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ABSTRACT OF THE DISSERTATION
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NANOPARTICLES BY PULSED-LASER DECOMPQOSITION IN LIQUID

PRECURSOR SOLUTIONS

By Mustafa Mohsin Mozael

Dissertation Director:

Stephen D. Tse

Titanium dioxide (TiO2) belongs to the transition-metal oxide family and
crystallographically can form several polymorphs, including anatase (tetragonal), brookite
(orthorhombic), and rutile (tetragonal). In comparison with other polymorphs, anatase-
TiOy is preferable for diverse applications because of its high electron mobility, low

dielectric constant, and low density.

In this research, amorphous and far-from-stoichiometric titania nanoparticles and
films are produced by a novel method of pulsed-laser decomposition of liquid titanium
tetra-isopropoxide (TTIP) precursor. Nanoparticles are formed innately, whereby the

submerged laser-induced plasma generates vaporized species from the TTIP solution and



are then rapidly quenched by the same surrounding (chilled) liquid precursor TTIP.
Relatively-dense films are formed on glass substrates placed above the surface of the liquid
TTIP by vapor transport and condensation of pyrolyzed species. Upon post-annealing at
400°C (~ 0.3 TM) in ambient air, transformation of the amorphous non-stoichiometric
titania nanoparticles into novel anatase-TiO2 morphologies, such as layered nanotubes and
onion-like nanospheres, occurs. Chemical analysis of the nanostructured particles/films
show that they are rich in oxygen and carbon relative to stoichiometric TiO2. Evidently,
the amorphous-to-anatase phase transformation during heat treatment in air starts at the
surfaces of the nanoparticles, irrespective of their morphologies, and propagates into the
interior. In-situ reaction of trapped-in species likely yields gaseous products (e.g., CO,
CH4, H20) that diffuse out of the particles, leaving sufficient Ti and O to enable
crystallization of anatase-TiO,. Further annealing at 800°C in air transforms anatatase-
TiO> to rutile-TiO,. Catalytic activity is examined by heterogeneous hydrogen generation
from water reduction with methanol as a sacrificial agent. Decreased band-gap energy of
the nanopowder, as well as increased absorbance in both the high-energy (i.e., 200 nm —
250 nm) and low energy (i.e., 340 nm — 440 nm) UV regions, when compared to that of
commercial anatase, indicates that the nanopowder is more active under UV illumination
because of increased ability to harness the photons for photocatalysis. Carbon content,
along with the new nanocrystalline layered morphology, likely play the main roles of

shifting the band gap.

To extend the light absorption edge, TiO2 can be doped with metal (e.g., W, Mo)

and non-metal (e.g., N, C, F, S) elements to augment the photo-response and visible-light


https://www.sciencedirect.com/topics/chemistry/non-metal-elements

photoactivity. In this research, different ions such as tungsten, molybdenum, and vanadium
are used as doping ions into the TiO2 nanostructure. The initial results show that the doped
TiO2 nanostructure is more photocatalytically active than that of undoped TiO:

nanopowder.

Nanostructured powders of tungsten-doped TiO- are synthesized by pulsed-laser
ablation of a tungsten foil immersed in liquid TTIP. Interaction between the focused laser
beam and the W substrate generates a submerged-plasma, where ablation of the W
substrate along with decomposition of the adjacent liquid precursor combine to produce
W-doped TiO, nanoparticles upon quenching by the surrounding un-reacted liquid
precursor TTIP. The as-synthesized nanoparticles display various morphologies, including
nano-sphere and nano-fiber, and occur in discrete agglomerated and aggregated forms.
Whatever their morphologies, all nanoparticles have non-crystalline or amorphous
structures, primarily because of rapid condensation and quenching of vaporized species
from the plasma-reaction zone. Interestingly, upon subsequent heat treatment in air or
oxygen, starting at ~400 °C, transformation to the more stable anatase-TiO2 phase occurs,
but now doped with tungsten. X-ray diffraction (XRD) identifies crystallinity and phase
conversion of the photocatalyst. The phase transformation with increasing temperature
from anatase to rutile TiO> in the doped sample can be deferred in comparison to that of
non-doped TiO,. In addition, the average crystallite size of TiO, (about 13 nm) becomes
slightly reduced by doping with W (10 nm). Preliminary results show that W-doped
anatase TiO exhibits a higher UV and visible photochemical activity than un-doped

anatase-TiO..



Using the same synthesis method, molybdenum-doped and vanadium-doped-TiO>
nanostructures are also produced. Initial results show that Mo®" ions are doped into an
anatase TiO: lattice. As the ionic radius of molybdenum (0.62 nm) and titanium (0.68 nm)
are quite similar, it is much easier for Mo to occupy a lattice position of Ti instead of an
interstitial position. Mo-doping in TiO2 narrows the band gap (from 3.04 eV of TiO> to
2.8 eV), shifting the optical absorption more into the visible range. Interestingly, the doped
nanopowder exhibits higher UV and visible photochemical activity than does un-doped
anatase-TiO,. For vanadium-doped TiO2 samples, the results show that the unit cell
volume and parameters a and ¢ decrease in comparison to those of un-doped samples.
Based on the fact that the ionic radius of V°* (0.054 nm) is smaller than that of Ti** (0.068

nm), the vanadium ions can replace titanium ions in the TiO lattice.

As an extension of the processing method, boron nitride (BN) nanoparticles are
generated through pulsed laser ablation of boron bulk immersed in an ammonia solution.
The unique conditions of high-temperature plasma reaction with rapid subsequent
quenching enable metastable phase formation. Short-range ordered BN structure is
produced. Upon heat-treatment at 1000°C in an ammonia atmosphere for 2 hrs, the powder
transforms to the more thermodynamically-stable BN. XRD indicates the presence of

hexagonal BN (h-BN), with some cubic BN (c-BN) as well.
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Preface

The bulk of this thesis focuses on synthesis of TiO2, doped-TiO with different ions such
as tungsten, molybdenum and vanadium, and synthesis boron nitride nanoparticles by

pulsed-laser decomposition in liquid precursor solutions.

Much of the content in Chapters 4, 5, 6, is verbatim from soon to be submitted
publication papers [1-3]; and the permission to include the collaborative work in my thesis
has been obtained from the co-authors. In addition, other chapters contain wording similar

or identical to that in the papers referenced below.
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Chapter One

Background and Literature Review

Using non-renewable fossil fuels to satisfy increasing energy demand is accompanied by
various environmental concerns. To address these implications, researchers have been
investigating many different approaches. Photocatalysis has attracted attention because of
its potential applications in environmental remediation and clean-energy production. TiO»-
based photocatalysts are favorable candidates for industrial-scale applications, because of
their photoactive efficiency, stability, low cost, nonhazardous nature, and ability to be
activated by solar light 3. TiO2 has been used in sundry applications including gas sensors,

thermal barrier coating, biomaterials, catalysts, and catalysts supports +%.

1.1 Chemical Structure of TiO>

TiO> belongs to the transition-metal oxide family and forms several polymorphs, such as
anatase (tetragonal), brookite (orthorhombic), rutile (tetragonal), and others polymorphos
1910 In addition, other phases have been identified or predicted, particularly at high

pressure 1112

Rutile: TiO: rutile phase is the most stable phase. It has a tetragonal structure, with
6 atoms per unit cell, Figure 0.1. The distortion of each octahedron and the assembly

patterns of octahedral chains are the main differences between the three crystal structures



(i.e., rutile, anatase, and brookite) . Anatase can be considered to be built up from
octahedra connected by the vertices, while in rutile, the octahedra are connected by the
edges. In brookite, the octahedra are connected by both vertices and edges®.
Thermodynamically, rutile is considered the most stable phase at all temperatures and
pressures up to 60 Kbar 1. It has been reported that the phase stability may reverse
depending on the particle size. Anatase phase has been found to be more stable when the
particle size is less than 11 nm; brookite becomes stable at sizes between 11-35 nm; and
the rutile is stable at sizes above 35 nm 4. This aspect is due to the surface energy effect.
Anatase and brookite structures have been shown to transform to rutile phase after reaching
a certain particle size '°. As a photocatalyst, rutile phase is generally very poor. Sclafani

et al 6 reported that the rutile phase could be active depending on the preparing conditions.

Brookite
A\

Anatase

Figure 0.1. Crystal structure of the rutile, anatase, and brookite, respectively 2% 23

Anatase: TiO; anatase has a tetragonal structure, Figure 0.1. Anatase TiO; is more
stable than rutile at 0 kelvin ’. In comparison with other polymorphs, anatase-TiO; is
preferable for solar-cell applications because of its high electron mobility, low dielectric

constant, and lower density 8. Anatase-TiO; also possesses a slightly higher Fermi level,



a lower capacity to adsorb oxygen, and a higher degree of hydroxylation when compared

with other phases. These properties increase the photoactivity of TiO, 1% 29,

Brookite: Brookite TiO2 has an orthorhombic structure, Figure 0.1. Brookite is

much lesser studied, partially because of difficulties in producing it as a pure phase 2L,

Reduction:
O, +e¢ — 0,

Oxidation:
H,0 +h* — - OH+H*

Figure 0.2. Light absorption mechanism by TiO ?*

TiO; is a large band semiconductor, with band gaps of 3.2 eV, 3.02 eV, and 2.96 eV,
for anatase, rutile, and brookite phases, respectively 2°. Exposure of TiO; to near-UV light
excites electrons in the valance band to the conduction band leaving behind holes (h*),
Figure 0.2. These electrons are in a purely 3d state; and because of dissimilar parity, the
transition probability of e  to the valence band decreases, thus making the e’/h*

recombination decrease as well 2. Based on charge-carrier dynamics, chemical properties,



and activity of photocatalytic degradation of organic compounds, anatase-TiO> appears to
be the most active photocatalytic polymorph 2. A mixture of anatase and rutile has been
shown to enhance the effect of absorbed visible light, as compared to either of the pure
phase. The photocatalytic activity decreases once the rutile phase is formed separately.
Ohtani et al. 2’ reported that there are two requirements needed to be fulfilled to achieve a
high TiO2 photocatalyst, i.e., (i) large surface area for absorbing and (ii) high crystallinity

to reduce the rate of e/h* recombination.

