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Abstract

The evolution of nanotechnology in the past few decades has provided enormous
opportunities and scope to mitigate polluted water by using nanomaterials created
with specific properties. Titanium diboride (TiB,), an emerging two-dimensional
(2D) nanosheets possess a unique combination of chemical and physical properties. It
is a low-density, ultra-high temperature refractory material that has gained
importance in recent years. In this research, 2D nanosheets of TiB, were synthesized
by liquid exfoliation method, characterized by XRD, UV-visible spectroscopy, SEM,
and AFM techniques. Synthetic dyes are significant component of our lives as they
are found in the various industrial products forming significant constituent of
industrial wastewater. Dye degradation is a method in which the synthetic dye
molecules are chemically broken down into smaller molecules resulting into non-toxic
products. Titanium diboride has good electrical properties. Being a UV absorbing
material, with a slightly larger Eg, it can reduce charge recombination rate and
enhance photocatalytic activity. Another nanomaterial titanium dioxide (TiO,) has
been used widely for notable applications like refinement of polluted water & air,
self- cleaning glasses, tiles, and tents. Exfoliated nanosheets and TiO, nanoparticles
were used to prepare TiB,@ TiO, nanocomposite with 0.5%, 1%, and 2% of
nanosheets. The prepared composite samples were used for photocatalytic
degradation of Rhodamine B dye. The composite degraded more than 50 % of

Rhodamine B in 90 minutes only under UV illumination.
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Chapter 1

Introduction

Environmental pollution has become a prolonged global dilemma due to the
accelerated pace of urbanization and massive industrialization. Although substantial
efforts have been employed on the removal and degradation of dangerous
environmental contaminants, environmental remediation is yet a matter of global
interest. The evolution of nanotechnology over the past few decades has provided
enormous opportunities and scope to mitigate polluted water by using nanomaterials
created with specific properties. [1]

The main contributors to water pollution are the textile, and dye manufacturing
industries. According to an estimate, 17% - 20% of industrial water pollution is the
result of textile pigmentation and treatment processes globally. The discharge of such
untreated wastes into the water channels is resulting in the extinction of aquatic life
and agitation in the ecological balance. It also leads to many diseases and health
complications in human beings. Degradation of these water pollutants by employing
light-absorbing materials under the solar spectrum is a highly efficient, and
economical approach for the treatment of wastewater. Photocatalysis provides an
easy way to remove the toxic organic dyes present in wastewater using solar
radiation. [2][3]

As Richard P. Feynman said “There is plenty of room at the bottom.” and
presented us “an invitation to enter a new field of physics” in 1959. [4][5]

At that time, he categorized “the problem of manipulating and controlling things in a
small scale” 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. Since then, more than two decades it took, for nanotechnology to arrive at
its booming era in late 80’s. 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 sparked off the enthusiasm of nanoscience research.

Soon after the discovery of carbon nanotubes in 1991 same year, the first



nanotechnology program was established by the National Scientific Fund in US.
[51[6]
Nanotechnology and nanomaterials grant possibilities for the generation of truly

distinct materials in terms of dimensions and properties from their bulk counterparts.

1. Zero Dimensional (OD) Nanostructures

Zero dimensional nanomaterials have a diameter of less than 100 nm, with spherical
or quasi- spherical shape. Because of their intrinsic structural properties such as high
surface-to-volume ratios, the quantum and edge confinement effects and the ultra-
small size providing more refined or unique properties e.g. quantum efficiency, high
photoluminescence, and chemiluminescence. Carbon quantum dots (CQDs),
graphene quantum dots (GQDs), fullerenes, inorganic quantum dots, magnetic
nanoparticles, noble metal nanoparticles, have drawn inclusive research interest in
the areas of ion detection, biosensing, biomolecular recognition, disease diagnosis
and athogen detection. [8][9]

Titanium dioxide is being investigated for many decades, titania nanoparticles have
been studied for dye-sensitized solar cells, humidity sensors, photocatalysts, and in
medicine for treatment of maladies and cancer. [9][10][11]

TiO2 nanoparticles doped with nitrogen loaded on magnetic hexagonal mesoporous

silica for removal of herbicides are shown in fig 1.1. [10]

Fig. 1.1 SEM image of TiO, nanoparticles [10]



Titanium diboride nanoparticles have excellent properties like good tensile strength,

ductility, super hardness, and yield strength and corrosion susceptibility. [12][13]

Nanocrystalline titanium diboride particles were synthesized with a novel approach
having 15-40 nm average diameter and hexagonal crystal structure. TEM image of

these nanoparticles as shown in fig. 1.2. [14]

Fig 1.2. TEM image of TiO, nanoparticles [14]

A scalable synthesis route of TiB2 nanoparticles was reported by Javadi et al. with

particle size of less than 10 nm. The characterization of the sample confirmed the

synthesis of surface-clean, ultra- fine TiB2 nanoparticles (shown in fig 1.3). [15]

Fig. 1.3 TEM images of TiB, nanoparticles [15]



Alumina-titanium diboride nanocomposite formed by a sol-gel route followed by
mechano- chemical reduction. The results shown (fig 1.4) that in the AI203 matrix,
10- 30 nm-sized TiB, particles were dispersed. This low-temperature process
successfully produced homogenous composite powder of 100 nm — 2 um sized

particles. [16]

Fig. 1.4 TEM images of alumina-titanium diboride nanocomposite [16]

1.2 One Dimensional (1D) Nanostructures

1D nanostructures is with lateral dimensions between 1-100 nm include nanowire,
nanorods and nanotubes. 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. [17]

Popular fabrication methods include templated deposition, self-assembly,
lithography, chemical methods (e.g., chemical vapor deposition for carbon
nanotubes) and their combinations. Using chemical method, nucleation and growth
are the two main processes for the crystallization of 1D structures. The anisotropic in
crystal structure and chemical bonding is the major driven force of one-dimensional

growth of the materials. [18] Many 1D nanostructures have been explored for their



potential in various applications. Besides the first discovered carbon nanotubes
(CNTs), another remarkable example is TiO, 1D structures such as nanowires,
nanorods and nanobelts, or their optic and electronic properties. Potential applications
of TiO, 1D nanostructures include solar cell, photocatalysis, ion-intercalation
batteries and sensors. [11][10][19]

