycles. 
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Based on the rate capability results, nano-TiB2 is a potential candidate of fast 

charging LIB material with long cycling life time. 

 

Figure 3.3 – Coulombic efficiency of nano-TiB2 based LIB anode over 100 
cycles of charge/discharge at rate of 20 mA/g (left); Rate capability of nano-

TiB2 electrode is tested at different charging rate ranging from 20 mA/g to 2A 
(right). 

Nano-TiB2 demonstrates stability on high charging rates, owing to its 

structural stability. Different charging rates have significant effect on electrode 

capacity. High charging rate reduces capacity and potentially damage electrode, 

causing crystal failure or Li plating due to stress on lattice, especially with weak 

electrode materials such as layered TMDCs. As a mechanically strong crystal, TiB2 

maintains high capacity with increasing current rate, as illustrated in Figure 3.3. The 

decrease in capacity is fairly small, comparing to other heavily investigated stacking 

materials such as MoS2 and TiS2. TiB2 electrode can sustain a relatively high 

charging rate, owing to fast surface reaction and strong mechanical structure. 
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Besides strong lattice structure, capacity stability over increasing charging rate also 

indicate high faradic diffusion mechanism in nano-TiB2 electrode.  

 

Figure 3.4 – Nanosized TiB2 cycled  at different current rates between 1-3 V 
(left); Sustainable capacity as discharging rate increasing from 20 mA/g to 

100 mA/g (right). 

Capacity of nano-TiB2 electrode is previously collected at charging rate of 20 

mA/g. To understand the rate capability of TiB2 nanoparticles, capacity at elevated 

charging rate is performed. Rate capability of nano-TiB2 electrode is tested at 

different charging rates ranging from 20 mA/g to 2A. Generally, increased charging 

rate reduces capacity due to stress on lattice, crystal failure or Li plating. Decreasing 

in capacity is observed in TiB2 electrode, as demonstrated in Figure 3.4. However, 

the decrease is fairly small, compared to some heavily investigated stacking 

materials such as MoS2 and TiS2. Most significantly, nano-TiB2 electrodes maintain 

high capacity with increasing charging rate from 20 mA/g to 100 mA/g. TiB2 
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electrode can sustain a relatively high charging rate, owing to fast surface reaction, 

strong lattice structure and high faradic diffusion.  

3.2.3. Charge/Discharge voltage profile 

To further investigate the charge-discharge behaviors of both bulk and 

nanosized TiB2, a voltage profile comparison is presented in Figure 3.5. 

 

Figure 3.5 – Voltage profile of galvanostatic charge/discharge test of TiB2 (a) 
nanoparticles and (b) microparticles between 1-3 V vs Li/Li+ with current 

density of 20 mA/g. 

The voltage profiles of nano-TiB2 shows a voltage plateau around 1.8V vs 

Li/Li+ along with the typical capacitive voltage curve in the voltage between 1.0-

1.8V vs Li/Li+, indicating a significant amount of capacity is stored in the voltage 

regions. The storage behavior occurred around 1.8 V agrees with the previous CV 

curves, in which sharp redox peaks is observed at 1.8V vs Li/Li+, in addition to a 

rectangular voltammogram. Moreover, the voltage profile exhibits consistency over 
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50 charge/discharge cycles, without loss of capacity or structural degradation of 

nanosized TiB2 based electrodes. 

On the contrary, voltage profile of microsized TiB2 shows no clear voltage 

plateau for lithium storage with almost negligible specific capacity. The small 

specific capacity can be attributed to the adsorption of ions on the surface of 

electrode as well as conductive carbon additives within. 

3.2.4. Temperature stability of nano-TiB2 based electrode 

Charge/discharge over 25 cycles are conducted at an elevated temperature 

up to 120 C, to test the temperature stability of TiB2 electrodes. 

The commonly used battery electrolyte (1M LiPF6 in ethylene carbonate: 

dimethylcarbonate 1/1 vol%) contains flammable organic solvent which limits the 

upper operating temperature to 60 ºC. Therefore, ionic liquid (RTIL) is used as 

solvent to investigate the electrochemical property of TiB2 electrodes at 90ºC and 

higher. 
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Figure 3.6 – Discharge capacity under elevated temperature: 90 ℃ and 120 ℃, 
compared to room temperature capacity. At 90 ℃, nano-TiB2 electrodes 

maintains ~ 80% of the capacity. 

Based on the high temperature capability, owing to the mechanical 

properties of TiB2, high temperature energy storage devices can be development 

using nanosized TiB2 anode. As demonstrated in Figure 3.6, 80% capacity is 

sustained at 90 ℃. When tested up to 120 ℃, the capacity stays not only without 

dropping, but even increases around 20% to 30%. Possible reasons could be the 

elevated temperature assists surface diffusion and redox reaction. Testing stops at 

120 ℃, due to the limitation of binder polymer stability under high temperature. At 

temperature higher than 120 ℃, electrode starts to react with electrolyte. To 

understand the full capacity of high temperature performance, a stable binder is 

required. 
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3.2.5. Capacity of nano-TiB2 based electrode without carbon additive 

Standard preparation of LIB electrode involves adding carbon additives for 

better conductivity, wetting with the electrolyte and overall performance. 

Comparing electrodes made with conductive carbon black and without, the 

electrodes with 10 wt% carbon displays sharper Faradic peak, as in Figure 3.7.  

 

Figure 3.7 – Comparison of CV curves (left) and charge/discharge capacity 
(right) between nano-TiB2 electrodes with (red) and without (black) carbon 

additives. 

Without carbon additives (C65), nano-TiB2 electrode sustains reasonably 

high electrical conductivity. With a decrease in capacity, pure nano-TiB2 electrode 

stabilizes quickly over cycling up to 100 cycles. Developing electrodes without 

conducting additives can provide solution for lighter, higher energy density and 

more temperature stable devices. 
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3.3. Li-ion battery test on nanosized TiN 

To compare with TiB2, similar tests are performed on TiN as LIB electrodes. 

Bulk TiN delivers capacity around 40 mAh/g. Nanoparticles improve the capacity 

slightly to ~ 50 mAh/g, as in Figure 3.8. Comparing with reported 459 mAh/g from 

TiN nanowires, pristine TiN nanoparticles perform much less effectively as 

electrode material. 

 

Figure 3.8 – TiN nanoparticles are tested as electrode material for Li ion 
battery over 10 cycles. Capacity is improved slightly to 50 mAh/g, comparing 

to 40 mAh/g of bulk TiN. 
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3.4. Storage mechanism and theoretical calculation of nano-

TiB2 as LIB anode material 

The energy storage behavior of nanosized TiB2 assembles typical 

pseudocapacitor with both electrochemical and electrostatic mechanism. Both 

experimental results and theoretical prediction support surface-dominant Li storage 

mechanism. 