1.2 TiO2 Synthesis

TiOz has been synthesized in the form of nanoparticles, nanotubes, thin films and nanorods
2830 Different methods used include hydrolysis precipitation 2, sol-gel, hydrothermal >
3 inert gas condensation **, and oxidation-hydrothermal synthesis of metallic Ti ®. In all
these methods, several variables must be considered, with one of the most important being
particle size. Zhao et al. *® prepared ultrafine TiO, nanoparticles (9-nm dia.) using a gas-
flame combustion method. When particle size is several nanometers, because of very high
surface-to-volume ratio, novel optical properties are expected ¥'.

Factors such as pH of the reaction medium, reaction temperature, natures of the solvent
and additive, and reactivity of the metal alkoxide can affect the processing of TiO;
nanostructures 3. For example, in the sol-gel process, pH of the solution plays an important
role in defining the morphology of the structure as well as the photocatalytic degradation
properties. At pH above 11, the TiO2 morphology changes from cuboidal to ellipsoidal 3

3 The degree of photodegradation decreases with increasing pH of the solution %°. The



particle size distribution, as well as the phase formation, is affected by the type of solvent.
Increasing the amount of acetic acid (AA) leads to the formation of brookite phase, with
the particle size becoming slightly narrower .

In addition, various parameters, including flow rate, gas composition, deposition
temperature, pressure, and deposition chamber geometry, can be controlled to have nano-
forms of the desired TiO, material *2. The nature of the substrates influences the size and
distribution of nanograins in the films “. In the CVD process, it has been reported that the
temperature of the substrate is a crucial parameter in the deposition of films, with
increasing decomposition rate with increasing temperature. The decomposition rate of
films grown at a substrate temperature of 255°C is approximately four times higher than
that at 230°C *+ .

Pulsed-laser ablation of a liquid phase has become a successful technique for
synthesizing experimental quantities of nanostructured materials with various chemistries
and morphologies, including nanospheres, nanocubes, nanorods, and core-shell
nanostructures. Laser ablation of solid target immersed in liquid offers some advantage in
comparison to other techniques, such as chemical vapor deposition, vapor phase transport,
hydrothermal synthesis, and sol-gel synthesis. These advantages include (i) forming phase-
pure nanoparticles without by-products nor need for further purification, (ii) ease of
experimental setup, and finally, (iii) unique conditions of high temperature, high pressure,
and high density in the plasma-reaction zone to enable metastable phase formation.

In laser ablation in liquid (LAL), the solvent environment has a crucial role in the nature

of the nanoparticles produced, as solvent components are incorporated into the



nanoparticles during formation. It has been found that titania nanoparticles formed in
oxygen-rich solvents incorporate oxygen, while those formed in a carbon-rich environment
are found to contain carbon “6. TiO, nanoparticles prepared in DI water have a size
distribution of 24.7 £ 0.2 nm, while the nanoparticles formed in methanol have smaller size
distribution #’. In addition, the conditions of the ablation affect the nanoparticle phase
formation. Ablation at defocused conditions have produced anatase TiO» phase, while

tightly focused conditions have resulted in rutile TiO2 nanoparticles 2.

1.3 Fundamental aspects of The Laser Ablation in Liquid

Figure 0.3 shows a sequence of interactions of a pulsed laser with a solid-liquid interface
49: (i) plasma initiation at the solid/liquid interface; (ii) plasma expansion in the confining
liquid under high pressure; (iii) chemical reactions within the plasma and confining liquid,
and (iv) condensation of vaporized species to form nanoparticles in the liquid and a

nanostructured coating on the solid substrate.

According to Fabbro et. al *°, a laser-induced plasma under liquid confinement
generates a shock wave from adiabatic expansion at supersonic velocity. This effect causes
increases in pressure, temperature, and density in the plasma, which are greater than that
realized under vacuum or in a gas environment. When an Al target is ablated in water,

Berthe et. al > reported increases in pressure of 2.0-2.5 GPa.
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Surface coating

Figure 0.3. Sequence of events that occur when a pulsed laser interacts with a solid-
liquid interface: (a) plasma initiation at the solid/liquid interface; (b) plasma expansion
under pressure in the confining liquid; (c) chemical reactions within the plasma and
confining liquid, and (d) condensation of vaporized species to form nanoparticles in the
liquid, and a surface coating on the solid substrate *°

Chemical reactions that occur in the plasma and in the liquid, and at the plasma/liquid

interface are of four main types °:

» Reactions that occur within the plasma, forming vaporized species that experience
rapid quenching to form nanoparticles with far-from-equilibrium or metastable
structures;

> Reactions that occur between target and liquid species because of excitation and

evaporation of the liquid molecules at the interface with the plasma;



» Reactions that occur at the interface between plasma and liquid, involving chemical
reactions between ablated species from the target and molecules in the liquid;

» Reactions that occur within the liquid between ablated species and liquid molecules.

1.3.1 Thermodynamic aspects

Within the laser-induced plasma reaction zone, the relevant thermodynamic parameters are
density of species, temperature, and pressure %2. The density of species may be deduced
from calculations of plasma-expansion volume and amount of ablated species. Using an
Nd:YAG laser to ablate a graphite target immersed in water, the estimated density of
ablated species is reported to be 6.7 x 102! cm™ #%. The plasma temperature, determined
from optical-emission spectra of ablated species is ~5000 K 3. High pressure arises from
adiabatic expansion of the plasma under liquid confinement, along with the pressure from
the accompanying shock wave. Fabbro and co-workers %2 developed a theoretical model

for the laser-induced pressure, obtaining a value for maximum pressure of 5.5 GPa.

1.3.2 Ablation kinetics

Laser ablation of a solid target immersed in liquid gives a higher ablation rate than that in
vacuum or dilute gas. Again, because of the high pressure and high temperature
experienced in laser ablation of a liquid, the plasma continuously etches the solid target,
thus increasing ablation rate. Zhu et. al >* reported differences in laser ablation rate in air
and water, Figure 0.4. (a), and studied the influence of the water thickness layer on the

laser ablation rate. The rate is a maximum at 1.1 mm of water-layer thickness, Figure 0.4.



(b). Kim and Lee > reported that the liquid layer reduces the ablation threshold, thus
enhancing the ablation yield. The quenching rate for laser ablation in a liquid is much
faster than that in vacuum or dilute gas because of the confining liquid. It has been
observed that the plasma duration in liquids is 10 times shorter than that in air, which

enables nanostructured materials with far-from-equilibrium structures to be synthesized.
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Figure 0.4. (a) Ablated depth of target surface vs laser pulse number in air and in
water, and (b) laser ablation rate of Si vs water layer thickness **



10

Table 0-1. Various nanomaterials synthesized using laser ablation of solids in liquids

Product Solid target  [Liquid solution Laser parameters
Ag Ag H,O 657 Nd:YAG laser (355, 532, 1064 nm)
NPs C,HsOH *8 Laser energy: 90-340 mJ/pulse
Cu vapor laser (510.5 nm)
Laser fluence: 1-20 J/cm2
Au Au H,0 *° Nd:YAG laser (532, 266 nm)
NPs Laser fluence: 5-250 J/cm2
Nd:YAG laser (532 nm)
Laser fluence: 1-200 J/cm2
Cubic-BN Hexagonal-  |Acetone © Nd:YAG laser (532 nm)
NPs BN Power density: 1010 W/cm?2
Diamond Graphite Acetone * Nd:YAG laser (532 nm)
NPs H,0 © Power density: 1010 W/cm2
Nd:YAG laser (532 nm)
Laser energy: max 125 mJ/pulse
TiO, Ti H.0 % Nd:YAG laser (355 nm)
NPs H.O +SDS * Laser energy: max 150 md/pulse
TiOJ/Ag TithenAg |H.0® Nd:YAG (1064 nm)
NPs Laser energy: 100 mJ/pulse
ZnO Zn Water, isopropanol, |[Nd:YAG (355 nm)
NPs Zn/Mg and acetone * Laser energy: 50 mJ/pulse
ZnO/Mg Ethanol Ti:Sapphire laser system
NPs
Mg(OH) Mg H.0 +SDS % Nd:YAG laser (355 nm)
Tubular Laser energy: 100 mJ/pulse
Sn0; Sn H,0 * Nd:YAG laser (355 nm)
NPs Laser energy: 180 mJ/pulse

Various nanomaterials synthesized using laser ablation of solids in liquids have been

investigated by many researchers as listed in Table 0-1. In summary, laser ablation of a

solid immersed in a liquid yields materials that are quite different from that formed in
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vacuum or dilute gas. The plasma created at the liquid-solid interface experiences high
pressure, high temperature, and high species density because of liquid confinement,
affecting the four basic chemical reactions that occur in the plasma-liquid interaction zone.
Subsequent high quenching rates can yield nanostructured particles and deposits with

metastable structures.

1.4  Titanite Nanotubes Synthesis

Titanite nanotubes have increasingly gained scientific attention. TiO2 nanotubes exhibit

unique features that are beneficial in photocatalysis, in comparison with more commonly

used TiO2 powders. This is because the higher surface area (478 m?/g) gives larger

adsorption capacity, and pore volume up to 1.25 cm®/g 2772, Nanotubes also exhibit an

ion-exchange ability 3, rapid and long-distance electron transport capability ", and ability

to enhance light absorption because of the high ratio of length-to-tube diameter . Three

main routes have been developed to synthesize TiO, nanotubes .

(i) Template method that helps to construct materials through adjustments in template
morphology

(if) Anodic oxidation that builds crystallized films of TiO2 immobilized on a titanium foil
surface and

(iii) Hydrothermal synthesis that allows high nanotube yields by dissolving TiO2 or its
precursor in a concentrated aqueous solution of NaOH. Table 0-2. shows the

advantages and the drawbacks of these techniques.
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Table 0-2. Comparison of typical rotes of synthesis TiO> tubes

Synthesis method

Advantages

Drawbacks

Template method
76-78

Nanotubes can be controlled by
using different templates

Useful for practical applications

Instability and high cost materials

Complex fabrication process, tube
morphology may be destroyed
during fabrication process.

Eligible for extensive applications

Difficulty of separate TiO- array

from the substrate

Costly and utilization of highly
toxic solvent such as HF.

Anodic oxidation
79-81

High-length-to-diameter ratio
makes it favorable for practical
applications

Thermal unstable
Long reaction

Hard to obtain uniform size and
high concentrated NaOH should be
added

Easy process to fabricate
nanotubes.