A simple hydrothermal method is used for the successful synthesis of TiO./TiB,
nanowall (fig 1.5). The results showed photocatalytic performance of A- TiO,/TiB;
catalysts is better than P-25 TiO, because of the decolorization rate of A- TiO,/TiB,
is 78.8% after 180 min in MB solution. The absorption edge of A- TiO,/TiB, catalyst
and broadening absorption peak has shifted to low energy systems. Further
characterization of the sample indicated this peak shifting was due to N- doping in
TiO2/TiB, nanowall. [20]

Another 1D TiO,/TiB, hybrid material was formed via a facile solvothermal route

with varying morphologies.

Fig 1.5. SEM image of TiO»/TiB, nanowall [20]

1.3 Two Dimensional (2D) Nanostructures
2D nanomaterials have charge confinement in one dimension and mobile in the
remaining two spatial dimensions. These 2D materials possess novel and superior

properties distinct from their bulk counterparts. In the last two decades research on 2-



D materials has drawn enormous attention since the successful exfoliation of graphite
into atomically thin 2-D graphene in 2004. Graphene has extraordinary properties
including lightweight, strength, flexibility, and high optical transmittance. [22]

This “wonder material” of the 21st century can be employed for ultra-wide-
bandwidth optical modulators, faster transistors, and many other applications.
Another group of layered materials is known as transition metal dichalcogenides
(TMDCs). These layered materials have van der Waals bonding, and hexagonal
structure, enabling the exfoliation of the materials into 2D flakes with atomic-level
thickness. [23]

From the layered materials family of transition metal diborides, TiB. stable 2D
nanosheets in aqueous dispersions by first successful exfoliation of bulk
polycrystalline TiB2 with high boron- to-titanium ratio.

This process requires repeated cycles of turbulence-assisted shear exfoliation and
ultrasonication of TiB2 bulk powder in agueous medium. AFM results showed
(fig.1.6) nanosheets of 6-10 nm thickness and TEM revealed several microns sized
sheets. [24]

Fig 1.6 AFM and TEM images of TiB2 nanosheets [24]

The borothermal reduction of TiO, with the assistance of MgCl, at low temperature
and flowing argon atmosphere led to the successful synthesis of TiB, nanosheets K. -
H. Wu et al. reported. The formation mechanism of TiB, nanosheets consists of the
dissolution-recrystallization

mechanism and the co-effects of MgCl, and B20Os. The nanosheets had a lamellar

structure (fig. 1.7) and specific surface area of 99.32 m?/g after a 4 h reaction of an



MgClzand TiOzat 1373 K. [25]

Fig 1.7. TEM images of TiB, nanosheets [25]

Epitaxial, low-resistivity, and smooth titanium diboride films on SiC substrates. The
films grown by pulsed-laser deposition technique have resistivity comparable to that
of single-crystal TiB2 and the structural and chemical affinity of material and lattice
match is comparable to the superconductor MgB.. The growth of TiB2 films (fig1.8)
is a big step towards MgB-based heterostructures. The electrical resistivity of the

epitaxial TiBz films measured at 300 K is 8 mQcm. [26]

10.0 nes
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Fig 1.8. AFM Surface morphology of TiB, film [18]

Highly photoactive, slit shaped two-dimensional titanium dioxide nanostructures
shown in fig.1.10. These 2D nanostructures were synthesized without any

environmentally dangerous materials or organic solvents. [27]



Fig 1.9. SEM images of 2D TiO, nanostructures [27]

1.4 Three Dimensional (3D) Nanostructures

Three-dimensional materials possess three arbitrary di-mensions surpassing the
nanoscale (>100 nm). Yet, 3D materials maintain a nanocrystalline structure or
include the occupancy of traits at the nanoscale. They are constituted by recurring
patterns of nanosize crystals, usually in diverse orientations. These include bulk
structures such as carbon nanobuds, which incorporates CNTs and fullerenes,
aerogels, fuller-ites, honeycombs, fibers, hydrogels, and foams for the fabrication of
additive- and binder-free electrodes, conductive for supercapacitors.[8][28]

TiB2-TiC/TiO2 porous heterostructures having improved surface area and
photocatalytic performance were synthesized by the hydrothermal route. The TiBo-
TiC/TiO heterostructures (fig.1.10) have TiO2 nanobelts and nanosheets which have

shown improved photocatalytic degradation of rhodamine B and methyl orange. [29]

Fig. 1.10 SEM: TiB,-TiC/TiO, nanosheet heterostructure [29]



A three-dimensional Ag-titanium dioxide nanowires structure shown in fig 1.11, with
surface enhanced Raman scattering, recyclability, and excellent performance for

detection of biological and chemical molecules. [30]

Fig 1.11 SEM and TEM images of TiO, NWs and Ag-TiO, NW [30]

Titanium dioxide embed carbon nanofibers hybrid 3D composites was formed to
enhance electrochemical performance of sulfur cathode in batteries.

The fig. 1.12 shows SEM images of mesoporous 3D titanium dioxide embed carbon
nanofibers/S. [19]

Fig.1.12 SEM image of the CNFs@TO composites [19]



1.5 TiO2and Photocatalysis

Numerous diverse nanotechnology-based methods for the treatment of wastewater
have been developed. The most generally applied techniques are photocatalytic water
treatment technology, membrane-based technology, sensing and monitoring
technology, adsorption-based technology, and anti-microbial nanomaterials-based
technology. TiO, is an accepted and the most studied practical material in

semiconductor photocatalysis. [33]

—— —
‘ 2
hy l
C0,

Organic +
Pollutants H,0

T.