3.4.1. Energy storage mechanism 

Study of energy storage mechanism starts with atomic level calculation. Two 

storage activities occur in LIB electrode, electrostatic storage and electrochemical 

reaction. Electrostatic storage is a result of capacitive charging between layers of 

material, absorbing carriers without electron transferring. On the contrary, 

electrochemical storage occurs due to Faradaic reaction, with electron transferring 

on material surface. Considering the 3D nature of TiB2, energy storage is expected to 

be surface dominated, which also contributes to the fast charging property observed 

in the rate capacity measurements. Moreover, the surface diffusion model supports 

the largely increased capacity as particle size reduced to nanoscale, for surface ratio 

is drastically increased with reduction in dimension. Therefore, nano-TiB2 is 

considered to be a pseudocapacitor material with predominantly surface diffusive 

capacity. 

Charge storage mechanisms in psuedocapacitor can be categorized in 

faradaic and non-faradaic. Faradaic involves charge transfer between electrolyte 
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and electrode whereas non faradaic does not. In faradaic reaction, there is non-

capacitive and capacitive. Non-capacitive charge storage is done by intercalation of 

ions in between in layer and diffusion kinetic governs the reaction rate. Non-

faradaic reaction is purely based on the capacitive behavior where electrical double 

layers are formed. Meanwhile, capacitive charge storage occurs at the material 

surface where charge transfer/exchange mainly happens with the atoms on the 

surface. In order to maximize performance of pseudocapacitor, the capacitive 

portion of charge storage is critical with the lithium ion storage at the surface.  

3.4.2. Characterization Before vs. After Discharging 

Experimentally, to understand what causes the remarkable performance of 

nano-TiB2, characterizations on electrodes before and after discharging are 

conducted using XPS and XRD. Results reveal the redox reaction between TiB2 and 

Li ion, suggesting a surface dominant storage. 

3.4.2.1. XPS analysis of nano-TiB2 electrode before and after discharging 

XPS analysis of nano-TiB2 based electrode before and after discharging is 

performed with standard discharging procedure: 

 Discharging rate – 10 mA/g 

 Time – 24 hours 

 Wash with dimethyl carbonate (DMC) overnight 

 Dry under ambient temperature 
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Full spectrum XPS survey of electrodes before and after lithiaion displays 

divergence at Ti and B binding energy, which indicates the reaction primarily 

involves Li and TiB2 during discharging. 

 

Figure 3.9 – XPS survey of nano-TiB2 based electrodes before (red) and after 
(blue) Li discharging. Binding energy shifts occur on both Ti and B. Li peak 

appears after discharging at 55 eV. 

Full XPS spectra disclose the overall composition of electrodes. The peaks of 

C and F both before and after discharging are attributed to the binder polymer 

added in electrode recipe. Comparing the spectra before and after discharging, 

peaks of Ti and B, corresponding to TiB2, are both eliminated after discharging, 

indicating Li is chemisorbed on TiB2. A peak at 55.5 eV appears on discharged 

electrode, agreeing with previously reported Li ion binding energy. The oxygen peak 
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corresponding to TiO2 at 530.1 eV shifts to 528.8 eV, suggesting the TiO2 

participates in the lithiation process as well. O2 peak at 531.8 eV remains, possibly 

from TiO2 at 530 eV, free O2 and other oxidation form of TiBxOy. 

High resolution XPS analysis sheds light on the binding energy changes on 

each elements including Li, B, Ti and O. 

Li 1s appears at 55.5 eV after discharging due to the lithiation corresponding 

to the binding energy of Li2O. 

 

Figure 3.10 — High resolution XPS of nano-TiB2 electrodes on Li before and 
after discharging. Results are from 3 separate trials. 

Ti peaks are weakened after discharging. 
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Figure 3.11 – High resolution XPS of nano-TiB2 electrodes on Ti before and 
after discharging. Results are from 2 separate trials. 

B peak corresponding to TiB2 at 188 eV disappears after discharging. 

Remaining peak at 192 eV are contributed from B2O3 

 

Figure 3.12 – High resolution XPS of nano-TiB2 electrodes on B before and 
after discharging. Results are from 2 separate trials. 
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O2 peak at 531.8 eV remains, which is possibly from TiO2 at 530 eV and other 

oxidation forms of TiBxOy. New oxygen peak appears at 528.8 eV after discharging 

agreeing with the binding energy of Li2O. 

 

Figure 3.13 – High resolution XPS of nano-TiB2 electrodes on O before and 
after discharging. Results are from 2 separate trials. 

In conclusion, bonds between Ti and B are released due to lithiation, while 

the oxygen states remain the same. Li2O signal occurs only after discharging, 

observed with both O and Li spectrum. 

3.4.2.2. XRD spectra of nano-TiB2 electrode before and after discharging 

Powder XRD are performed on four identical nano-TiB2 electrodes before 

and after discharging. The spectra remaining unchanged before and after 

demonstrate no structural damage observed before and after discharging. 
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Figure 3.14 – XRD before (blue) and after (red) discharging from 4 different 
trials. 

Evidently, the lattice structure of nano-TiB2 remains stable before and after 

discharging, in agreement with a surface dominant storage model. 

3.4.3. Theoretical calculation and prediction of nano-TiB2 anode 

To gain further insight on the Li-ion storage mechanism of nano-sized TiB2, 

density functional theory simulations are performed, by considering capacitive 

storage, a surface adsorption of Li on nano-TiB2. As previously reported, Ti-

terminated TiB2 (0001) surface is more stable, compared to B-terminated (0001) 

surface. Moreover, the atomic distance between Ti (0001) is 3.013 Å, agreeing with 
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TEM experimental measurements. Therefore, calculation is based on Ti-terminated 

TiB2 (0001) surface, denoted as Ti (0001)/TiB2 in Figure 3.15. Exfoliation occurs 

along the crystal facet of hexagnal layer, exposing Ti (0001) preferably, compatible 

with the Density Function Theory (DFT) constructed TiB2 (0001) surface charge 

density. 

 

Figure 3.15 – Ti (0001)/TiB2 is the preferred surface structure confirmed with 
both TEM and theoretical calculation of (0001) charge density. Insert: fast 
Fourier transform (FFT) pattern of exfoliated surface illustrating hexagnal 

lattice structure. 

Based on the pseudopotential of Ti and B, hexagonal lattice structure and 

self-consistent principle. DFT simulation is performed to understand and predict the 

potential of Li storage with nano-TiB2. 
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3.4.3.1. DFT-VASP simulation of nano-TiB2 lithiation  

Theoretical model of TiB2 (0001) surface is built based on density function 

theory (DFT) simulation with generalized gradient approximations (GGA). 7 atomic-

layer slab with 90 atoms and 15 A vacuum layer is taken into calculation. Figure 

3.16 shows the simulation slab as well as the unit cell of TiB2. 