Eligible for number of
modifications. High length-to-
diameter ratio

Hydrothermal
synthesis
26, 82-84

1.5 The Effect of the Heat Treatment

Heat treatment or annealing serves an important role in the processing of particles,
affecting the crystallinity, porosity, and morphology of the final product. Decrease in
surface area, loss of surface hydroxyl groups, and induced phase transformation can be
caused by heat treatment. Gupta and co-workers ° reported that the removal of organic
materials occur at 400 °C. Increasing the calcination time and heating rate decreases the
surface area of TiO2 because of the collapse of pores in the TiO, powder as the phase
transforms from amorphous to anatase. Hu et al. 8 observed that phase transformation from
anatase to rutile phase starts in the temperature range of 600-700 °C. The synthesis method,
the primary particles of the anatase phase, the oxygen vacancies, and the kind of precursor

used, all factor into the transformation process from anatase to rutile phase.
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Different groups have reported that heat treatment has an enormous effect on the
photocatalytic property of TiO> nanopowders. Two important factors contribute to the
photocatalytic activity of TiO2, i.e., large surface area to absorb substrates and high
crystallinity to reduce the rate of photoexcited e/h* recombination ?’. Since crystallinity
increases while surface area decreases with the heat treatment, a moderate heat treatment
is required satisfy the two requirements. Aritonang et al. 8 proposed that TiO, containing
both rutile and anatase phases enhance the photocatalytic activity by reducing the band gap
of TiO2. They reported that the presence of rutile nanoparticles can be set to reduce the

probability of recombination of excited electrons and holes.

1.6 TiO2 Doping

Among the many photocatalysts, TiO, may be close to being ideal. A shortcoming for
solar applications, however, is its inability to absorb visible light 1. Because of its large
band gap, TiO2 absorbs light in the UV portion of the solar spectrum, which is only 4% of
the emission 2. To overcome this problem, it has been proposed to shrink the band-gap
energy by using doping, coupling, and capping of TiO2 nanoparticles, all of which have

been extensively studied *.

Doping TiO2 with various non-metal (e.g., N, C) and metal elements (e.g., Cr, V, Ag, W),
Table 0-3, has been investigated to increase photocatalytic activity in the visible-light range
by introducing additional energy levels in the band-gap structure of TiO2 *8:88, Moreover,
doping improves the activity of TiO2 photocatalysts by inhibiting electron-hole

recombination, which increases the number of electrons flowing to the other electrode 88,
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Furthermore, such doping enhances the surface properties of TiO2, augmenting
photocatalytic activity by increasing the surface acidity and area 8. The presence of
oxygen vacancies is also considered to be crucial to the improvement of photoactivity of
TiO2 ®°. However, the efficiency of a dopant is affected by several parameters, including
concentration and distribution of the dopant in the TiO, matrix, creation of additional
energy levels in the band-gap structure, and electron donor concentration °. Additionally,
concentration must be closely monitored as excess dopant decreases photocatalytic
activity, with charge recombination becoming favorable ®2. Xin et al. ® reported enhanced
photocatalytic activity of TiO> with low doping concentration of Fe and reduced activity

at high concentrations.

From a chemical point of view, TiO> doping is equivalent to the introduction of
defects sites like Ti** into the semiconductor lattice, where the oxidation of Ti** species is
kinetically fast compared with the oxidation of Ti** ®*. The doping process can be achieved
either by substitutional-type doping or interstitial-type doping % . Substitutional-type
doping has been reported to be effective for band gap narrowing of TiO2 by the mixing of
doped element 2p with O 2p states in the valence band %'. Interstitial-doping type induced
localizes the doped element 2p states within the band gap just above the top of the valence

band, helping in the production of oxygen vacancies %.
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Table 0-3. Various ions have been doped to TiO2 in different methods

Doped element Preparation method

separately %,

Chemical VVapor Deposition (CVD) by using mixture of titanium tetra-
isopropoxide (TTIP) as TiO; precursor and tungsten (V1) isopropoxide as
w tungsten precursor. The mixture was transported into a heated tube
furnace by using nitrogen carrier, while the oxygen gas was supplied

activity 1%,

Plane-wave ultrasoft pseudopotentials method based on density functional
theory. Simulation finds: (i) band-gap narrowing due to high nitrogen
doping; (ii) impurity-energy levels induced above the band gap by low
nitrogen doping; and (iii) oxygen vacancies can be formed in nitrogen-
doped TiO; easier than in pure TiO,, which is important for visible

Sol-gel method and dip-coating procedure 2. The dopant creates some
Ca distortion in the TiO; lattice. Doping of TiO affects the crystallinity by
decreasing the intensity peaks of TiO, due to decrease the crystal fraction.

Sol-gel dip-coating method %, Metal element exists as its oxide in the
Fe, Cu, and Al nearly stoichiometric TiO, matrices. Photocatalytic activity of the doped
nanocrystalline material shows better response by VIS-light irradiation

103

hydrochloric acid aqueous solution.

Alkoxidide precursor dissolved in corresponding alcohol, mixed with

1.7 Application of TiO in Photocatalysis

1.7.1 Pollutant treatment in air and water

Over the last two decades, photocatalysis with TiO2 nanoparticles has been applied in the

treatment of wastes both in air and water because of their non-toxic, environmentally-

friendly, high stability, and excellent photocatalytic properties 2% 2. There are many

pollutants that cannot be degraded effectively by using conventional oxidation methods.

TiO2 nanoparticles exhibit excellent properties, including complete mineralization of

organic pollutant like alphatics, ploymers, dyes, and surfactants. TiO2 photocatalysis, as a
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green catalytic technology, can degrade almost all organic pollutants without selection.
Studies show that more than 3,000 kinds of difficult to break down organic compounds can
be degraded by TiO: photocatalytic technology %. TiO, nanoparticles were used to treat
water contaminated with metal and organic species by Prairie et al. 1. It has been reported
that Ag*, Cr®*, Hg?*, and Pt?* are easy to be removed by photocatalytic reduction using 0.1
wt% TiO,. Grandcolas and co-workers 1% proposed that WO3-modified titanate nanotubes
exhibit efficient capabilities in degradation of organo-phosphorus and organo-sulfide
chemical weapon agents. Mohmoodi et al. 17 studied the photocatalytic degradation of a
textile dye (Acid Blue 25) in a photocatalytic reactor containing TiO2 nanoparticles. They
found that the TiO, nanoparticles were able to degrade Acid Blue 25 in textile wastewater
and thus help in reducing its toxicity. TNTs-CNTs exhibited excellent performance in the
degradation of benzene 1%, Tang et al. 1® found that CeO,-doped TNTSs display remarkable
photocatalytic activity in benzene degradation in comparison with CeO2 nanoparticles and

P25 TiOz.

1.7.2 Hydrogen fuel production via CO2 reduction

Since the first discovery of photocatalytic water splitting using TiO2 by Honda-Fujioshima
in 1972, photocatalytic hydrogen evolution has been one of the most popular research
topics in utilizing solar energy °. Since hydrogen has great potential as a source of energy
from the aspects of environmental preservation and energy security, H2 should be produced
from renewable resources and natural energy sources, with photocatalysis using solar

energy being very attractive as a possible system to produce hydrogen from water. Solar
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photoelectrolysis has been demonstrated utilizing a system in which an n-type TiO>
semiconductor electrode was connected through an electrical load to a platinum black
electrode . Photocurrent flowed from the platinum counter electrode to the TiO:
electrode when the surface of TiO> was irradiated with near-UV light, demonstrating that
the water can be decomposed into oxygen and hydrogen without the application of external

voltage.

TiO2 nanotubes (TNTSs) coupled with non-metal anion and metal cations have received
much attention because of their low cost and excellent activity. Bi-doped TNTs show light
absorption in the visible region, with increased yield of hydrogen production !, Zhang et
al. 1*2 prepared Cr,03-TNTs nanocomposites using the hydrothermal method followed by
impregnation. They reported that the activity of H2 evolution is much higher in the doped

case than that using TNTs without dopant

1.7.3 Self-cleaning and Sensors

The growth of organisms, such as bacteria, algae, and fungi, in the buildings presents health
and safety issues. For prevention, buildings can be coated with a layer of photocatalysis.
The use of TiO2 nanostructures for self-cleaning purposes have received considerable
interest.  TiO,- coated silicon catheters was made by Sekiguchi et al. 1 to clean
intermittent catheterization. These catheters were easily sterilized under sunlight. Toma
et al. 1% reported the degradation of gaseous nitrogen-oxide pollutants, such as NO and

NOy, by sprayed TiOz coatings.
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Doped and un-doped TiO2 nanostructures have been used extensively in sensor devices.
Morris et al. **° prepared V-doped TiO; by a solid state reaction between mixed V-Os and
TiO in air. They found that the changes in resistivity of polycrystalline V-doped TiO:
upon exposure to SO in air allows for application of the material as a sensor for detection
of the pollutant. TiO2 nanotubes have been used as excellent room-temperature hydrogen
sensors with high sensitivity. TNTs also have the ability of self-cleaning photoactively
upon environment contamination '°. Ruiz et al. 7 reported that La-doped TiO;
nanopowders can serve as a sensing material for ethanol. W-doped TiO2 nanostructures

have shown to be more sensitive in detecting ethanol than that for pure TiO 18,

1.8 Summary and overview of the thesis

TiO2 nanostructures have garnered attention because of their favorable photocatalytic
properties. TiO2 nanostructures can be fabricated using various methods, including the sol-
gel, CVD, flame synthesis, and laser ablation. Various parameters can be adjusted to obtain
different morphologies and particle sizes. Laser ablation in liquids has been proven to be
a successful process for producing nanostructures with various advantageous aspects,
including forming phase-pure nanoparticles without by-products, no need for further
purification, ease of experimental setup, and the unique conditions of high temperature,
high pressure, and high density in the plasma-reaction zone to enable amorphous or

metastable phase formation.

In this thesis, chapter 3 presents formation of amorphous and non-stoichiometric titania

nanoparticles and films by pulsed-laser decomposition of liquid titanium tetra-
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isopropoxide (TTIP). Nanoparticles are formed in the TTIP solution, where the submerged
laser-induced plasma generates vaporized species that are rapidly quenched by the
surrounding (chilled) liquid precursor. Concurrently, relatively-dense films are formed on
glass substrates above the surface of the liquid TTIP by vapor transport and condensation
of pyrolyzed species. Upon post-annealing at 400°C (~ 0.3 Twm) in ambient air,
transformation of the amorphous titania nanoparticles occurs, producing novel anatase-
TiO2 morphologies, such as layered (nanotube-like) nanorods and (nano-onion-like)
nanospheres. The influence of the heat treatment in air and nitrogen is investigated in this

work.