H,0

Figl.14 Schematics of Photocatalytic mechanism [33]

For the degradation of different lethal pollutants in water and air, TiO, nanoparticles
have been largely employed. Despite owning diverse benefits, such as abundant and
cheap, nontoxicity, strong oxidizing power, high stability, and the superior
photoelectric effect, the wide bandgap energy (3.2 eV) of TiO, aids the requirement
of using ultraviolet (UV) excitation to achieve applications. The TiO, catalyst also
encounters deactivation when its continuously utilized for VOC degradation. A
suitable approach for narrowing the bandgap of TiO, is needed to utilize maximum

photons from the solar spectrum. [34][35][36]

10



Nano Mg Fe— TiO, photocatalyst was synthesized with doping of Mg and Fe into
TiO,, for visible light photocatalysis. They help in preventing the recombination of
electrons and holes during the reaction. The catalyst showed better removal efficiency
for Congo Red Dyes as compared to TiO,. [37]

For the degradation of methyl orange (MO), TiO, /WS, composite photocatalyst was
utilized, which showed excellent degradation efficiency. The catalyst successfully
degraded ~95% of methyl orange in 60 mins under a 500W Xenon lamp. [38]
Methylene blue was degraded using thulium doped TiO, composite material. Two
crystalline phases allowed better efficiency of the charge separation, and the
pyrochlore phase enhanced the mobility of the photogenerated electrons. [39]

Visible light degradation of Rhodamine-B using Erbium-doped mesoporous TiO,
catalyst was analyzed, which showed 98.78 % degradation of Rhodamine-B in 28
min. The large surface area of mesoporous TiO, structure, improved O, adsorption
by Erbium, and photostability of the catalyst make it suitable for industrial
wastewater treatment under visible light illumination. [33] Titania co-doped with iron
(0.5 wt%) and nitrogen under visible-light irradiation decomposed Rhodamine B
completely within 4 hours. The efficiency of this composite is far better than Fe-
doped TiO, or N-doped TiO,. [40]

Catalyst with greater surface area offer higher photocatalytic activity. In the next
section, we will discuss Titanium Diboride a layered material from transitional metal

diborides family as potential material for developing photocatalyst.

1.6 Transitional Metal Diborides

Transition metal dichalcogenide (TMDC) monolayers, such as molybdenum disulfide
and diselenide, tungsten disulfide and diselenide, have drawn attention from material
scientists. However, there is one group of interesting materials that has been
overlooked in the field of nanoscale research — transition metal diborides. Transition
metal diborides consist of group V- VII transition metals (TM=Ti, Zr, Al, V, Ti, Cr,
Nb, Zr, Ta, and Mo, etc) also known as 3d, 4d, and 5d TMB2. They have been under

investigation due to their outstanding properties like increased hardness, high melting

11



point & thermal conductivity, wear resistance, enhanced strength and chemical
stability. Transition metal diborides, having both metallic and ceramics, properties
fall in the category of ultrahigh temperature ceramics. [23][24]

For ultra-high temperature applications like cutting tools, rocket nozzles, electrodes,
wear resistant parts and armor, TaB,, TiB,, ZrB,, and HfB, (refractory borides) are
promising candidates due to their melting temperatures up to approx. 4000 °C and
superior chemical and thermomechanical properties. [25][29] Their superior
properties at elevated temperatures make them a potential candidate for
manufacturing parts like nose tips, hot structure components of hypersonic vehicles,

scramjet engines and microelectronics. [41][42]

The table 1 includes values for different properties of TMBs.

Tablel: General trend in the properties of TMBs

Property Values for TMBs

Thermal conductivity 60 W/mK to 120 W/mK
Density 4.5 g/cc - to 12.5 g/ce
Hardness 25 GPa to 35 GPa
[Electrical resistivity 0 uQ.cm - 33 uQ.cm
Thermal expansion co-efficient 6.3x10% K t0 8.6 x10® K1
Fracture toughness 4 MPam*? to 5 MPam?/?

Reference: [29][41][42][43][44]

Metal diborides form a huge family of at least 30 members of the periodic table.
Most of them have an AIB,-type hexagonal structure, having boron layers exactly
like graphitic layers. The boron atoms are joined through covalent bonding in 3D
metal diboride structures. The boron layers provide high electrical conductivity in
these diborides. The arrangement of boron atoms affects the chemical and physical

properties. Metal diborides have attracted researchers since the discovery of

12



magnesium diboride as a superconductive material at 39 K. [43][44]

Among transition metal diborides, Titanium diboride (TiB,), for example, an

industrial ultra-hard ceramic possesses properties like hardness, chemical resistance,
oxidation resistance and high conductivity both thermally and electrically. [45]

By creating nanoscale structures of titanium boride compounds, we can extend these
advantages to nanoscale devices and products, for instance, electrodes, aircraft
materials, durable electronics, and heterostructures incorporating other
nanomaterials. [16][46]

Boron rich ceramics have always been of interest to industrial research, since the 60s,
for their remarkable mechanical performance, possible superconductivity and
antiferromagnetism. 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 A. The metal-B bond is predominantly covalent, as
well, confirmed by both theoretical calculation and experimental observation.

Like 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.
Metal diborides also have high electronic conductivity, thus, considered to be
potential diffusion barriers and nanowires in electronics. [47][48][49][50] TiO; in
composition with layered TiB, will provide an enhanced surface area which acts as an

active reaction site for photocatalysis and better separation of charge carriers.

1.6.1. Lattice Structure of TiB,

AlB; type structure was first published in the 1930s with 191 PG/mmm, space group,
containing boron layers separated by layers of metals in a hexagonal close-packed
structure. [51] The hexagonal boron rings are stacked above and below metal atoms
perpendicular to the ¢ axis as shown in Fig. 1.15 and Fig. 1.16. [52] [53][54]

Among transition metal diborides, Titanium diboride holds a special position because



of its excellent electrical resistivity of 22 x10® Q c¢m, high melting point i.e. 3225°C,
increased hardness of 25 GPa, low density of 4.5 g/cm?®, chemical stability at high

temperatures and better thermal conductivity of 96 W/m/K.