 

 

Figure 3.16 – (A) Side and top views of Ti(0001)/TiB2 slab, and (B) DFT model 
of TiB2 unit cell. Green – B, Blue – Ti. 

Li adsorption on TiB2 surface is simulated in Figure 3.17. Two discharging 

states are simulated as low Li coverage of 1/9 ML and high coverage of 1 ML. 1/9 

ML is when only one Li is adsorbed on the entire supercell; while 1 ML represents 
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the fully discharged surface with one Li per unit cell. Due to for the computational 

speed limit, the simulation in this study uses supercell with 3x3 unit cells  

 

Figure 3.17 –Li adsorption at two concentrations of surface coverage: (A) 1/9 
ML and (B) 1 ML. Preferred adsorption sites are the triangular centers of Ti 

atoms. 

Li is preferably chemisorbed at the center of the triangular structure formed 

by 3 Ti atoms. This is a commonly seen Li adsorption site for triangular structures 

such as TiS2 and VS2. The adsorption energy Ead is listed in Table 3.2. The calculated 

Li adsorption energy is -0.66 and -0.50 ev/atom for low (1/9 ML) and high (1 ML) 

coverage, respectively. With relatively large negative adsorption energy, TiB2 is a 

suitable anode material. 
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Coverage 1/9 ML 1 ML 

Ead (eV/Li atom) -0.66 -0.50 

Table 3.2 – Li adsorption energy at surface coverage of 1/9 ML and 1 ML.  

To estimate the theoretical Li capacity of Ti (0001)/TiB2, assume it is 

reduced to single layer with three atomic layers – two Ti layers and one B layer in 

between, the thinnest Ti (0001)/TiB2 slab. For this configuration, the Li capacity is 

408 mAh/g, which is the up limit for the Ti (0001)/TiB2 slab. With increasing 

thickness of the slab, the Li capacity decreases by 141 mAh/g for each additional 

TiB2 layer. In our experiments, the measured Li capacity is round 100 mAh/g. 

Therefore, the thickness of the Ti (0001)/TiB2 slab should be around 3 layers. 

Next, we examine the Li diffusion on Ti (0001)/TiB2 slab, which determines 

the rate capability of the electrode material. Figure 3.18 shows the calculated Li 

diffusion pathways and energies between two equivalent adsorption sites at low 

and high coverages. The estimated energy barrier is 0.036 and 0.246 eV for low and 

high coverages, respectively, which is much lower than that of graphite ~ 0.4 eV. 

This suggests the Ti (0001)/TiB2 slab should show excellent rate performance, 

which agrees well with the experimental observation. 
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Figure 3.18 – Surface diffusion activity and energy barrier of Li on 
Ti(0001)/TiB2 is simulated at adsorption concentration of 1/9 ML and 1 ML. 

As comparison, graphite, a current market standard anode material, has 

diffusion energy of about 0.3-0.4 eV at low coverage, much higher than TiB2. Nano-

TiB2 based anode demonstrates great potential for fast charging LIBs. 

To understand the influence of Li adsorption on the electronic properties of 

Ti (0001)/TiB2 slab, the band structures of Ti (0001)/TiB2 slab with and without Li 

adsorption is calculated. Without Li on the surface, Ti (0001)/TiB2 slab shows a high 

density of states (DOS) at Fermi level dominated by Ti states. With increasing Li 

concentration on the surface, the DOS at Fermi level decreases due to the metallic 

bonds formed between Ti and Li, which localizes the electrons. Nevertheless, the 

unchanged metallic behavior of Li adsorbed Ti (0001)/TiB2 slab indicates itself is a 

good current collect, which is desirable for the Li-ion battery application. 
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The electronic structures of TiB2 before and after Li adsorption are simulated 

with density function theory. Inside the bulk, a minimum density of states (DOS) is 

found at Fermi level, as shown in Figure 3.19; while, the surface of the slab displays 

the maximum DOS attribute to the unbonded states of Ti (i.e., unpaired e- 

contributing to the DOS at Fermi level). Surface Ti has unpaired e-, contributing to 

the DOS at Fermi level: DOS is much higher at Fermi level on surface. 

 

Figure 3.19 –Band structures (left) inside TiB2 bulk crystal and (right) on slab 
surface Ti (0001)/TiB2. At Fermi level, minimum DOS is found inside bulk, and 
maximum DOS is on the Ti terminated surface. Blue – contribution from B; Red 

– contribution from Ti. 

The favorable Li adsorption on Ti surface with negative adsorption energy 

previously reported, is in agreement with the band structure simulation. Li 

adsorption reduces the DOS at Fermi level on the TiB2 surface, leading to a more 

stable structure with lower energy state. Figure 3.20 illustrates the decrease in DOS 

with increased number of Li adsorbed at Fermi level. Comparing the electronic 
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structures of TiB2 surfaces with 1/9 ML and 1 ML Li coverage, the contribution from 

Li becomes larger for DOS as Li adsorption increasing. 

 

Figure 3.20 – Electronic structures of Ti (0001)/TiB2 with Li adsorption 
increasing from (left) 1/9 ML to (right) 1 ML. Blue – B; Red – Ti; Green – Li. 

Increased adsorption of Li lowers the surface DOS at Fermi level, resulting in 

a stable energy structure which favors Li adsorption. During a discharging process, 

the TiB2 surface actively adsorbs Li, creating a more stable surface structure. The 

favorable chemisorption of Li contributes to the fast charging of TiB2-based anode. 

Theoretical calculation compliments the testing results, confirming the application 

potential of nano-TiB2 as LIB anode material. 

3.4.3.2. Calculation of nano-TiB2 theoretical capacity 

Maximized capacity of nano-TiB2 as LIB anode is calculated with 1M 

adsorption coverage model, based on the (0001) surface for the lowest energy state. 

The maximum Li-ion storage capacity is 385 mAh/g with surface area of 683 m2/g. 
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Compared with current market standard, 175 mAh/g for LTO and 372 mAh/g for 

graphite, nano-TiB2 has the highest theoretical capacity. 

The Li adsorption reaction is described below, 

+ + ↔   

↔ +  

+ ↔  

= [0, 1] 

Equation 3.1 – Li adsorption reaction at nano-TiB2 electrode 

 =
∙ ∙

=
26801 ℎ/

69.489 /
= 385.69 ℎ/  

Equation 3.2 – Theoretical capacity of nano-TiB2 as LIB anode 

n=1 – max coverage of 1 ML (i.e., 1 Li per unit cell) 

ZLi=1 – Li+ 

F – Faraday constant = 26.801 Ah/mol 

MTiB2 – molar mass of TiB2 = 69.489 g/mol 
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Since ρTiB2 = 4.52 g/cm3 twice the density of graphite ρgraphite = 2.266 g/cm3, 

theoretical capacity of nano-TiB2 is calculated to be twice the capacity of graphite 

per unit volume. 