Chapter 4 describes the synthesis of tungsten doped TiO. using laser ablation of
tungsten foil immersed in TTIP solution. Chapter 5 discusses the effect of the doping of
molybdenum and vanadium ions on the structure of TiO, as well as the photocatalytic
activity after doping. Chapter 6 presents the synthesis BN nanoparticles through pulsed

laser ablation of boron bulk immersed in an ammonia solutio
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Chapter Two

Experimental Methods

2.1 Experimental Setup

A schematic of the experimental setup used to synthesize titania nanoparticles is shown in
Figure 0.1. Liquid TTIP precursor partially fills an inner-glass container that is supported
on a rotating platform and water cooled. An outer-glass container allows circulation of N2
gas through the hermetically-sealed system. Liquid TTIP precursor in the inner container
is shrouded with flowing N2, which serves to prevent its reaction with ambient air. A
frequency-doubled Nd:YAG pulsed laser (wavelength 532 nm, maximum pulse energy 500
mJ/pulse) is focused into the container to decompose the liquid precursor, thereby forming
a high concentration of vaporized species within a submerged plasma, which then
experiences rapid condensation/quenching by the surrounding un-reacted and chilled

liquid-TTIP precursor solution.

To maximize the decomposition rate, while ensuring the high quenching rate needed to
produce amorphous nanoparticles, the laser beam is focused just below the surface of the
liquid precursor solution. To keep the temperature of the TTIP constant during processing,
the container is water cooled. After operation, a suspension of nanoparticles is formed in

the liquid precursor, which is extracted by centrifuging.
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Plasma Jet Directed at Solution

' «—— Laser Beam

<——— TTIP Precursor

Figure 0.1. Schematic diagram of the experimental setup: (1) Nd-YAG laser; (2)
reflecting mirror; (3) laser beam; (4) focusing lens; (5) cover plate (glass slide); (6)
liquid TTIP precursor; (7) chilled water bath; (8) N2 gas inlet; (9) N2 gas outlet; and
(10) motor-driven support.

Small samples of as-synthesized TiO. nanoparticles, before and after heat treatment,
are characterized for composition, structure, and morphology using conventional analytical
techniques, such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),

scanning electron microscopy (SEM), UV-Visible spectroscopy, and transmission electron



12

microscopy (TEM). Post heat treatments are performed in both air and nitrogen.
Photocatalytic activity is measured by gas-phase methanol oxidation, under both ultraviolet

illumination and no illumination (dark) conditions.

Quantitative details of the experiment can be found in the Appendix.

2.2 Analytical Instrument

To gain a better understanding of composition, structure, and the morphology of the as-
synthesized and the heat-treated TiO> nanopowders, conventional analytical techniques are

employed and described briefly below.

2.2.1 Scanning Electron Microscope

A Zeiss-Sigma Scanning Electron Microscope (SEM) with a Schottky Field Emission (FE)
source and a GEMINI electron optical column are shown in Figure 0.2 and Figure 0.3. The
equipment features detectors that allow imaging of particles and surfaces, as well as

measurements of their compositions. There are three detectors and one image analyzer, i.e.:

() In-lens secondary electron detector
(i) Lateral secondary electron detector
(iii)  4-quadrant backscatter electron detector

(iv)  EDS system with fully digital image collection, transfer and analysis
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Apertures are 20-120 micron in size, and maximum accelerating voltage is 30kV. The
instrument includes a 5-axis rotary stage. Sample sizes up to 20 cm can be accommodated
[1]. A focused beam of high-energy electrons is used within the FESEM to collects signals
generated when the beam is scattered by the surface of a solid specimens. The signals
resulting from electron-sample interactions reveal information about morphology,
crystalline structure, orientation, and chemical composition. In most cases, data are
collected over a selected area of the surface of the specimen, and a 2-dimensional image is
generated that displays spatial variations in these properties, while also providing
qualitative or semi-quantitative analysis of chemical composition (using EDS), crystal
orientations (using EBSD), and crystalline structure. According to the method and function
adopted, the FESEM is considered to be similar to an Electron Probe Micro-Analyzer

(EPMA), since there are common capabilities between the two instruments [3].

2.2.2 X-Ray Diffraction Unit

X-ray diffraction (XRD) is one of the primary methods available to determine atomic
structure, including crystallite size, phase, and composition. It is a nondestructive
technique that is relatively fast and easy compared with techniques that give similar
information such as transmission electron microscopy (TEM). A PANalytical X-ray
diffraction (XRD) unit equipped with on-board control electronics, offers high throughput,
high-quality phase identification and quantification, residual stress analysis, grazing
incidence diffraction, X-ray reflectometry, small-angle X-ray scattering, pair distribution

function analysis, and non-ambient diffraction [3].
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Figure 0.4. Incident and diffracted beams on a crystal plane [4].

When the wavelength of the incident radiation is comparable with or smaller than the
lattice constant of a crystal, the diffracted beams are obtained in directions different from
the incident direction. W.L. Bragg put forward a simple explanation. If the incident waves
are reflected specularly from parallel planes of atoms in the crystal, with each plane
reflecting only a very small fraction of the radiation, the angle of incidence is equal to the
angle of reflection. The diffracted beams, Figure 0.4, are formed when reflections from
parallel planes of atoms experience constructive interference [4]. According to Bragg’s

analysis:

2d sin = 2nnA 0-1

Where (d) is the spacing of parallel atomic planes and (2zn) is the difference in phase
between reflections from successive planes. The reflection planes have nothing to do with

the surface planes bounding the particular specimen [4].
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2.2.3 X-ray Photoelectron Spectrometer

Thermo Scientific’s K-Alpha creates chemical state images of the surface. K-Alpha X-ray
photoelectron spectrometer (XPS), Figure 0.5, is designed for a multi-user environment.
The analytical options include tilt module for data collection and recirculating inert-gas
glove box for transfer of air-sensitive samples [5]. K-Alpha XPS has the following

specifications as shown in Table 0-1 [5]

Table 0-1. K-Alpha XPS features and specifications

Feature Specifications

Analyzer 180° double focusing hemispherical analyzer, 128-channel detector

X-ray source Al Ka micro-focused monochromator, with variable spot size 30-400
pm

Charge compensation | Dual beam source, ultra-low energy electron beam lon Gun

Energy range 100 eV to 4 keV
Sample handling 60 x 60 mm sample area, 20 mm maximum sample thickness
Vacuum system 2 x 260 /s turbo-molecular pumps for entry and analysis chambers

When an X-ray beam is directed onto the surface of a material, its energy causes excitation
of the bonding electrons, giving them enough kinetic energy to leave that surface and into
the surrounding, Figure 0.6. Since every bond in the material surface has different amounts
of electrons with different kinetic energies, this effect is adopted as a means to determine

the nature of the bonding on any surface [6].
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Figure 0.6. Photoelectric effect (left) and XPS work principle (right) [6].
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2.2.4 Transmission Electron Microscope

JEOL’s 2010F Field-Emission Scanning Transmission Electron Microscope (FE-STEM)
employs a technique whereby a beam of electrons is transmitted through an ultra-thin
specimen, interacting with the specimen as it passes through. An image is formed from
the interaction of the electrons transmitted through the specimen. STEM is capable of

direct lattice imaging and composition analysis via EDS and EELS/GIF.

JEOL’s FE-STEM has the following specifications [7]:

Acceleration voltage 20-200kV with ZrO-W field emission source
Scanning Transmission Electron Microscopy (STEM) interface
Digital imaging with 1Kx1K CCD camera

BF/DF STEM detectors

HADF STEM detector

Electron Energy Loss (EELS) spectrometer

Kx2K GATAN imaging EELS filter (GIF)

Heating (1400K) and cooling (90K) holders
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Figure 0.7. JEOL 2010F scanning transmission electron microscope [8].

A schematic ray diagram, Figure 2.8, shows:

> lllumination system, which takes the electrons from the gun and transfers them to
the specimen, giving either a broad beam or a focused beam.
» Obijective lens and stage, which is the heart of the TEM.

» TEM imaging system, which includes intermediate lens and projector lens.
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At the back focal and image planes of the objective lens, the diffraction pattern and
image are formed. To obtain the diffraction pattern on the screen, the back focal plane is
selected as the objective plane of the intermediate lens and projector lens. In this case, the
TEM works in a diffraction mode. To form an image on the screen, the image plane of the
objective lens is selected as the objective plane of the intermediate lens and projector lens,

which is called the imaging mode [9].

Condenser Aperture

Sample

Objective Aperture
Select Area Aperture

First Intermediate Lens

Second Intermediate Lens

Projector Lens

Screen

Figure 0.8. Ray diagram for a transmission electron microscope [9].
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Chapter Three

Crystalline-layered fabrication of TiO2 nanorods and nanospheres

3.1 Introduction

With issues related to the use of non-renewable fossil fuels to satisfy increasing energy
demand, photocatalysis has received attention because of its potential applications in
environmental remediation and clean-energy production. TiO2-based photocatalysts are
strong candidates for industrial-scale applications given their photoactive efficiency,

stability, low cost, nonhazardous nature, and ability to be activated by solar light 4,

TiO> belongs to the transition-metal oxide family and forms several polymorphs, e.g.,
anatase (tetragonal), brookite (orthorhombic), rutile (tetragonal), and others 5% In
comparison with other polymorphs, anatase-TiO is preferable for solar-cell applications
because of its high electron mobility, low dielectric constant, and lower density °. Anatase-
TiOy also has a slightly higher Fermi level, a lower capacity to adsorb oxygen, and a higher
degree of hydroxylation compared with other phases. These properties increase the
photoactivity of TiO, ®1°. Based on charge-carrier dynamics, chemical properties, and
activity of photocatalytic degradation of organic compounds, anatase-TiO, appears to be

the most active photocatalytic polymorph 1.