Fig. 1.15 Unit cell of TiB;

These properties make TiB, a potential material for cutting tools, arms, wear, erosion
resistance, crucibles, high-temperature electrode, microelectronics, mechanical

components, and high-temperature structural applications.[55][56]

Fig.1.16 AIB, type layered transition metal diborides structure; Blue- Boron, Orange

-T™
14



The theoretical and experimental values of lattice parameters of TiB, crystal structure

are represented in the table 1.

Table 2: Theoretical and experimental lattice parameters of TiB;

TMD?2 alA cA

TiB, 3.006°3.03° [3.032°| B.212° 322" [3.229°

Experimental

TiB; 3.005 3.038 3.070° | [3.186 " [3.239° [3.262°

Theoretical ~ 3.03° [3.034°[3.030° | B.23° B.226" [3.221°

References: a [55], b [57], ¢ [58], d [59], e [24]

1.6.2. TiB, Properties

TiB,, for its unique properties and diverse applications, draws interest to the
fabrication and characterization. However, there is no current standard procedure for
high quality TiB, production, leading to severe variation in chemical composition and
performance of the products. The data presented above have confirmed the strong
dependence of properties on microstructure. Overall, the exquisite performance of

TiB, can be summarized as in table 3.
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Table: 3 Properties of polycrystalline TiB;

Temperature (°C)

Property 20 500 1000 1200 1500 2000
Density (g/cmq) 4500 4.449 4389 4363 4322 4248
Thermal Conductivity|96 81 78.1 77.8

(W/(m'K))

Compressive Strength/1.8

(GPa)

Hardness (GPa) 25 11 4.6

Bulk Modulus (GPa) 240 234 228

Fracture toughness (MPa.6.2

m1/2)

Elastic Modulus (GPa) 565 550 228

Wear Coefficient (10°)  [1.7

Electrical conductivity 0.45x 10

Reference: [56][59]
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Chapter 2

Literature review

In the field of nanomaterials, two-dimensional nanomaterials show immense
potential and applications due to their unique physicochemical properties. In the
recent past, researchers are making efforts to exfoliate layered materials including
transition metal diborides. Bulk titanium diboride has been used in numerous
industrial applications for decades, while continuous efforts to delaminate it into 2D
nanosheets have provided new prospects and applications.

Saju K. John et al. reported high boron-to-titanium ratio TiB, stable 2D nanosheets in
aqueous dispersions by first successful exfoliation of bulk polycrystalline TiB2. This
process requires repeated cycles of turbulence-assisted shear exfoliation and

ultrasonication of TiB, bulk powder in aqueous medium. [24]

F. Huang et al. used a simple hydrothermal method for the successful synthesis of
TiO,/TiB, nanowall. This route required ethylenediamine (EDA) and hydrogen
peroxide solution, the addition of EDA initiated the arrangement of layered products
to A-TiO,/TiB, core/shell nanowall structure. The results showed photocatalytic
performance of A-TiO,/TiB, catalysts is better than P-25 TiO, because of the
decolorization rate of A-TiO,/TiB, is 78.8% after 180 min in MB solution. The
absorption edge of A-TiO,/TiB, catalyst and broadening absorption peak has shifted
to low energy systems. Further characterization of the sample indicated this peak
shifting was due to N-doping in TiO,/TiB, nanowall. [20]

A. Yousaf et al. reported the synthesis of 2D nanosheets of metal diborides including
AlB,, CrB,, HfB,, NbB,, MgB,, TiB,, TaB,, and ZrB,, via ultrasonication-assisted
exfoliation. Tip sonication and bath sonication methods were used for exfoliation and
each metal diboride powder was mixed with a suitable organic solvent or aqueous
surfactant solution to make dispersions e.g sodium cholate (SC) aqueous solution for
TiB2. The lateral dimension of exfoliated sheets has a length up to micrometers and

thickness down to 2-3 nm. The exfoliated metal diboride layers retained their
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chemical composition and hexagonal structure with a lateral dimension up to
micrometers and thickness down to 2-3 nm. TEM results showed the size of flakes
varying from 100 nm across to several microns across and morphologies like flat,
planar sheets for Mg, Al, Ti, and Cr diborides and folded, crumpled for Zr, Nb, Hf,
and Ta diborides. AFM results showed thicknesses varying between 3 to 18 nm and

lateral dimensions from 150 nm to 4 um across. [60]

X. Guo et al. synthesized TiB,-TiC/TiO, porous heterostructures having improved
surface area and photocatalytic performance. The hydrothermal route was used to
achieve in situ growth of porous structure with boron and carbon elements. The TiB,-
TIiC/TiO, heterostructures have TiO, nanobelts and nanosheets which have shown
improved photocatalytic degradation of methyl orange and rhodamine B as compared

to pure porous TiB,-TiC composite. [29]

The table below briefly describes research on TiB, with applications in diverse fields.
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Table: 4 TiB, structures, composites, and Applications of TiB,

Material |Method Size Properties Application Reference
Zn-TiB,  [Flux-assisted Size: Improved Yield biodegradable [62]
Nanocompo [synthesis,  hot A54nm | stress by 90% material for
site rolling and ultimate load-bearing

and ultrasound- tensile stress by 45%japplications
assisted nanoparticle
homogenization

MgNizB, [Sol-gel TiB, hydrogen Li-Mg-B-H [63]
and TiB,  |and ball milling species  |desorption is excellent
Nanoparticl- approx. 5 Kinetics of cyclic stable hydrogen
es nm Li-Mg-B-H storage system

RHC was
massively affected

Die-cast  [High TiB, Superb Approximately 90%  [[12]
AISiMgCu/ | Pressure particles | hardness, increase in strength
TiB, Diecasting yield strength, compared
composite | assisted with tensile to traditional alloys