Theoretical surface area of nano-TiB2 is 691 m2/g, much larger than BET 

results. 

Ti-Ti atomic distance l = 3.0348 Å, 

Surface area per unit cell, S = 7.97610 Å2, 

7.97610×NA (Avogadro constants NA = 6.022×1023) = 4.80332×1024 Å2/mol = 

48033.2 m2/mol, 

Therefore the surface area of nano-TiB2 is theoretically calculated to be 

(48033.2 m2/mol)/(69.489 g/mol) = 691.235 m2/g, 

The theoretical capacity of TiB2 is comparable with the current high capacity 

anode material, graphite, with theoretical capacity of ~375 mAh/g. Considering that 

the material density of TiB2 is twice the density of graphite, the volumetric capacity 

of TiB2 doubles graphite. 

As a summary, theoretical model of nano-TiB2 is constructed according to the 

preferred lowest energy state. Maximum energy storage capacity is calculated using 

metal-terminated (0001) surface model. Atomic distance between Ti atoms is 

calculated to be 3.0348 A, which agrees with experimental measurement previously 

reported using TEM. Theoretical capacity is calculated to be 385 mAh/g, higher than 

most commercialized materials including graphite and LTO. Density function theory 
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simulation indicates TiB2 can be a great anode material for LIB with large capacity, 

high energy density favorable surface pseudocapacitive storage of Li. Calculation 

also sheds light on the storage mechanism and lattice structure with chemisorbed Li 

on TiB2 surface. Compared with current standard LIB anodes, graphite, TiB2 

demonstrates twice higher volumetric capacity. 
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Chapter 4 

Superconductivity in Titanium 
Diboride Nanostructure 

Unconventional superconductors, including granular, organic and 

amorphous superconductors, have become an emerging field of study.50 Extended 

from research on granular superconductors, the characterization of 

superconductivity in nanostructures take into consideration the importance of 

quantum size effect, surface effect, proximity effect, etc.50–54 Upon the discovery of 

high temperature superconductivity in MgB2 with critical temperature of about 

39K,55,56 many other metal borides have been reported to have superconductive 

properties, such as TaB2, ZrB2 and NbB2.57–59 Unexploited however, TiB2 have never 

been reported as possible superconducting material. This chapter, a new discovery 

of superconductivity in nanosized TiB2 is reported, which is absent or inhibited in 

its bulk form. The superconductive property induced via confined dimension of 
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nanomaterials introduces the possibility to design ‘artificial superconductors’ by 

engineering material properties in nanoscale.  

Nanosized TiB2 exhibits unique magnetic characteristics due to its confined 

spin domain. The increased surface and edge ratio contributes to the discrepancy of 

magnetization behavior between nano and bulk. Moreover, defects and impurity 

pronounce more in nanoparticles triggering sample-specific magnetism, correlated 

to preparation and testing procedures. 
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4.1. Paramagnetism of TiB2 at room temperature  

Preliminary measurements on magnetization of both bulk and nano-TiB2 

powders illustrate paramagnetism at ambient temperature. 

 

Figure 4.1 – Magnetization of bulk (yellow) and nanosized (blue) TiB2 at 
ambient temperature. Insert is the magnetization of nano-TiB2 with 

diamagnetic background and paramagnetic signals seperated. 

The hysteresis magnetization measurements in Figure 4.1 run up to 7 T at 

ambient temperature. Signal consists of strong diamagnetization background at 

higher external field, and paramagnetic signal appearing at lower field (±0.2 T). 

Stronger paramagnetization observed with nanoparticles inspires my further 

investigation on the possibility of enhanced magnetization and possible 

superconductivity of nanosized TiB2.  
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4.2. Phase transition observed only with nanoparticles  

Transition from paramagnetic into superconductive and superdiamagnetic 

state occurs in nano-sized TiB2, as temperature decreasing to 5-7 K; while, powder 

samples in microscale remain paramagnetic. A comparison of hysteresis at 2.2 K 

between nanosized and microsized TiB2 demonstrate a significant difference in 

magnetization behavior, as in Figure 4.2. 

 

Figure 4.2 – Comparison of magnetic hysteresis between nanosized TiB2 (left) 
and its bulk form (right) at LHe temperature. Phase transition into 

superconductive state is observed only in nano-TiB2, at 5-7 K; while, micro-
TiB2 remains paramagnetic at 2.2 K 
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4.3. Type II superconductivity of nanosized TiB2 

The dimensional confinement of nanosized TiB2 introduces new 

magnetization behavior. Further investigation of the superconductivity observed in 

nano-TiB2 is discussed in this section based on low temperature magnetization 

hysteresis, zero field cooling and field cooling measurements. Transition 

temperature, critical field and their correlations are characterized. Nano-TiB2 

demonstrates type II superconductivity with typical differentiation between 

Meissner effect and shielding/screening effect. 

4.3.1. Magnetic hysteresis at critical temperature  

Magnetic hysteresis of nano-TiB2 is measured using SQUID magnetometer 

with liquid He cooling. The transition from paramagnetic to superconductive state is 

observed as temperature decreasing to 5-7 K. Figure 4.3 plots the hysteresis curves 

at 5, 6, 7, and 8 K. The flat transitional region indicates the co-existence of multiple 

phases. This gradual, continuous transition is the overlapping of different 

magnetization states of complex microstructures, commonly observed in materials 

with multi-components and concentrations of compositions varying at microscale 

level.  
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Figure 4.3 – Magnetic hysteresis of nano-TiB2 at transition temperatures 
between 5-8 K demonstrate a gradual, continuous multi-phase transition, 

confirming the polycrystalline and complex composition of the TiB2 ceramic 
nanoparticles.  

Above critical field, paramagnetic moment is enhanced with temperature 

decreasing, without saturation up to 4 T. Below critical field, flux pinning is 

observed depicts a Type II superconductive behavior. At 5K, higher critical field is 

between 400-1000 Oe (1000 Oe > Hc2 > 400 Oe); At 7 K, superconductivity is no 

longer observed. 
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Figure 4.4 – Superconductive hysteresis curve of nano-TiB2 at 2.2 K  

The magnetic hysteresis curve of nanosized TiB2 demonstrates its 

superconductive behavior at 2.2 K, as in Figure 4.4. Flux pinning is observed at H=0 

Oe with partially irreversible magnetic moment. 