TiO2 has been synthesized in the form of nanoparticles 2, nanotubes *3, thin films 1415,

and nanorods 6. Methods employed include hydrolysis precipitation 7, sol-gel,
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hydrothermal 8 1° flame synthesis %23, inert gas condensation 2%, and oxidation-
hydrothermal synthesis of metallic Ti 2°. In all these methods, several variables must be
considered, with one of the most important being particle size. Wegner and Pratsinis 2
rapidly quenched a flame aerosol using a critical-flow nozzle to control precisely the
synthesis of nanoparticles with a broad range of sizes, morphologies, and phase
compositions. When particle size is several nanometers, because of the very high surface-
to-volume ratio, novel optical properties are expected 2. Ultrafine anatase-TiO:
nanoparticles (5-100 nm) have been synthesized via sol-gel precipitation of alkoxides,
followed by hydrothermal treatment 8. TiO. and titanate nanotubes, synthesized by

hydrothermal and electrochemical-anodic oxidation methods, have been reported 28:2°,

TiO2 nanotubes exhibit unique features that are beneficial in photocatalysis, in
comparison with commonly used TiO, nanopowders. The higher surface area (478 m?/g)
gives larger adsorption capacity, with pore volume up to 1.25 cm®/g 3%*2, Nanotubes also
exhibit ion-exchange ability *3, rapid and long distance electron transport capability **, and
enhanced light absorption because of the high ratio of length-to-tube diameter 3. Three
main routes have been developed to synthesize TiO2 nanotubes: (i) template method that
helps to construct materials through adjustments in template morphology 3%, (ii) anodic
oxidation that builds crystallized films of TiO, immobilized on a titanium foil surface **-
42 and (iii) hydrothermal synthesis that allows high nanotube yields by dissolving TiO2 or
its precursor in a concentrated aqueous solution of NaOH #? %3, Using the hydrothermal
synthesis method in NaOH-water-ethanol solution, Yan et al. ** prepared a rutile nanotube

from rutile-anatase particles. The rutile nanotubes show optoelectronic properties different
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from those of the raw TiO2. In addition, titanate nanotubes have been synthesized using a
hydrothermal method 2845, Nanotubes calcined at 600°C show excellent properties in the
decomposition of Acid Red 18 in water, but with lower photocatalytic activity than that of
P25 4. Nanorod TiO; is an important morphology and has been synthesized by different
methods. Vertically-aligned nanorods have increased electron transport and reduced charge
carrier recombination, giving excellent electron transport property in comparison to that
for nanoparticles “6. TiO, nanorods have also been grown on tungsten carbide substrates
through metalorganic chemical vapor deposition *’. Limmer “® prepared TiO2 nanorods
via electrophoretic deposition. Aligned anatase and rutile TiO2 nanorods have also been

prepared by sol-gel template method “°.

In this work, pulsed-laser decomposition of titanium tetra-isopropoxide (TTIP) is used
to synthesize amorphous-titania nanoparticles in both discrete and agglomerated forms.
Post-annealing transforms as-synthesized amorphous nanoparticles into nanocrystalline
counterparts, but with layered crystalline structure resembling nanotubes and nano-onions
in morphology. After annealing at intermediate temperatures, the resulting nanostructures
have anatase-TiO: crystallinity, whereas at high temperatures the resulting nanostructures
convert to rutile-TiO> crystallinity. Details of these nanopowder products and their phase
transitions are presented below. In addition, the effects of such phase transitions on

photocatalytic behavior are investigated preliminarily.
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3.2 Results and Discussion

3.2.1 As-synthesized nanostructures

The titania materials synthesized directly in this work by pulsed-laser decomposition of
TTIP assume various morphologies, but invariably have non-crystalline or amorphous
structures. Samples for SEM observations are taken from three locations of the glass-
reactor vessel, as shown in Figure 0.1. Under the cover plate of the vessel, relatively dense
films are observed, Figure 0.2, which are the products of vapor transport and condensation
of precursor species from the plasma-reactor zone. As indicated, with increasing exposure
time to ambient air, craze-cracking of the deposited film occurs, apparently because of
release of volatile species, accompanied by film shrinkage. In striking contrast,
agglomerated nanoparticles are observed on the cold wall and at the bottom of the vessel,
Figure 0.3. Within the liquid precursor itself, discrete nanoparticles are found, as well as
fragments of thin films that have broken off from the cover plate; see Figure 9 for TEM

images.
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Three different regions are used to collect
the nano-powders, From:

1- Top:
TTIP precursor

2- Wall;

3- Bottom (inside the solution)
Bottom

all

Chilled water

Figure 0.1. Schematic diagram of locations where as-synthesized TiO, samples are
taken for characterization purposes.
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Figure 0.2. Craze-cracking of thin/thick film formed on the inside surface of the cover
plate: (a) as deposited, and (b) after exposure to ambient air for several hours.
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Figure 0.3. Agglomerated nanoparticles deposited: (a) on the cold wall of the vessel,
and (b) at the bottom of the vessel.

XRD scans of nanostructured particles and films, taken from all three locations of the
reactor vessel, show that they are non-crystalline or amorphous-like in nature. This aspect
also applies to weakly-agglomerated and strongly-aggregated nanoparticles. Of particular
interest are the well-aligned nanoparticles deposited on the cold wall of the vessel, which
appear to be in various stages of densification while retaining an amorphous-like structure.
Such behavior suggests the possibility of controlled thin/thick film deposition of fully-
dense amorphous-like titania. Experiments are underway to check this concept, including

the effects of quenching rate, radiant heating, and stand-off distance.

In Figure 0.2, the as-deposited film has the appearance of a dense CVD-derived film.
This result opens opportunities for post-annealing to generate new phases with
nanocrystalline structures that are not accessible to CVD, which is a near-equilibrium

deposition process. Here, deposition rates should also be higher, since the laser-processed
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films are derived from decomposed precursor species that arrive on the substrate surface.
This manner is in contrast to CVD where deposition occurs via thermal decomposition of
precursor molecules at or near a heated substrate surface. Another variable of interest in

laser processing, therefore, is the effect of moderate heating of the substrate.

3.2.2 Heat treatment of nanopowders

Upon subsequent heat treatment at intermediate temperatures, an amorphous-to-anatase
TiO> phase transformation occurs; whereas at high temperatures, an anatase-to-rutile TiO:
phase transformation occurs. A series of XRD spectra for as-synthesized amorphous-TiO>
nanopowder, after post-annealing at 300-950°C for 2 hours in ambient air, is shown
in.Figure 0.4. Diffraction angles at 25.3° and 27.4° represent anatase-TiO2 (A) and rutile-
TiO2 (R) phases, respectively *. As indicated, at about 400°C, an amorphous-to-anatase
TiO2 phase transformation occurs. At this temperature, there exists sufficient atomic
mobility to allow rearrangement of quenched-in Ti, O, and C species to form the more
stable anatase TiO. phase, while at the same time eliminating excess oxygen and impurity
carbon by a diffusion-controlled process. When the annealing temperature is increased to
~800°C, the rutile phase makes an appearance, accompanied by some nanoparticle growth

(Table 0-1).
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Table 0-1. Nanoparticles growth

TiO; 300°C |400°C | 700°C |800°C 950 °C
Anatase (nm) 19.9 23 54.7 56
Rutile (nm) -- - - 13 17

Because the diffusion distance is small for nanostructured materials, whatever their

morphologies, it is not surprising that a metastable-to-stable transformation occurs at this

low temperature of 400°C. Heat treating the same TiO2 nanopowder in N2 to about 1000°C

produces an anatase phase (Figure 0.5), indicating again that the far-from-stoichiometric

composition of the original nanopowder inhibits the anatase-to-rutile TiO. phase

transformation. After post-annealing as-synthesized amorphous-TiO, at 400°C for 2 hr,

the resulting anatase-TiO diffraction peak at 25.3° is stronger and narrower after annealing
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in air than in N2, as seen in Figure 0.6. The corresponding grain sizes, as determined using
Scherrer’s method, are 23 nm and 10 nm, respectively. Additional investigation is needed
to understand this interaction with ambient air in the amorphous-to-anatase TiO:

transformation.

Figure 0.7 shows XPS scans of C 1s, Ti 2p and O 1s binding energies for anatase-TiO-
nanopowder, after annealing at 400°C for two hours in air. The binding energy of 284.72
eV corresponds to elemental carbon, likely coming from plasma-decomposition of the
metalorganic TTIP precursor. The binding energies of 286.32 eV and 288.68 eV are
indicative of Ti-C-O bonds in carbonate species >3, Two types of carbonate species with
binding energies of 287.5 eV and 288.5 eV are reported by Sakthivel and Kwasch®. On
the other hand, Ren et al > observed only one type with binding energy of 288.6 eV. The
presence of carbonate species indicates that the C atoms occupy interstitial sites in the TiO>

lattice.

XPS signals of Ti 2p are observed at binding energies of 458.3 eV and 464.02 eV. The
binding energy of Ti 2ps peak in pure TiO2 occurs at 458.5-459.7 eV°4, In the Ti 2p
region, there is a binding energy of 458.3 eV, which is slightly lower than that of pure
TiO». It has been suggested that the binding energy of the Ti 2p peak shifts to lower energy

when Ti** species are transformed to Ti%*>* °°,
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Figure 0.7. XPS scans for anatase-TiO2 nanopowder after annealing at 400°C for two
hours: (a) C 1s species; (b) Ti 2p species; and (c) O 1s species

The shifting to lower binding energy is also observed by other researchers®® %, The

formation of an oxygen-vacancy state between valence and conduction bands in the C-

doped TiO; is attributed to the presence of Ti** species®.
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Binding energies of O 1s are observed at 530.09 eV and 531.82 eV. The binding energy
of 530.09 eV is assigned to the Ti-O bond, whereas the binding energy of 531.82 eV is
assigned to O bonded to Ti**. Xiao et al °* also observed this binding energy at 531.5 eV.
In this work, after annealing the nanopowder at 600°C, a weak peak with binding energy
of 282.55 eV, is observed (Figure 0.8), which can be attributed to C substituting for oxygen

in the TiO> lattice, resulting in O-Ti-C bonds®2,

C1s Scan
10 Scans, 1m 35.5s, 400pm, CAE 50.0, 0.10eV
1.20E+04

1.00E+04 T
8.00E+03
6.00E+03

4.00E+031

Counts / s (Resid. x 5)

2.00E+03

0.00E+00
298 296 294 292 290 288 286 284 282 280

Binding Energy (gV)

Figure 0.8. XPS scans for anatase-TiO2 nanopowder after annealing at 400°C for two
hours, showing an additional weak peak with binding energy of 282.55 eV.