Super vacuum strength and ensuring
an industrially for industrial
applicable ductility japplications.
Al,Os-TiB, JAtmospheric Al,05-30 [High hardnessand |Biocompatible films  ([64]
nanocompos/Plasma spray (APS) wt% TiBjcorrosion resistance (could be used for
ite films technique film Orthopedic and dental
thickness applications.
3045 pum.
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Chapter 3

Experimentation Methods

3.1 Synthesis Routes

For the synthesis of 2D material bottom-up and approaches are used. In this work,
top-down approach is used to synthesize titanium diboride nanosheets. The general

top-down and bottom- up approaches for 2D materials are discussed below:

3.2 Top-Down Approaches

The preparation of mono or a few layered materials from the exfoliation of 2D
materials is one prominent area of importance [61]. Exfoliated structures provide
interest both in their potential applications and fundamental investigations. Materials
synthesized from exfoliation of graphite, TMDs and, Transition metal diborides have
enormous significance as they present a breakthrough in optoelectronics and flexible
electronic devices. In 2D nanostructures, weak bonding between their layers and
strong in-plane bonding [62] [65] play a vital role so that these layers can be
separated from each other to enhance surface area and the inherent properties of
materials. Exfoliation can be performed by:

3.2.1 Mechanical exfoliation

In this process, the layers are exfoliated by employing some mechanical forces.[63]

Graphene was successfully synthesized by this process by using bulk graphite by
“scotch tape method” [64]. Through this approach, high-quality single layers can
also be developed. This technique is successful as it generates intrinsic sheets, and a

huge domain of research is directed towards it now.
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Fig. 3.1 Schematics for mechanical Exfoliation of 2D materials

3.2.1.1 Merits

Pristine quality sheets are obtained.

3.2.1.2 Demerits

3.2.2

Limited yield is obtained through this method.
Lack of scalability [65].
Not relevant for large-scale results.

Sheet size and thickness constraining is a problem.

Liquid Phase Exfoliation

In this process, solvents are utilized to intercalate the layers of the material [66]. In
the sonication process, sound energy is utilized which produces shear forces. The
solvent is a crucial choice, i.e., it needs to promote the delimitation process. It
shouldmaintain extremely stabilized dispersions with a high density of 2D exfoliated
sheets. Seldom a blend of solvents may also be utilized for effective exfoliation of
materials. Among solvents, N- methyl-2-pyrrolidone (NMP) is the most common.

NMP has a surface energy of ~40 mJ m-2 which balances with the surface energy of
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several layered materials [67][69].

A
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Fig. 3.2 Schematics for liquid phase exfoliation of 2D materials

3.2.2.1 Merits

« Highyield can be achieved through this process.
o The extremely crystalline material is produced.
o This process is cost-effective and cost-effective.

o Sheets of reliable scalability are produced.

3.2.2.2 Demerits
o Comprises residual chemicals, which can alter the characteristics of nanosheets.

« The solvent may be unstable and lethal too.

« This approach can provoke defects in 2D structures and decrease flake size to a

hundred nanometers.

22



3.3 Bottom-up approaches

Also, there are many ways to develop 2D materials via bottom-up approaches like:

1. Wet chemical synthesis

2. Chemical vapor deposition [68]

Here, we have used top-down approach to synthesize nanosheets.

3.4 Aims and Objectives

The aim of this study includes:

e Synthesis of TiB, nanosheets through liquid exfoliation method.

e Characterization of the synthesized nanosheets.

e Synthesis of TiB,@TiO, nanocomposite for photocatalyticapplication.

3.5 Synthesis of TiB2 Nanosheets and TiB.@TiO2>Nanocomposite

3.5.1 Synthesis of Exfoliated TiB, Nanosheets

To synthesize titanium boride nanosheets liquid exfoliation method was used.
Titanium diboride powder was added in N-methyl-2-pyrrolidone (50 mg/ml) and
mixed to prepare dispersion. The dispersion was sonicated for 6 hours using probe
sonicator JY92-1IN at 80 percent power (i.e. 520 W). The dispersion was centrifuged
at 1500, 1000, and 500 rpm for 45 minutes. The supernatant was collected and TiB,
nanosheets were separated from N-methyl-2-pyrrolidone through vacuum filtration.

The sample was dried at 100°C for few hours.
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Fig. 3.3 Schematics for exfoliation of TiB,

3.5.2 Synthesis of TiB,@TiO, Nanocomposite

Commercial grade anatase TiO, nanoparticles (CAS 13463-67-7) were used in this
synthesis process. TiO, NPs were mixed in of propanol and probe sonicated to make
dispersion of particles. The exfoliated sheets were also sonicated in propanol. TiB,
nanosheets were combined in 2%, 1%, and 0.5% concentration with TiO,
nanoparticles, respectively. By combining both solutions three samples with varying
concentrations of sheets were prepared. The samples were again bath sonicated for 4
hours for homogeneous mixing. Then the solution was dried at 80° C in oven to

remove the solvent.
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3.6 Characterization of Samples

The analysis of the synthesized nanosheets and nanocomposite was performed by the

following characterization techniques:

3.6.1 X-Ray Diffraction (XRD)
XRD was performed using powder samples of nanosheets and nanocomposite,

without involving any sample preparation step.

3.6.2 Scanning Electron Microscopy (SEM)
For SEM analysis powder samples were sonicated in ethanol for 2 hours and then

drop- cast on clean glass slides followed by drying of samples at 80° C.

3.6.3 Atomic Force Microscopy (AFM)

AFM analysis also required sonication of powder samples in ethanol for 2 hours then
drop-casting on clean silica slides and subsequent drying at 80° C for evaporation of
ethanol.

3.6.4 UV Visible Spectroscopy

UV analysis required homogenous dispersion of powder samples. The powder
samples were sonicated for 3 hours in NMP (N-Methyl-2-pyrrolidone). 2 ml of each
dispersion was used for UV analysis.