4.3.2. Susceptibility with zero field and field cooling 

Field cooled (FC) and zero field cooled (ZFC) magnetization of nanosized TiB2 

is measured under different external field. The susceptibility as a function of 

temperature provides characterization of the Meissner effect and shielding effect of 

nano-TiB2. Diverse ZFC and FC paths observed from different measurement trials 

are due to the different magnetic states of the SQUID superconducting coil resulting 

in different magnetic states of the sample before cooling  
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Figure 4.5 – FC and ZFC magnetization of nano-TiB2 under 50 Oe shows two 
transitions at ~22 K and ~6K. 

Two transitions are observed with nano-TiB2 during FC and ZFC under 50 Oe, 

from 50 K to 5 K. At around 22 K, paramagnetic signal starts to overpower the 

diamagnetic phase; and, at around 6 K the sample begins to show superconductive 

behavior. From 22 K to 6 K, paramagnetic moment increases as temperature 

decreasing.  
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Figure 4.6 – FC and ZFC magnetization of nano-TiB2 with 100 Oe applied field. 
Critical temperature is at 5.7 K. 

 

Figure 4.7 – FC and ZFC magnetization of nano-TiB2 with 500 Oe applied field. 
Critical temperature is at 5.3 K. 
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Figure 4.8 – FC and ZFC warming curves compared at 100 Oe and 500 Oe.  

Comparing the FC and ZFC magnetization curves, the true expulsion from 

Meissner effect and the exclusion of shielding/screening effect can be characterized. 

 
500 Oe 100 Oe 50 Oe 

Meissner (emu/g) 6.50E-03 2.00E-03 9.00E-04 
Shielding (emu/g) 2.00E-02 1.00E-02 N/A 

Table 4.1 – Meissner effect and surface shielding effect of nano-TiB2 at various 
applied fields, read from the FC and ZFC curves in Figure 4.8 

During zero field cooling, the internal spin orientation is random. By applying 

external field during warming, the signal collected is the flux exclusion from the 

surface superconductive current of the sample. When sample is cooled under 

external field smaller than its critical field Hc, the diamagnetic moment appears 

after critical temperature Tc is the true flux expulsion of Meissner effect. The 
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diamagnetization of Meissner fraction reveals the superconductive volume of the 

sample. However it is not to definitively calculate the expulsive volume of the 

sample because, in type II superconductor, one also needs to consider flux pinning 

and flux penetration at the corner.60 

Additional measurements of FC magnetization are performed with 50 Oe and 

0.1 T applied fields, plotted in Figure 4.9. The critical temperature is higher with 

smaller field – 5.78 K under 50 Oe versus 5 K under 0.1 T. 

 

Figure 4.9 – FC measurements at 50 Oe and 0.1 T. Transition temperatures are 
5.78 K at 50 Oe and 5 K at 0.1 T. 

The FC warming curve with 0.1 T indicates a possible saturation of Meissner 

effect at 2.9 K. According to the superposition of paramagnetic and 
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superdiamagnetic signals, under 2.9 K the Meissner effect reaches saturation while 

the paramagnetic portion keeps increasing drastically with temp decreasing. 

4.3.3. Superconductivity of nanosized TiB2 with 100 Oe applied field 

Josephson Effect can be characterized with field scanning measurement 

below critical temperature.  Josephson junction does not present in nano-TiB2 

samples based on the field scanning curve at 2.2 K after ZFC, in Figure 4.10. With 

increasing field from 0 to 100 Oe, no suppression of shielding effect occurs.  

 

Figure 4.10 – FC, ZFC and field scanning (FS) of nano-TiB2 with 100 Oe applied 
field. No Josephson effect is observed. 

The non-linear trend of field scanning data at higher field is corresponding to 

the type II superconductor flux pinning, a quantized penetration of magnetic field. 
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4.3.4. Critical temperature and critical field of nano-TiB2 

With similar lattice structure as MgB2, nano-TiB2 also presents a traditional 

Bardeen-Cooper-Schrieffer (BCS) superconducting behavior. Due to the isotope 

effect from the isotopically bonded hexagonal boron lattice, the electron coupling is 

mediated via phonon as suggested in BCS theory.61 This model is also supported by 

the magnetization study below, with critical temperature characterized at different 

external fields.  

Figure 4.11 demonstrates the magnetization of nano-TiB2 during warming at 

ZFC state with applied fields ranging from 100 Oe to 0.1 T. The critical temperature 

Tc is determined when the diamagnetization disappears. Tc as a function of applied 

fields H is obtained from this series of ZFC measurements, with a trend 

corresponding to BCS superconductivity. 
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Figure 4.11 – ZFC magnetization curves with different applied fields provide 
critical temperature plot as a function of applied field. 
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Similarly, FC magnetization curves are plotted in Figure 4.12.  

 

Figure 4.12 – FC magnetization curves with different applied fields provide 
critical temperature plot as a function of applied field 

Figure 4.13 compares ZFC and FC magnetization curves. With the critical 

temperature data obtained at different fields,  
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Figure 4.13 – ZFC vs. FC magnetization curves with different applied fields. 
Critical field can be plotted as a function of temperature 
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4.4. Ferromagnetism of microsized TiB2  

Paramagnetism persists in microsized TiB2 as temperature decreasing, 

measured with superconducting quantum interference device (SQUID) 

magnetometer. A small ferromagnetism is observed at 2.2 K as demonstrated by the 

magnetic hysteresis loop in Figure 4.14  

 

Figure 4.14 – Magnetic hysteresis loop of microsized TiB2 at 2.2 K indicates 
ferromagnetism 

The transition temperature from paramagnetism to ferromagnetism is 

measured to be around 3 K as in Figure 4.15. After around 21 K, the paramagnetic 

signal starts to dominate the magnetization curve. 
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Figure 4.15 – FC magnetization curves of micro-TiB2 at 100 Oe. Two transition 
points can be observed at ~21 K and 3.3 K. Transition from paramagnetism to 

ferromagnetism occurs at around 3.3 K. 

ZFC and FC magnetization curves are measured at 100 Oe and 500 Oe, shown 

in Figure 4.16 and Figure 4.17.  
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Figure 4.16 – ZFC magnetization curves of micro-TiB2 at 100 Oe (upper) and 
500 Oe (lower). 



 
114 

 

Figure 4.17 – FC magnetization curves of micro-TiB2 at 100 Oe (left) and 500 
Oe (right). 
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4.5. Calculation and Mechanism 

4.5.1. Meissner effect versus shielding effect 

The field dependence of Meissner fraction and temperature dependence of 

the difference between shielding and Meissner effect are important information to 

understand the glass-like superconductivity in ceramic samples and the flux pinning 

structure. 60 

Undeniable is the complexity of determine the superconductive behavior of 

type II superconductor, In ceramic superconductors, the factors influence flux 

exclusion and expulsion include grain boundary, oxidation diffusion, London 

penetration depth, particle shape, inhomogeneity, impurity, etc. Conceptually, a 

quantitative calculation based on ZFC and FC plot provides insights on the flux 

expulsive volume of the sample. 