Examination of anatase-TiO> nanoparticles by high resolution STEM shows partially-
or fully-transformed nanoparticles. Lattice imaging of a typical fully-transformed
spherical-shaped TiO> nanoparticle reveals a radially-symmetric nanograin structure, in
which each nanograin is separated from its neighbor by a disordered region that contains a

high density of lattice defects. Furthermore, lattice imaging of a typical partially-
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transformed spherical nanoparticle reveals a core-shell structure, in which the shell consists
of fully-transformed (crystalline) anatase-TiO., and the core consists of un-transformed
amorphous-TiO2, as seen in Figure 0.9(a). A feature of the nanocrystalline core-shell
structure is its radially-symmetric pie-shaped morphology. The presence of a high density
of edge dislocations at each interface between adjacent nanograins would account for the
observed tilt-angle between them. Figure 0.9(b) also shows a similar core-shell structure

for a high-aspect ratio nano-fiber.

In all cases of partially-transformed nanoparticles, including nano-onions and nano-
fibers, nano-crystallization induced by post-annealing is initiated at the surfaces of the
nanoparticles and then propagates uniformly into their interiors, eventually yielding fully
transformed nanocrystalline anatase-TiO2. Previously-mentioned Figure 0.9(b) of a high-
aspect ratio nanofiber shows evidence that the phase transformation from amorphous-to-
nanocrystalline anatase TiO2 occurs by a layer-by-layer growth mechanism. Moreover, it
appears that layered growth starts at a favorable location on the outside and then propagates
inward in a sleeve-like manner in opposite directions. Superposition of such sleeve-like
layers gradually builds up a radially-symmetric layered nanostructure, reminiscent of a

tree’s ring-like structure, but from outside in.
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Figure 0.9 As-synthesized amorphous-TiO2 nanoparticles after annealing at 400°C for
2 hours showing: (a) core-shell structures of partially-transformed nanoparticles, in
which the shell is transformed (crystalline) anatase-TiO2 and the core is un-
transformed amorphous-TiO-; and (b) high resolution image of a nano-fiber indicating
propagation of a phase-transformation interface via a layer-by-layer mechanism. TEM
Images collected with the help of Zhizhong Dong.

3.2.3 Photocatalytic activity

To determine photocatalytic activity, samples (i.e., as-synthesized amorphous-TiO:
nanopowders and post-annealed nanopowders in air at 400°C) are tested for hydrogen
evolution from water reduction with methanol as a sacrificial agent, similar to the
procedure reported by Wu et al °’. The reactions are conducted in a 25 ml glass reactor
filled with 10 ml of 20% methanol (Sigma Aldrich) in DI water. Fresh catalyst (2 mg) is
dispersed in 10 ml of reaction solution via sonication for 1 minute. The reactor is
illuminated by a 150W Xenon Ozone-free Arc Lamp (Newport), where a beam turning
reflector with a cut-off of 280 nm — 400 nm (Newport) and FSQ-UG5 colored glass filter

(Newport) ensure that the catalyst bed is irradiated with only UV light. After 20 minutes,
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hydrogen production is measured by injecting 300 pL of the reactor headspace for each
sample into an Agilent 7890B gas chromatograph with thermal conductivity detector. Both
thermocatalytic (no illumination) and photocatalytic (UV-illumination) conditions are
evaluated at room temperature. Commercial samples of anatase and rutile (Acros
Organics) and P25 (an anatase-rutile mixture) (Evonik) are compared to our as-synthesized
amorphous and annealed anatase samples, as well as to a control sample without any

catalyst.

Nanocrystalline anatase-TiO> is active for hydrogen production at room temperature
under UV illumination, Figure 0.10. After 20 minutes, hydrogen production over the as-
synthesized (84.9 umol gear?) and post-annealed nanocrystalline anatase (96.9 umol gear™)
is greater than those of commercial anatase (5.7 umol geat), rutile (13.2 pmol gear®), and
P25 (21.5 umol ger). No hydrogen forms in the absence of a semiconductor catalyst.
Without any illumination, the commercial samples of anatase, rutile, and P25 are
completely inert. By contrast, the as-synthesized TiO. sample shows some hydrogen
production (47.6 umol gear') under dark condition, most likely arising from decomposition
of organic precursor trapped in the solid during synthesis. Therefore, probably only half
of the hydrogen production under UV illumination can be attributed to photocatalytic water
reduction. Annealing to 400 °C in air removes some of this trapped organic residue,
reducing the amount of hydrogen seen in the dark condition to 32.6 pmol gear™. So while
the hydrogen production of the as-prepared and post-annealed samples resemble one
another under UV illumination, a larger fraction of the hydrogen formed over the post-

annealed anatase material arises from photo-induced reaction. Additional investigation is
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planned. At longer reaction times, the high-bulk-density powders settle out of suspension,

making measurements difficult.
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Figure 0.10. Hydrogen production per gram of catalyst from water reduction with 20%
methanol as a sacrificial agent over anatase, rutile, P25, as-synthesized TiO, and post-
annealed (400 °C) anatase TiO,. Reaction duration of 20 minutes. * indicates no H:
detected. Data collected with the help of Ashley Pennington.

Band gap energies are determined via diffuse-reflectance UV-Visible spectroscopy
(Thermo Scientific Evolution 3000) equipped with a Praying Mantis diffuse reflectance
accessory (Harrick Scientific). The spectra are collected between 200 nm and 1000 nm in
intervals of 0.5 nm. The band-gap energy (BGE) of each sample is determined by the Tauc
method Figure 0.11(a) and the diffuse reflectance derivative peak fitting (DPR) method °8
Figure 0.11(b). The BGE is calculated from the first and second derivatives to determine
the slope and inflection point, respectively, to maximize accuracy. The indirect band-gap

energy of the laser-produced/heat-treated anatase-TiO. nanopowder is determined to be
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3.08 eV, which is reduced by >0.1 eV compared to that of commercial anatase; see Table
0-2. Enhanced near UV/high energy visible light absorption (340-450 nm) and a decrease
in band-gap energy for the laser processed TiO2 compared to that of commercial anatase
Figure 13 indicates that the nanopowder should be more active under solar irradiation
conditions. Carbon content, along with the new nanocrystalline layered morphology play
the main roles of shifting the band gap. According to the literature, as mentiond before,
TNT (Titanium nanotubes) have a lower band gap as compared to that of TiO;
nanoparticles because of the increased surface area 3. In our work, we have found that
anatase nanorods as well as nano-onions have decreased band gap in comparison with that

for commercial anatase TiO», Figure 0.12.

Table 0-2. Band gap energies (BGEs) measured from TaucY2 and derivative peak
fitting (DPR) methods indicate laser-processed anatase-TiO- has a lower direct (DPR)
and indirect (Taucl/2) BGE than commercial anatase-TiO>

Sample Taucl/2 BGE [eV] DPR BGE [eV]

Commercial anatase-TiO, 3.23 3.31

Laser-processed anatase-TiO; 3.08 3.18
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Figure 0.11. Methods for calculating BGE(a) Taucl/2 of laser-processed anatase-TiO:
nanopowder (b) DPR of laser-processed anatase-TiO. nanopowder. Data collected with
the help of Ashley Pennington
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Figure 0.12. Kubelka-Munk Plot of laser-processed anatase-TiO2 nanopowder and
commercially processed anatase-TiO2 powder, showing increase in absorbance in high
energy UV region and a decrease in band-gap energy for the laser processed TiO». Data
collected with the help of Ashley Pennington
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3.3  Summary

Titanium dioxide (TiO2) nanostructures are produced by pulsed-laser decomposition of
titanium tetra-isopropoxide (TTIP). The laser is focused just below the surface of the
liquid-metal-organic precursor, forming a high enthalpy submerged-plasma where
precursor decomposition generates vaporized species, which upon subsequent rapid
condensation/quenching by the surrounding liquid yields metal-oxide nanopowder. As-
synthesized nanoparticles assume various morphologies, depending on the location within
the glass-reactor vessel. On the inside of the cover plate, not in contact with the liquid
precursor, relatively-dense amorphous titania films are formed. On the side-wall, in
contact with the liquid precursor, relatively large-area flakes of aggregated nanoparticles
are found. Within the liquid precursor, a suspension of discrete nanoparticles and loosely-

agglomerated nanoparticles, are observed.

Whatever their size, shape or form, as-synthesized nanoparticles have non-crystalline
or amorphous-like structures. Local compositional variations in the plasma-reaction zone,
which are retained during rapid condensation/quenching of vaporized-precursor species,
are believed to be responsible for amorphization of the nanoparticles because any
significant deviation from the ideal stoichiometric composition of TiO2 should inhibit its
crystallization.  Consistent with this model, chemical analysis of as-synthesized
nanopowder shows that it is rich in oxygen and carbon relative to TiO,. From chemical
analysis, the composition of the as-synthesized nanopowder is TiO27C19. The chemical

formula of the TTIP precursor is TiO4Ci2H2g. In other words, the presence of excess
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oxygen and carbon (and possibly hydrogen) in the plasma inhibits nano-crystallization
during rapid quenching. A similar effect should occur in other materials systems, where
plasma-vaporized species derived from liquid precursors are far from stoichiometric

values.

Upon post-annealing at 400°C for 2 hours in ambient air, transformation of the
amorphous-TiO2 nanoparticles occurs, forming anatase-TiO2 nanoparticles with little
change in particle size. Apparently, at this temperature, there is sufficient atomic mobility
to allow rearrangement of quenched-in Ti, O, and C species to form the more stable
anatase-TiO; phase. Because diffusion distances are small in nanoparticles, whatever their
morphologies, it is not surprising that the amorphous-to-anatase TiO transformation
occurs at the relatively low temperature of 400°C (~ 0.3 Tm). Upon post-annealing at 800°C

for 2 hours in air, anatatase-TiO- transforms rapidly to rutile-TiOs.

After annealing at 400°C, examination of nanopowder by scanning transmission
electron microscopy (STEM) shows partially- and fully-transformed anatase-TiO:
nanoparticles. Lattice imaging of a fully-transformed nanoparticle reveals a radially-
symmetric nanograin structure, in which each nanograin is separated from its neighbor by
a disordered region, probably containing a high density of edge dislocations to account for
the observed tilt-angle between neighboring nanograins. Lattice imaging of a partially-
transformed nanoparticle reveals a core-shell structure, in which the shell is transformed
anatase-TiO; and the core is un-transformed amorphous-TiO2. The shell component is

similar in appearance to that of fully-transformed anatase-TiO2. The core component
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appears amorphous-like, but upon closer examination at high resolution, there are regions

where some degree of short-range ordering occurs.