The TiB,@TiO, nanocomposites were further employed for photocatalytic

degradation of Rhodamine B dye.

3.6.5 Brunauer Emmett Teller (BET)

Surface area and porosity is the vital property of a material which can be determined
by BET analysis technique. For sample preparation 200 mg of sample is purified by
degassing to remove the extra atmospheric contaminants like water vapors and air at
150 ° C. Then the sample analysis was performed using Gemini® VII 2390

instrument. Operating conditions were degassing of the sample at 300°C for 3 hrs.
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and analysis were performed at 0.05 to 0.3 p/p0Orange.

3.7 Photocatalysis of Rhodamine B

The photocatalytic degradation efficiency of the prepared TiB,@TiO,
nanocomposites was tested by degradation of an organic dye rhodamine B. To
prepare dye solution, 1 mg of Rhodamine B was taken in 1 L of deionized water and
prepared a homogeneous mixture. Each TiB,@TiO, nanocomposites sample was
added in of dye solution(1mg/1ml) to study their effect on dye photodegradation. The

readings of degradation are taken after 30 mins intervals.
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Chapter 4

Results and discussion

TiB, nanosheets were successfully synthesized by liquid exfoliation of bulk TiB,.
The exfoliated nanosheets were combined with TiO, nanoparticles by physical
mixing to make TiB,@TiO, nanocomposites. The prepared TiB, nanosheets and
TiB,@TiO, nanocomposites were characterized by XRD, SEM, AFM, and UV-
Visible spectroscopy. The TiB,@TiO, nanocomposites were employed for testing
photodegradation of rhodamine B dye. The results of these experimentation and

characterizations are discussed in this section.

4.1 Characterization of TiB; nanosheets

To probe the structural and chemical aspects of TiB, bulk powder and exfoliated
sheets we obtained the XRD spectra (Fig. 4.1). The bulk sample showed peaks at
27°, 34°, 44°, 57°, 61°, 68°, 71°, 78° and 88° and it was matched with JCPDS card
01-075-0967. The exfoliated samples showed peaks at 22°, 27°, 28°, 34°, 44°57°,
64°, and 82°. The peaks at 27°, 34°, 44°, and 57° correspond to (001), (100), (101)
and (002) planes and d-spacing of 3.22 A, 2.62 A, 2.03 A, 1.61 A respectively
(reference card: 01-075-0967). When compared with the XRD spectrum of bulk
TiB,, it displayed two principal differences: a decrease in the intensity and
broadening of peaks belonging to bulk TiB,, and the presence of newer peaks. The
reduction in intensity of peaks present in bulk TiB, is likely due to decrease in the
number of layers, because of exfoliation. [70] The new peaks at 28°, and
64°correspond to (211), (224) planes. As a result of exfoliation, the number of layers
decreases significantly resulting in the reduction of peaks original to TiB,. [71] These
exfoliated nanosheets are restacked when obtained in powder form due to which the
diffraction peaks get broader, and the most intense peak corresponds to the preferred

orientation. The exfoliated nanosheets cannot restack in an accurate lateral and
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vertical alignment that exactly agrees with the bulk material it was derived from.
Hence, the XRD results for these nanosheets, do not resemble that of the bulk
material. [72]
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Fig. 4.1 XRD for bulk TiB,, and exfoliated sheets at 500rpm,

1000 rpm, 1500 rpm

Atomic force microscopy was employed to further probe the morphological aspects
of TiB; nanosheets by using JEOL-SPM 5200. The samples were prepared on clean
silica slides, the nanosheets were sonicated in ethanol then drop-casting on silica
slides then followed by drying for evaporation of ethanol. The AFM results (shown
in Fig. 4.2, 4.3,4.4) are obtained in tapping mode. The height profiles of images show
the estimated thickness of sheets at 500 rpm,1000 rpm, and 1500 rpm. The height
(estimated thickness) of sheets was calculated by taking standard deviation of each
sample. The estimated thickness was found to be ~15 nm thickness (Standard
deviation error = 0.34) for 500 rpm, ~14 nm thickness (Standard deviation error =
0.30) for 1000 rpm, and ~12.5 nm height (Standard deviation error = 0.29) for 1500
rpm. The thickness of the flakes suggests the presence of ~ 8-12 layers molecular
layers joined together via ionic and covalent bonding. [70]
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Fig. 4.2 AFM image showing thickness of exfoliated sheets at 500 rpm
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Fig. 4.3 AFM image showing thickness of exfoliated sheets at 1000 rpm

29



— 121.1nm

- 96.9nm

- 72.6nm

48 4nm

24 2nm

0,0nm

1520m ~ T

1320m - T~
11.20m . h
920m

s20m 7 —
- ~

320m —

100.0nm 200.0nm 300.0nm 400.0nm 500.00m

Fig. 4.4 AFM image showing thickness of exfoliated sheets at 1500 rpm
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To analyze the topography of bulk TiB2 and exfoliated nanosheets the SEM
technique was employed. Powered nanosheets were sonicated in ethanol and then
drop-casted on clean glass slides and dried to completely remove ethanol. The
surface topography of bulk TiB> powder is shown in fig. 4.5 (a), and successful
exfoliated nanosheets of TiB2 at 500 rpm (shown in fig. 4.5(b)), nanosheets at 1000
rpm (shown in fig 4.5(c)) and nanosheets at 1500 rpm (shown in fig. 4.5(d)). The
average length of sheets at 500 rpm is ~ 0.81 micrometer (Standard deviation error =
0.22), at 1000 rpm is 0.77 micrometer (Standard deviation error = 0.04) and at 1500
rpm is 0.73 micrometer (Standard deviation error = 0.03). So, it can be concluded that
the nanosheets prepared by liquid phase exfoliation method possess with lateral

dimensions of high aspect ratio sheets are of the order of few microns.
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Fig.4.6 Absorption onset values for bandgap estimation of the bulk TiB, powder, and

exfoliated nanosheets at 500rpm, 1000 rpm and 1500 rpm
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The optical absorption spectrum of bulk and exfoliated samples was obtained using
Jenway 7315 (Fig.4.6). A dispersion of bulk and exfoliated powder samples was
prepared in NMP (N-methyl- 2-pyrrolidone). The bulk TiB, shows a sharp absorption
edge in the UV region at 256 nm.