Susceptibility data acquired with FC and ZFC magnetization curves under 

100 Oe in Table 4.1. Assuming the saturation is achieved at 2.2 K, the Meissner effect 

yields expulsed magnetic moment of 2.00E-03, and surface supercurrent shielding 

moment of 1.00E-02. The volume portion of Meissner effect and shielding effect can 

be estimated as a percentage of total sample volume. 

Density of TiB2 ρ = 4.52 g/cm^3,  

60 mg nano-TiB2  V = 1.3×10-2 cm3 

Flux density B = µH (magnetic strength of external field) 
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Basic unit conversions: 

= 4 × 10   ( , ) 

1 = 10   

1 =
10
4

 

1 = 10  ∙  

1 = 4 × 10  = 4   

Therefore, 

1 =
1

4
 

100 =
100
4

 

1 = 12.57 × 1  

With 100 Oe, FC χ = 2×10-3 emu/g, the Meissner volume: 

10  
100
4

= 4 × 10  = 12.57 × 10  = 1.26 × 10   

Therefore the Meissner fraction of the total sample volume is estimated to be 

=
1.26 × 10  
1.3 × 10  

= 0.113% 
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Similarly, the shielding/screening portion of the sample is calculated to be  

= 0.565% 

A small portion of the sample is actually superconductive and 1/5 of the 

surface shielding portion contributes to the Meissner fraction of the true flux 

expulsion. 

4.5.2. Critical temperature Tc and upper critical field Hc2 

With the fitting of critical field as a function of critical temperature in Figure 

4.13, critical temperature Tc can be calculated at H = 0. 

( ) = −0.64 + 5.78 − 12 

= 0 → = 5.8  

Upper critical field Hc2 can be calculated with Werthamer, Helfand and 

Hohenberg (WHH) equation, 

2(0) = −0.69 ×
2

 

The slope of dHc2/dT = -1.64, at Tc = 5.8 K, 

2 =  −0.69 × 5.8 × (−1.64) = 6.55  

The upper critical field is estimated to be 6.55 T for nano-TiB2. 
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4.5.3. Type 1.5 superconductivity 

The microscopic superconductivity of complex material system has been 

discovered and discussed in recent research.62,63 In multicomponent/multiband 

system, the intervortex interaction follows different rules from both type I and type 

II superconductor, MgB2 for instance. In type I superconductor, vortices have 

attractive force due to the large core size; in type II superconductor, the vortices 

self-assemble into Abrikosov lattice structure for the repulsive force resulting from 

the supercurrents overlapping.62 However, two component superconductor like 

MgB2 has unique semi-Meissner state there the interaction between vortices are a 

balance of long distance attraction and short distance repulsion. 62 Due to the two 

different electronic bonding/bands, both type I and type II superconductivity 

coexist in the same material in a unique vortex pattern.62,63 

4.5.4. Superconductivity in complex material system 

Another emerging field of complex superconductivity system is the unique 

superconductivity observed in quasicrystal, doped materials, oxides and amorphous 

materials.64,65 In complex solids contain oxygen and transition metal, the oxides 

develop in a fractal fashion which seems to promote the high temperature 

superconductivity of the material.65 In contrast to traditional research in perfect 

crystals, where oxides used to be considered as inevitable challenge, current 

investigation in the oxygen defects suggests that the oxygen interstitials formed in 

the crystal lattice displays a fractal pattern and increase the critical temperature Tc 

of superconductor.65 The underlining physics of this type of fatality promoted 
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superconductivity is yet to be clarified. The fractal geometry influence materials’ 

superconductivity also observed in quasicrystal structures. 64 

4.5.5. Boron rich ceramic superconductor  

Many boron rich ceramics have demonstrate superconductive behavior, 

leading with the discovery of high temperature superconductor MgB2.57,66–70 The 

oxygen adsorption or doping and polycrystalline nature of ceramics are reported to 

have important influence on the borides superconductors.70–73 TiB2 has similar 

crystal structure as MgB2. The nano-TiB2 used in this study is also characterized to 

be polycrystalline and oxidized, described in section 2.1.3. 

Oxidation and polycrystalline nature of boron rich ceramics plays an 

important role in boride superconductors.71–73 Research has shown, both 

theoretically and experimentally, annealing MgB2 in oxygen containing environment 

can improve its superconductivity.71,72 As a common impurity, oxygen, both 

adsorpted and incorporated, plays important role in determining the 

superconductivity of MgB2, altering the surface state and grain boundary.74,75 

Intentionally inducing oxygen into MgB2 increases the critical temperature, upper 

critical field and super current density.72 Inhomogeneous microstructure, grain size 

and different composition of Mg-B-O complex has strong influence on the flux 

pinning character of MgB2 sample.73 
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In agreement with the study on MgB2, the nanosized TiB2 demonstrates 

superconductivity despite the ferromagnetism of bulk TiB2 under LHe temperature 

can be a result of the enhanced surface effect and oxidation. 
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Chapter 5 

Carbon based nanostructures for 
industrial application and 

multifunctionality 

5.1. Composites containing aligned carbon nanotubes 

Design and preparation of unique metal@CNT composites for various 

applications is reported in this section, with potential applications including super 

hydrophobic surface, photocatalytic composites and protective coatings.76 A novel 

approach to incorporate CNTs into industrial products and tune the surface 

chemical properties is achieve. With this method, composites with metal, metal alloy 

and polymer in structured CNT forest can be fabricated with desired properties. 

Several prototypes are presented in this section. 
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5.2. Design and preparation of aligned multi-wall carbon 

nanotube composites  

A 3D structure of metal (e.g., Ni) or metal alloys (Ni-P, Ni-P-B or Ni-W, etc.) 

infiltrated CNT arrays can be used as protective coating, combining the advantages 

from both metal or alloy coatings and CNTs. This structure provides corrosion, 

erosion resistance, high hardness and tunable super-hydrophobicity. The CNT forest 

can be directly grown on the steel surface, delivering a much higher density than 

dispersion methods. The Ni atoms (also applicable with different metal atoms or 

alloys, Ni-P, Ni-P-B or Ni-W, etc.) are then electrochemically infiltrated in between 

the CNTs, on the steel substrate, further reinforcing the attachment between CNTs 

and steel, as well as providing advanced surface finish. This (metal/alloy)-CNT 

structure can be applied to steel or various metal/alloy surfaces (e.g., Copper, 

Inconel, etc.). 