It is concluded, therefore, that the amorphous-to-anatase phase transformation starts at
the surfaces of the nanoparticles, irrespective of their morphologies, and propagates into
the interior as in-situ reaction of trapped-in species likely yield gaseous products (e.g., CO,
CHs, H20) that diffuse out of the particles, leaving sufficient Ti and O to enable
crystallization of anatase-TiO.. In one remarkable case, such a diffusion-controlled
transformation in a nanofiber appears to occur by propagation of anatase-TiO> layer-by-

layer.

Reactions carried out at 200°C under both ultraviolet (UV) illumination and dark
conditions, reveal photocatalytic production of methyl formate and acetalydehyde from
methanol oxidation. Additionally, decreased band gap energy of the nanopowder, as well
as increased light absorbance is measured in both the high-energy UV region (200 nm —
250 nm) and the low energy UV region (340 nm — 440 nm), as compared to those properties

for commercial anatase (Acros Organics).

The applicability of laser processing to other oxide and non-oxide ceramics, with and
without doping, also seems achievable. For example, to synthesize amorphous Al.O3
nanoparticles or films, a suitable liquid precursor may be aluminum isopropoxide, whereas
to synthesize amorphous SiC, SisN4 and SiCxNy hexamethyldisilazane is a good prospect.

Another area of interest is laser processing of high-pressure phases, such as cubic-BN and
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diamond. As for suitable liquid precursors, hexane may be a good choice for diamond

synthesis and borazine for cubic-BN synthesis
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Chapter Four

Synthesis of Tungsten-Doped TiO2 Nanopowders

4.1 Introduction

Among the many photocatalytic materials, TiO> may be close to being ideal. However, a
shortcoming for it involves solar applications, where it its inefficient at absorbing visible
radiation . Because of its large band gap, TiO, absorbs light in the UV portion of the solar
spectrum, which is only 4% of the emission 2. To overcome this aspect, it has been
proposed that the band-gap energy can be reduced by doping, coupling, and capping of

TiO2 nanoparticles *.

Doping TiO2 with various transition metals (Cr, V, Ag, W, etc.) has been investigated
to increase photocatalytic activity in the visible-light range by introducing additional
energy levels in the band-gap structure of TiO>>*. In addition, transition metals improve
the activity of TiO, photocatalysts by inhibiting electron-hole recombination, which
increases the number of electrons flowing to the other electrode®. Moreover, such doping
enhances the surface properties of TiO2 and increases photocatalytic activity by increasing
the surface acidity and area ®. The presence of oxygen vacancies is also considered to be
crucial to the improvement of photoactivity of TiO, . However, the efficiency of a dopant
is affected by several parameters, including concentration and distribution of the dopant in

the TiO2 matrix, creation of additional energy levels in the band-gap structure, and electron
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donor concentration 8. Moreover, concentration must be closely monitored as excess of

dopant decreases photocatalytic activity, since charge recombination becomes favorable °.

Tungsten is one of several transition metals used as a dopant in TiO,. As the ionic
radius of tungsten (W?®") is quite similar to that of titanium (Ti*"), tungsten ions are easily
inserted into the TiO; lattice without significant distortion of the structure 1°. The presence
of WOz in the lattice of TiO2 plays an important role in increasing surface acidity and in
providing an effective separation site for photo-generated charge carriers. In addition, the
electronic structure of TiO2 is modified by substitutional doping with higher-valence
cations like tungsten, which results in a higher charge-separation efficiency ‘. Therefore,

doping of W into the TiO; lattice effectively increases photocatalytic activity of TiO2 2.

Because of these benefits, many recent reports have focused on W-doped TiO:
nanoparticles to enhance photoactivity under visible light irradiation. Park et al. 1° reported
that doping TiO2 with W by chemical vapor synthesis increases photocatalytic activity by
18%, as compared to commercial TiO.. Many techniques have been utilized to dope TiO>
with W. Sol-gel synthesis has been used to prepare and dope TiO nanoparticles with W
ions. Using a dip-coating procedure, Yolanda at el. 3 prepared TiO, doped with Ca?*, W®*
and N,. They reported that given the ionic radii similarity of both tungsten ions (W°®*) and
titanium ions (Ti*"), W®" ions easily replace Ti** and cause excess charge in the lattice.
Replacing Ti** in TiO, with a cation may be easier than to substitute O with an anion as
a result of the difference in charge state and ionic radius '*. Reduction in the recombination

of electron-hole (e7h™) pairs increases the photocatalytic activity of W-TiO2 nanoparticles.
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Sanjayan et al. ¥ doped TiO, with W by aerosol-assisted CVD, showing that the presence
of W in TiO- films enhances photocatalytic and opto-electronic properties. They claimed
that the increase in photocatalytic activity is due to increase in surface structure and
decrease in grain boundary area, both of which are charge-carrier recombination sites.
Thapanan et al. ** reported that W doping and hydrothermal treatment improve the visible-
light photoactivity of TiO2 synthesized by the sol-gel method. They found that TiO> doped
at a 0.5% tungsten to titanium ratio and hydrothermally treated showed photocatalytic
activity equal to 74% of commercial material under UV irradiation. Hydrothermal
treatment yields crystalline TiO2 with different compositions, structures, and
morphologies, which have positive effects on TiO, photoactivity. W-TiO2 nanoparticles
were also prepared by thermal hydrolysis of aqueous solutions of peroxo-complexes of
titanium and tungsten. Vaclav ® reported that tungsten doping increases the temperature
range of the anatase-to-rutile phase transformation by 100°C. Other methods have been
used to prepare W-TiO2 nanoparticles, such as ion-impregnation ' 8 hydrothermal
synthesis *° and sol-precipitation 2°, in order to obtain homogenous doping of tungsten in
TiO2. However, W-TiO. nanoparticles often exhibit low surface area caused by close

packing, thus limiting their industrial applications 2.

Nanotubes of W-TiO. exhibit unique features that are beneficial in photocatalysis,
including high specific surface area, high pore volume, ion-exchangeable ability, rapid and
long-distance electron-transport, and enhanced light absorption, attributable to the high
ratio of length-to-tube diameter 22>, Compared to nanoparticles, nanotubes can be more

attractive for applications in photocatalysis 26, gas sensing 2’ and solar cells **. The
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performance of TiO2 nanotubes can be augmented by decoration with Ag, Au and WOs3
nanoparticles 22°.  Zhang et al. ?!prepared tungsten-nitrogen co-doped TiO2 nanotube
arrays using anodization and hydrothermal synthesis methods. It was observed that
tungsten in co-doped arrays exists as W®" by substituting for Ti*" in the lattice of TiO,,
while nitrogen exists in the form of Ti-N-O. Tungsten ions are considered to act as trapping
sites that help to decrease the recombination rate of electrons and holes, which leads to
improved photocatalytic activity. Das et al. *° studied the influence of WO3 doping on the
photocatalytic behavior of TiO2 nanotube layers. They concluded that tungsten oxide in
the structure introduces a photocurrent that strongly enhances the photocatalytic activity.
They also found that high WOz content deactivates or decreases the photocatalytic

performance.

In this study, W-doped TiO> nanopowders are prepared by laser ablation of a tungsten
foil immersed in liquid titanium tetra-isopropoxide (TTIP) precursor. The photochemical
activity is studied by UV-Vis spectroscopy under visible light irradiation. The results
demonstrate that the W-doped TiO2 nanopowders exhibit higher photochemical activity
than un-doped TiO.. The effects of heat-treatment in ambient air on structure and
photochemical properties are also investigated. It is observed that W doping of TiO:
increases the temperature of anatase-to-rutile phase transformation by about 150 °C

compared to that of un-doped TiOa.
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4.2 Experimental Work

4.2.1 Tungsten-doped TiO> synthesis

Nanostructured powders of W-TiO> are synthesized by pulsed-laser ablation of a tungsten
foil (0.05 mm thick, 99.95% purity) immersed in liquid titanium tetra-isopropoxide (TTIP,
99.5% purity). In this process (Figure 0.1), the W-foil serves as a rotating target, and the
Nd:YAG pulsed laser (wavelength 532 nm, maximum pulse energy 500 mJ/pulse) ablates
the tungsten foil while simultaneously decomposing the precursor liquid. In practice, about
2 mL of liquid TTIP precursor in the inner container is shrouded with flowing N2, which
serves to prevent its reaction with ambient air. Nd:YAG pulsed laser is focused on the W-
target surface to decompose the liquid precursor, thereby forming a high concentration of
vaporized species of W-TiO. within a submerged plasma, which then experience rapid
condensation/quenching by the surrounding un-reacted and chilled liquid-TTIP precursor

solution.

To keep the temperature of the TTIP constant during processing, the container is water
cooled. After 45 min of operation, a suspension of nanoparticles is formed in the liquid

precursor, which is extracted by centrifuging at 1500 rpm for 10 min.

Small samples of as-synthesized W-doped TiO. nanoparticles, before and after heat
treatment, are characterized for composition, structure, and morphology, using
conventional analytical techniques, such as X-ray diffraction (XRD), X-ray photoelectron

spectroscopy (XPS), UV-Visible spectroscopy, and scanning transmission electron
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microscopy (STEM). Heat treatments are performed at 400-1050 °C for 2 hours in an oven
with ambient air as well as in a furnace with 100 ml/min nitrogen flow. Photochemical
activity is measured by liquid-phase methylene-blue degradation, under ultraviolet

illumination, visible light illumination, and no illumination (dark) conditions.

4.2.2 Methylene Blue (MB) degradation

Methylene blue (MB) degradation experiments are carried out in an aqueous solution. of
3.4 ppm MB, formed by diluting stock solution with DI water. The reaction vessel for the
batch MB reactions, a 3.5 ml quartz Cuvette, is filled with 3 mL of 3.4 ppm MB; and then
catalyst is added to the reaction vessel with specific masses given in Table 0-4 . Reactions
are carried out at room temperature under constant stirring to ensure homogeneity under
either no illumination (Dark) or ultraviolet illumination (UV) using a 150 W Xenon Ozone-
free Arc Lamp equipped with a beam turner reflector for UV (280 nm-400 nm, Newport)
or visible (420 nm-600 nm, Newport) light source. Additionally, a colored glass filter for
UV (FSQ-UG5, Newport) and visible (KG1, Newport) is employed to ensure that the
catalyst bed was only illuminated with specific wavelengths. For dark reactions, the
reaction vessel is immediately wrapped in aluminum foil and monitored at ambient

conditions for 60 min.
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Chilled water path

Laser beam focusing on
Tungsten substrate

motor-driven support

Figure 0.1. Schematic diagram of the experimental setup of Laser ablation Tungsten
substrate immersed in Titanium isopropoxide precursor showing the laser focused on
the Tungsten foil

Degradation was monitored via measuring transmittance of the reaction cell using
the UV-Visible Spectrophotometer (Thermo Evolution 3600) every 5 minutes for the
duration of the 60 minute reaction. The degradation of methylene blue is monitored
measuring transmittance, calculating the percent absorbance, and using an in-house
calibration curve, to determine the concentration of Methylene Blue (MB) in ppm via UV-
Visible Spectroscopy. Each reaction batch was run with 3 ml of fresh MB and fresh
catalyst (masses denoted in Table 0-4). Upon addition of the catalyst to the cuvette, MB

is added, the sample is stirred, and the catalyst is allowed to sink to the bottom of the
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cuvette, where the xenon arc lamp is focused, ensuring maximum absorbance of photons
and minimum interference with the transmittance of the UV-vis scans. All catalytic
reactions are run at room temperature, and the Xenon Arc beam is focused to a spot size of

roughly 3 cm, illuminating the base of the cuvette.