The peaks for exfoliated samples show peak broadening resulting into red shift and
offering more absorption in this region. The exfoliated sheets at 500 rpm, 1000 rpm,
and 1500 rpm show absorption peaks at ~ 258 nm. [24]

The absorption onset values are situated in the UV region, at 274 nm, 276 nm, 280
nm ,281 nm for bulk TiB,, nanosheets at 500 rpm, 1000 rpm and 1500 rpm
respectively. The UV-Vis spectrum of the samples manifests a possibility of
employing these nanosheets as UV absorbing photoactive material. Through the
transition of the bulb from UV light to visible light in the spectrophotometer, a small
peak at 550 nm emerged, it is considered as a device error.

The bandgap estimation of the bulk and exfoliated sheets, direct bandgap
extrapolation technique was used to draw tauc plots for band gap estimation of bulk
titanium diboride and the exfoliated nanosheets. The estimated direct bandgap for the

bulk Titanium diboride is 3.7 eV and for exfoliated samples, it's 3.9 eV.

4.2 Characterization of TiB.@TiO2 nanocomposite

The TiB,@TiO, nanocomposite was analyzed by XRD as shown in Fig.4.7. XRD
analysis shows peaks to TiO, at 25 °,27 2,38 2,47 ©,53 °54 2,62 ©, 68 °,70 °, and 74°.
Majority of the peaks show anatase phase of titania, however peaks at 27 ©,53 © and
62° show rutile phase. As majority of the peaks belong to anatase phase, these TiO,
nanoparticles will show good photocatalytic response. The peaks at 44°, and 82° in
the composite sample belong to Titanium diboride and were matched with JCPDS
card 01-089-3923.
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Fig.4.7 XRD for TiO2 Nps, TiB; sheets and TiB,@TiO, nanocomposite with 2%,
1%, and 0.5 % TiB; nanosheets

These peaks have very low intensity as the amount of TiB, (0.5%, 1% and 2%) in
these samples was considerably less as compared to TiO,. The remaining peaks in the
sample belong to TiO,, and they were matched with JCPDS card 01-071-1168. The
intensity of these peaks was also reduced as compared to pure TiO, peaks. All the
peaks in the sample belong to TiB, and TiO, thus, leading to successful synthesis of

the composite material without any impurity.
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Fig.4.8 UV Visible Spectrum of TiO, nanoparticles and TiB,@ TiO, nanocomposites

UV-Vis Spectroscopy was performed to analyze the photo-response of the material
when exposed to light. TiB, nanosheets composites showed strong absorption in UV
region of solar spectrum which means the samples will show strong photocatalytic
activity in UV light irradiation shown in Fig.4.8. The UV visible spectrum of the
prepared TiB,@ TiO, nanocomposites (0.5%,1%,2% TiB, sheets) showed increase in
the UV absorption region, as compared to the titania nanoparticles. This shows that by
increasing the amount of TiB, nanosheets, the absorption region increases. TiB, is a
good conductor, it can assist in reducing the charge recombination rate and TiB,
nanosheets with provide additional reaction sites for the dye molecules. Thus, TiB,
has a vital role in enhancing the photocatalytic activity in these composites. TiO, can
be used as a sensitizer as i.e., electrons from CB of TiO, generated due to UV light
absorption can be easily transferred to the TiB,. As TiB, offers good conductivity
thus, it becomes capable of UV light photocatalysis. So, the prepared nanocomposites

ought to show better photocatalytic properties under UV light as compared to titania
NPs.
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Fig.4.9 Tauc plot of the TiB,/ TiO, nanocomposite with (a) 2%, (b) 1%,
and (c) 0.5 % TiB; nanosheets

The UV visible spectroscopy was performed for the prepared nanocomposites shown
in Fig.4.9. For bandgap calculation, tauc plot method was employed. The estimated
indirect bandgap of these nanocomposites was found to be 2.7 eV. Which shows
bandgap tunning of the titania NPs, the bandgap of anatase titania NPs was 3.3 eV.
As titania could absorb only the ultraviolet region of the electromagnetic spectrum

due to its large band gap, tunning of band gap enables the composite to utilize more
solar energy.
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Fig. 4.10 SEM image of TiB,@TiO, nanocomposite(a) 2% (b) 1% (c) 0.5%
nanosheets (d) TiO, Nps

The structural and morphological analysis of the prepared nanocomposite was
performed by SEM as shown in Fig. 4.10. The results show presence of both sheets
and nanoparticles in the sample. The size of nanoparticles is 30 nm to 45 nm shown in
fig. 4.10 (d). The inset images show closeup of the samples, the nanosheets were
loaded with nanoparticles as shown in fig. 4.10 (a), (b), (c). The presence of

nanosheets became more visible with subsequent increase of 0.5%, 1%, and 2%

nanosheets. The SEM results show successful synthesis of nanocomposite with

homogeneous distribution of nanoparticles.
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The BET analysis was performed to analyze specific surface area of the samples. The
composite samples showed increase in their surface area with the addition of
nanosheets in titania powder. The surface area of TiO, Nanoparticles was
36.66(m?/g) which gradually improved with the addition of nanosheets. The increase
in surface area of composites with be helpful in photocatalysis as it provides more

reaction sites.