This nanostructure fabrication method is based on two prior developed 

techniques: chemical vapor deposition (CVD) of carbon nanotube forest on bulk 

substrates including steel,77–79 and electrochemical or electroless deposition of Ni 

(metal atoms or alloys, Ni-P, Ni-P-B or Ni-W, etc.) on various substrates.80 However, 

these procedures are never reported to be combined to achieve protective coating 

with super-hydrophobicity. Additionally, significant improvements and 

modifications are introduced for better protection performance, control over the 

composition, and superhydrophobicity. 
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Preparation procedure is sketched in Figure 5.1, including the direct thermal 

CVD of CNT forest on wafer or steel substrate, pulse electrochemical deposition of 

Ni (different metal atoms or alloys, Ni-P, Ni-P-B, Ni-W, etc.), infiltration into CNT 

forest, Ni/Ni alloy etching for hydrophobic CNT surface. 

 

Figure 5.1 – Scheme of the preparation procedure of CNT composites using Ni 
metal as an example. 

CNTs can be fabricated directly on steel with thermal CVD for better 

attachment and higher density. Previous methods disperse CNTs in solutions and 

deposit CNTs into coatings along with other elements (e.g., Ni, P, W, and/or B) 

through electroless deposition.80 Several issues with are: first, the density of CNTs 
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will be low and there is little control over the actual CNT concentration in the final 

coating; second, the dispersion of CNTs in solution requires dispersing agent, which 

induces unnecessary molecules into the coating and lowers the strength of the 

coating potentially; third the direction and formation of the CNTs are random due to 

the uncontrolled deposition process; finally, there’s no attachment between the 

substrate and the CNTs. 

Here, via the direct growth of CNT forest on the steel substrate, the above 

issues can be overcome. First, the density of CNTs can be tuned through CVD 

process, leading to a desired composition for final coating. There’s no CNT 

dispersion or dispersing agent required in coating solution, which increases the 

effectiveness of the metal/alloy coating. In the final composition, the CNT will be 

vertically aligned, and hence, it is easy to expose the end of CNTs for super-

hydrophobicity. Better attachment between CNTs and the steel substrate ensures 

the conformation and a secured coating layer. Moreover, CVD is a well-developed 

synthesis process that can be scaled up for industrial application. 

After the CNT forest growth on steel substrates, Ni or Ni alloy will be 

infiltrated into the forest, between CNTs. This can be achieved through pulsed 

electrodeposition, where the pulsing time allows Ni and other alloy ions to 

penetrate into the void space of the CNT forest and deposit during the electroplating 

periods. With a certain number of deposition cycles the Ni or Ni alloy will occupy the 

space between CNTs and form a complete surface coating with CNTs incorporated. 
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Electrochemical deposition normally has better hardness than electroless 

deposition used in previous methods.80 This pulsed deposition with CNT forest 

provides coatings with smaller grain size and complete coverage over the surface, 

hence even tighter coating and better surface quality. 

To obtain super-hydrophobicity, the Ni or Ni alloy coating surface is going to 

be etched after electrochemical deposition. Thus, the ends of CNT forest are 

exposed. Due to the super-hydrophobicity of CNT, the coating surface will also be 

hydrophobic. 

The etching depth can be controlled to realize desired length of CNT ends. 

With the tunable CNT density and length, the super-hydrophobicity of the coated 

surface can be customized for different applications. 

Different metals and metal alloys can be employed in the electrochemical 

deposition. Ni and Ni alloys are traditionally utilized as surface finish to improve the 

strength of metals and steels, but this electrochemical process is not limited with Ni 

based coatings. Therefore, various metal and metal alloys can be used.   

Metal hardening, annealing and heat treatment can be incorporated along 

with the thermal CVD process. Since the CVD process is already conducted under 

high temperature (600-900 ℃), the substrates can be conveniently heat treated 

with desired process. 
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Patterning the coating surface is feasible with the CVD growth of CNTs. By 

control the area of CNT growth with catalyst and surface treatment, the final coating 

can be designed to different patterns. 

5.3. Electrochemical deposition for CNT composites 

Electrodeposition is used to create metal nanoparticle decorated CNTs . It is 

common that CNTs are utilized as fillers or additives in elastomers, package, surface 

spray, etc. However my work provides another approach of infiltrate metal particles 

or layers into aligned forest of CNTs. In cases with CNTs incorporated elastomers, 

drawbacks including the randomness of orientation and configuration of CNTs, also 

concentration and distribution is hard to control. With my approach, CNT 

configuration can be designed beforehand. A more precise and accurate design can 

be achieved using electrochemical deposition. 

5.4. Fabrication procedure of metal infiltration 

Electrodeposition is utilized to deposit Ni particles to CNT forest. The 

deposition and particle size highly depends on the electro-condition: voltage, 

current and deposition duration. The benefit of using electroplating as deposition 

methods are: fast, easy to control deposition conditions, particles are uniform, well 

distributed.  
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Not only CNT configuration is controlled, also the density, morphology and 

composition of metal is tunable. Using electrodeposition metal nanoparticle 

decorated CNTs are created for further characterization and applications. 

5.5. Prototypes of Ni@CNT composites  

Various design of prototypes are created via controlling the infiltration 

protocols. This section presents several variations of composites based on the 

design described in Figure 5.1. 

Figure 5.2 - Figure 5.7 demonstrate 6 different designs of metal@CNT 

composites. With distinguished formations, morphologies and compositions, these 

composites possess unique physical and chemical properties that can be utilized 

towards different applications and material requirements. 

Metal nanoparticles can be infiltrated into the carbon nanotube arrays 

through electrochemical deposition, which forms a uniform, structures composite 

combining the characteristics of metal nanoparticles and aligned carbon nanotubes. 

Figure 5.2 indicates well controlled particle size and distribution. Meanwhile the 

structure of CNT forest is preserved as a base template for the particle deposition. 
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Figure 5.2 – Ni metal nanoparticles infiltrated inside the CNTs forming a 
uniform distribution and structured composit 

Metal nanoparticles can also reside on the surface of carbon nanotube 

bundles without penetrating into the forest. This surface decoration, as in Figure 

5.3, also exhibits even distribution and preservation of CNT structures. 
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Figure 5.3 – Metal nanoparticles (e.g., Ni) decorated evenly outside the CNTs 

Denser and larger metal particles merge into each other and form a 

connected formation with gaps and cavities between particles, as in Figure 5.4. 

Carbon nanotubes are embedded in such metal structure and stay distributed inside 

the composites. 
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Figure 5.4 – Metal particles (e.g., Ni) diffused into each other forming 
connected block with interval cavities and CNTs embedded 

Electrochemical deposition can also evenly coat the carbon nanotubes with 

Ni and a metal tube with CNT inside is created as in Figure 5.5. Worth noting is the 

metal tubes also stay aligned as the initial CNT array. 
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Figure 5.5 – CNTs fully coated with metal deposition  

Increasing the coverage of the surface decorating metal nanoparticles, a 

continuous layer of metal can be coated on the surface of CNT forest, shown in 

Figure 5.6. Instead of detached surface layer, the Ni film deposited has carbon 

nanotubes captured inside. 
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Figure 5.6 – Metal deposited on the surface of CNT forrest forming a continous 
layer of Ni coating with CNTs inside. 

2-3 nm long CNT forest is produced with 30 min water-assisted CVD, upon 

which a thin layer of Ni atom is sputtered. Figure 5.7 displays the top layer of CNT 

forest after sputter coating, and the CNTs hold the aligned structure.  



 
133 

 

Figure 5.7 – Metal layer sputtered on top of the CNT forrest coating the tip of 
the tubes. 
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5.6. Applications of metal or metal alloy @ CNTs 

This novel metal or metal alloy infiltrated CNT forest structure provides 

surface protection including high hardness, corrosion and erosion resistance, 

tunable hydrophobicity, and potentially, surface lubrication. Due to the direct CVD 

growth on steel and other different substrates, the CNTs in final coating has 

improved attachment to the substrate, higher and controllable density, designated 

direction (i.e., vertical). The pulsed deposition results in completely filled space 

between CNTs with desired metal or metal alloy for different finish. The metal or 

alloy layer is tighter with higher strength with CNTs. The final step, surface etching 

realizes the control over the length of exposed CNTs and thus tunes the 

hydrophobicity and lubrication of the coating surface.76 
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Chapter 6 

“Nearly everything is really interesting 
if you go into it deeply enough.” – Dr. 

Richard Feynman 

Achievements in nanoscale research have become more accessible to 

industry and real world applications. From Dr. Feynman’s invitation to “the new 

field of physics” in 19594, to the establishment of the National Nanotechnology 

Initiative in 20006,7, decades of dedications have advanced nanoscience to 

nanotechnology, and now to nano-engineering. The capability to manipulate 

material properties at the atomic level and to develop solutions with 

nanostructured designs have inspired and motivated my study and research. 

This dissertation presents my exploration of material properties induced by 

nanoscale size confinement and novel design of nanostructures. Traditional 
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industrial material TiB2 delivers unexpected, unreported, and remarkable traits, 

including high energy storage capacity and superconductivity, as the particle size is 

reduced to the nanoscale. Besides the inherent material properties unveiled through 

downsizing and miniaturization, desired multifunctionality can be achieved by 

developing nanostructures with integrated features derived from different 

components. The concept of metal infiltrated carbon nanotubes generates a series of 

innovative prototypes, selectively combining hydrophobicity, mechanical resistance, 

heat dissipation, electrical conductivity, and photocatalytic properties, to name a 

few.  

Through my research on nanosized TiB2, the exceptional energy storage 

capacity and superconductivity of this material are, for the first time, reported and 

characterized. The theoretical capacity of this material for LIB anode applications is 

calculated to be 385.7 eV. Its newly-discovered critical temperature of 5.8 K and 

upper critical field of 6.55 T represent its superconductive transition. TiB2, 

traditionally employed for ultra-hard industrial ceramics, is far from a trendy topic 

of current nanoscale science research, unlike its close neighbors on the periodic 

table, TMDs. The discovery of intriguing, high performance characteristics in 

nanosized TiB2 presents new perspectives on tuning and understanding nanoscale 

material properties. By simply confining a material in its size and dimensions, 

atomic level modifications are introduced to the system along with significantly 

enhanced surface effects.  
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Different from TiB2, carbon nanotubes have been widely investigated and 

applied in nanotechnology for decades, and often incorporated as fillers, sprays and 

surface coatings, into existing material systems. With these approaches, the control 

of CNTs’ density, distribution and orientation remains challenging. By simply 

reversing the procedure, various unique nanocomposites can be produced by first 

constructing aligned CNT forests, then infiltrating the interstitial space with desired 

materials (e.g., metals, alloys and polymers). As an example, Ni infiltrated CNTs 

demonstrate tunable density and distribution of both Ni and CNT components, 

enhancing attachment to the substrate and achieving desired multifunctionality. In 

addition to the physical heterostructures of nanomaterials, chemical 

functionalization alters material properties by covalently bonding functional groups 

to the surface of the base species. With an enhanced surface ratio of nanoparticles, 

the efficacy of functionalization increases significantly.  

Prototypes fabricated for this thesis have revealed promising potentials for 

application. Performance of these materials can be further improved with 

optimization, including the recipe of nano-TiB2 based electrodes, the degree of 

oxidation and annealing conditions of nano-TiB2 superconductive materials, and the 

metal to carbon composition ratio of metal infiltrated CNT composites. 

The mechanism and physics behind size confinement induced properties are 

to be further investigated. Identifying a single dominant factor is challenging 

because of the combined effects of surfaces, grain boundaries, oxidation states and 
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structural defects. For energy storage capacity, viable experimental approaches 

include multi-stage characterization of the reaction cycles between the nano-TiB2 

electrode and Li ions, as well as comparison of electrode performance with varied 

particle sizes. Insights into the mechanism of superconductive behavior can be 

obtained through annealing TiB2 nanoparticles before magnetization 

measurements, varying the level of oxidation and directly measuring electrical 

resistivity under LHe cooling. Many challenges in preparing nanoparticles and 

measuring their properties lie with the stability of the nanoparticle dispersion, 

tendency of agglomeration and purity of the sample. Developing practical sample 

preparation procedures can aid this process and would be transferrable to different 

materials for future research. 

Improvement of the synthesis method is critical. Both in-house exfoliated 

and pristine purchased TiB2 nanoparticles have considerable oxygen and nitrogen 

content as well as polycrystalline nature. Oxidation and certain contaminants seem 

to be inevitable with current fabrication methods. High purity, single crystalline 

TiB2 can surely advance both research and application of this material. Developing 

synthesis protocols of CNTs on various substrates would be valuable as well, 

allowing for direct implementation without the complication of transfer. 

Additionally, nanomaterial synthesis can be further enhanced for greater tunability 

and productivity. 
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With all this in mind, the question remains as to whether higher purity and 

definitive composition are superior and necessary for all applications. The inherent 

complexity of chemical composition can be the source of intriguing properties in 

nanomaterials. The balance between cost, productivity and quality is also a valid 

concern for numerous applications. In my opinion, a better strategy to develop 

current nano-engineered solutions rests in the capability of dealing with the 

ambiguities of structure and function, while still being able to take advantage of the 

enhanced material properties offered by the nanoscale. The fact that ambiguities 

remain, calling for deeper investigation, makes nanoscale science and technology 

continue to be an interesting realm for exploration. 
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