Table 5: BET of TiO2 and TiO,/ TiB,nanocomposites to determine surface area

Samples Surface area (m</g)
TiO, Nanoparticles 36.66
TiO,/TiB, 0.5% 41.16
TiO,/ TiB;, 1% 50.69
TiO,/ TiB;, 2% 53.35

4.3 Photocatalysis of Rhodamine B

Photodegradation activity of organic dye, i.e., Rhodamine B (RhB) was observed in a
UV photocatalytic reactor at room temperature. UV-A lights of 15 W having
wavelength range starting from 320 nm to a visible light cut-off at 380 nm were
employed. The dye solution was prepared by mixing 1 mg of Rhodamine B in 1 L of
deionized water. TiO, nanoparticles and TiB,@TiO, nanocomposites samples were

added in 50 ml of dye solution to study their effect on dye photodegradation.
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Fig. 4.11 UV-Vis spectra of photodegradation of RhB by (a) TiO, nanoparticles and
TiB,@TiO, nanocomposites (b) 0.5 % TiB, nanosheets (c) 1% TiB, nanosheets (d) 2

% TiB, nanosheets

The UV -Vis graph showing photocatalytic degradation of RhB aqueous solution
using the TiO, nanoparticles and prepared TiB,@TiO, nanocomposites in terms of
declining intensity of absorption as shown in Fig. 4.11. The notable variations in RhB
concentrations were investigated by estimating the intensity differences of the
maximal absorption peak A max at 554 nm and applying Beer-Lambert law in the
obtained UV visible spectrum. The strength of the absorption peak at 554 nm
appeared to be decreasing and showing a slight blue shift, with prolonging exposure
time for irradiation, thus establishing the degradation efficiency. TiO, nanoparticles
showed 34% degradation of rhodamine B in 90 minutes as shown in fig. 4.11 (a). The

sample with 1% of TiB, nanosheets showed maximum degradation of RhB, as the

percentage of TiB, nanosheets increased from 1% to 2% the efficiency of
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photocatalytic degradation of RhB decreased. With 2% TiB, nanosheets
nanocomposite, the sample showed least photocatalytic activity due to accumulation
of sheets and non-photocatalytic behavior of TiB,. The results show favorable
photocatalytic efficiency which means that recombination rate of photo-induced

charge carriers has decreased thus extended its lifetime. [29]

These photoinduced degradation reactions usually follow first order reaction kinetics
which is given by:
In C/Cy = kKt = kt,

here, k is the first-order rate constant. [73]
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Fig. 4.12 Photodegradation of Rhodamine B (a) as a function of C/C (b) Log plots of
degradation efficiency to determine the rate constant (c) Percentage degradation of

Rhodamine B as a function of increasing time

Figure 4.12 (a) shows photodegradation of Rhodamine B as a function of Ci/Cy and

fig. 4.12 (b) shows Log plots of degradation efficiency the rate constant

determination. The photocatalytic degradation efficiency (PCD) was calculated using

39



the Eq.1.

% Degradation = (1- C/C,) x 100 Q)

The maximum efficiency of 52 % was achieved by the sample with 1% of TiB,
nanosheets. The catalyst with 0.5% and 2% of TiB, nanosheets have shown 45% and
39 % maximum degradation efficiency in 90 minutes as shown in Fig. 4.12 (c).

Based on above analysis, the plausible photo-response mechanism is proposed. As
TiO, is sensitive to UV light, under illumination electron-hole pairs were generated.
Under UV light, electron in the valance band get transfer to conduction band in the
photocatalyst as corresponding energy is higher than the band gap of TiO, (bandgap
value) which promotes the generation of electrons (e-) in conduction band and holes

(h+) in valance bond.

< UV Light
b B

e e e e
e e e e (CB

SO0

h* h* h* h* © O O Q
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Figure.4.13 Schematics of TiO,@TiB, photodegradation
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The photogenerated holes can directly oxidize the dye or they can react with H,0

molecules or OH- ions to form hydroxyl radicals (-OH). Also, the photoelectrons on
the catalyst surface reduces oxygen molecules to superoxide radicals (¢O2-). So
finally, the dye molecules were degraded by the generation of -OH and *O.-. The

mechanism is given as follows:

TiO, +hv—h* +e

h*+OH/H,0 — H
e’ +002' —)'OZ_

*OH and *O," + dye molecules — CO, + H,O + inorganic acids.
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Conclusion

Titanium diboride nanosheets were successfully synthesized by liquid phase exfoliation.
The synthesized sheets with high aspect ratio of few microns were characterized by
XRD, UV-Vis spectroscopy, AFM, and SEM. The characterization techniques verified
the exfoliation of bulk titanium diboride into 2D nanosheets. XRD analysis showed
presence of new peaks in exfoliated samples confirming formation of 2D sheets. The
absorption onset values situated in the UV region, from 276 nm to 281 nm for
nanosheets, suggested employing these nanosheets as UV absorbing photoactive
material. AFM and SEM results showed thickness of sheets less than 15nm and length
approximately 0.8 micrometers. The UV- visible graph showed maximum absorbance in
UV region of the spectrum. For photocatalytic degradation testing, titanium diboride
nanosheets were combined with titania nanoparticles to prepare a photocatalyst material.
Commercial titania nanoparticles were used to make TiB,@TiO, nanocomposite. The
composite was tested for photocatalytic degradation of Rhodamine B dye. We have
successfully produced TiB,@TiO, nanocomposite, with ex situ technique. The
composite catalyst successfully degraded 51% of RhB in 90 minutes. However, to
further enhance its efficiency it can be made via in situ route. TiB, nanosheets can be
functionalized or combined with materials (i.e., TiC) and make structural modifications

(e.g., porous structure) to make it visible light active photocatalyst.
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Future Recommendation

In this project, the TiB, nanosheets were synthesized and employed for making
TiB,@TiO, nanocomposite for photocatalytic application. However, in future, TiB,
nanosheets can be functionalized or combined with materials (i.e., TiC) and make
structural modifications (e.g., porous structure) to make it visible light active
photocatalyst.

Titanium diboride possesses properties like hardness, chemical inertness, oxidation
resistance and high conductivity both thermally and electrically. The TiB, nanosheets we
can extend these advantages to nanoscale devices and products, for instance, electrodes,
aircraft materials, durable electronics, and heterostructures incorporating other

nanomaterials.
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