4.3 Results and Discussion

As synthesized W-TiIO, nanopowder, irrespective of its morphology, exhibits an
amorphous-like structure. XRD patterns of W-TiO, after heat treatments at 400-1050°C
are shown in Figure 0.2. An amorphous-to-anatase phase change occurs at 400 °C; and an
anatase-to-rutile phase change occurs at 950 °C, with no indication for any other phases.
The evidence supports the widely accepted view that W®* ions substitute for Ti** ions in
both anatase- and rutile-TiO2 phases. Moreover, the average crystallite size of TiO (about
13 nm) is slightly reduced by doping with W (10 nm). Reduction in crystallite size by W

doping has been observed by other groups 8 1%,

Table 0-. 0-1Cell parameters comparison

TiO, a (A) c (A) Unit Cell Volume (A")
TiO,, 400°C 3.781 9.4541 135.16
W- TiO;, 400°C 3.7825 9.433 134.9

Table 0-2. Phases formed after heat treatment (A: Anatase and R: Rutile)

Sample 400°C 700°C 800°C 950°C 1050°C
TiO; A A A+R R R
W-TiO> A A A A+R R




58

—— W_TiO, annealed at 1050°C
—— W _TiO, annealed at 950°C
30000 - R —— W_Ti0, annealed at 850°C
—— W_TiO, annealed at 700°C
—— W_TiO; annealed at 600°C
R —— W_TiO; annealed at 400°C

R
24000

18000 -

Intensity(count)

12000 - o R

6000

sl A o Lowe o
— . . . . .
20

Two-Theat(deg)

Figure 0.2. XRD pattern of W-doped TiO. annealed in air for 2 hr at different
temperatures (A: anatase and R: rutile).

It has been reported by other researchers that W doping of TiO; retards the anatase-to-
rutile phase transformation 2% 3L, In agreement with this prior work, phase transformation
of our W-TiO; occurs at 950 °C, which is about 150 °C higher than that of TiO2. Doping
TiO2 with W also reduces crystal growth, as shown by the lower anatase peak in a doped
sample in comparison with that of an un-doped sample, Figure 0.3. Wu et al. *? reported
that W®* ions can occupy interstitial sites in the TiO> crystal lattice, which, by decreasing

the number of oxygen vacancies, retards both phase transformation and crystal growth.
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Figure 0.3. XRD patterns of un-doped TiO, vs W-doped TiO>

Calculated unit cell volumes for TiO2 and W-TiO; are given in Table 4.1. As indicated,
unit-cell parameters (a and c) of W-TiO- are slightly smaller than that of TiO2, which has
also been reported by another group 8. Since the ionic radius of W®* (0.60 A) is quite
similar to Ti** (0.68 A) *, most W®* ions occupy substitutional sites in the TiO> lattice.
Moreover, XPS analysis shows that the doped powder contains tungsten in the 6+ oxidation
state.

X-ray photoelectron spectroscopy XPS is used to determine the oxidation state of the
O 1s, Ti 2p, and W 4f. The XPS spectra of O 1s and Ti 2p of the heat treated un-doped and
W-doped TiO2 nanopowder are shown in Figure 0.4. Binding energies of O 1s are observed
at 530.09 eV and 531.82 eV. The binding energy of 530.09 eV is assigned to the Ti-O
bond, whereas the binding energy of 531.82 eV is assigned to O bonded to Ti%* 34 The

binding energies of Ti 2p in un-doped TiO> are observed at 458.3 eV and 464.02 eV. For
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the as-synthesized W-TiO., both the Ti 2p and O 1s peaks are slightly shifted toward higher
binding energy owing to the doping of W in the TiO. lattice, which is consistent with the
result reported by Gong et al. . The tungsten-doped TiO, sample shows three oxygen
species, at 530.61 eV, 532.23 eV and 533.35 eV, respectively. The new peak at 533.2 eV
corresponds to adsorbed oxygen species. Park et al. 1° also found the formation of the new
peak for tungsten doped TiO2 nanopowder. Since the surface acidity of WOs is 15 times
higher than that of TiO2 ¢, W-doped TiO likely contains more hydroxyl groups than does
non-doped TiO».

The chemical state of tungsten in W-doped TiO2 nanopowder changes with annealing
temperature, Figure 0.5. XPS scans of W-doped anatase TiO2 showing influence of heat
treatment: (a) 400°C; (b) 600°C; (c) 700°C; and (d) 800°C.. Tungsten-doped TiO heat
treated at 400 °C exhibits W 4f binding energy at 37.8 eV, which corresponds to the W®*
of WO; chemical state 3. After heat treatment at 600° C, the W peak shifts to 36.9 eV,
indicating migration of tungsten to the surface of the TiO2. Annealing at 700" C yields new
peaks at 35.49 eV and 37.32 eV, which correspond to W®* of WO3 chemical state. Chen
et al. 3 found XPS peaks for tungsten in W-doped anatase TiO; at 35.4 and 37.6 eV, which
were assigned to the W8 4f7/2, WS 4f5/2 states, respectively. Park et al. 1° reported the
formation of non-stoichiometric tungsten binding energy after heat treatment of W- doped
TiO2 nanopowder, prepared by chemical vapor synthesis. Upon annealing to 800°C, the
peak at 35.49 eV disappears, indicating that it was oxidized back to a higher oxidation-
state. Other researchers have observed that WOs is stable at 400°C, but fluctuation of its
chemical states occurs at higher temperature %6 3%49 On the other hand, the absence of a

tungsten-related phase in the XRD pattern, even after heat treatment of the nanopowder at
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high temperatures, and the observation of tungsten in XPS, further illustrates that tungsten

is incorporated into the lattices of both anatase and rutile TiO>
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Figure 0.4. XPS spectra of O 1s and Ti 2p binding level energy of TiO2and W-doped
TiO2, both annealed at 400°C for 2 hours. (a) O 1s binding energy in non-doped TiO,
(b) Ti2p in non-doped TiOz, (c) O2 in W-doped TiO2 and (d) Ti 2p in W-doped TiOx.
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Figure 0.5. XPS scans of W-doped anatase TiO2 showing influence of heat treatment: (a)
400°C; (b) 600°C; (c) 700°C; and (d) 800°C.
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As-synthesized amorphous W-doped TiO. nanoparticles, post-annealed at 400°C for 2
hr in air, transform into nanocrystalline anatase-TiO,. As discussed in the preceding
chapter, this phase transformation is shown to occur via a layer-by-layer crystalline-growth
mechanism, starting at the nanoparticle surface and propagating uniformly into the interior.

The resulting image shows a radially-symmetric (pie-shaped) crystalline structure.

Figure 0.6:W-doped TiO2 nanoparticles, after annealing at 400°C/2 hrs in air, showing
radially-symmetric nanocrystalline structure. TEM Images collected with the help of

Zhizhong Dong.
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Figure 0.7. (a) Lattice image of a well-crystallized nanoparticle, showing d-spacing of
0.35 nm, in agreement with XRD, and (b) spotty-ring pattern indicative of a random
nanocrystalline structure. TEM Images collected with the help of Zhizhong Dong.
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Figure 0.8. EDS spectra of nanocrystalline W-doped TiO>, confirming the presence of
W in the host lattice.

STEM images of partially crystallized anatase-TiO2 nanoparticles, is shown in

Figure 0.6Figure 0.6:W-doped TiO2 nanoparticles, after annealing at 400°C/2 hrs in air,
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showing radially-symmetric nanocrystalline structure.  Lattice imaging of a well-
crystallized nanoparticle, with corresponding SAED pattern is shown in Figure 0.7. (a)
Lattice image of a well-crystallized nanoparticle, showing d-spacing of 0.35 nm, in
agreement with XRD, and (b) spotty-ring pattern indicative of a random nanocrystalline
structure.. The measured d spacing is 0.35 nm, which corresponds to (101) in anatase-
TiO>.

4.4 Optical Properties of W-doped TiO>

Band gap energies are determined via diffuse-reflectance UV-Vis spectroscopy. Absolute
reflectance spectra are collected between 200 nm and 800 nm in intervals of 1 nm. W-
TiO2 nanopowders are annealed in air at temperatures of 400°C, 500°C, 600°C, 700°C, and
950 °C. UV-Vis spectroscopy is employed in order to compare the optical properties,
including absorbance (KMU) and band gap energies, of the annealed samples along with
those of the parent sample, W-TiO.. The Kubelka Munk plot, Figure 0.9, shows a decrease
in the absorbance of the high energy UV (200-350 nm) irradiation upon an increase in
calcination temperature, as well as two apparent band edges in the sample annealed at 950
°C (gray), indicative of a mixture of anatase and rutile phases. The band gap energy (BGE)
of each sample are determined by both the Tauc method, Figure 0.9, and the Diffuse

Reflectance Derivative Peak Fitting (DPR) method, Figure 0.10.

For the Tauc method the inflection point is determined by calculating both first and second
derivative to maximize accuracy of measured BGE. Band gap energies of the samples are
displayed inTable 0-3. It is observed that the band gap of W-doped-TiO, decreases in

comparison with that of un-doped TiO., indicating that tungsten doping indeed decreases
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Figure 0.9. Kubelka Munk (absorbance of diffusely reflected sample) of W-TiO>
annealed at various temperatures. Data collected with the help of Ashley Pennington
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Figure 0.10. Tauc Methods for calculating indirect BGE (using Tauc'/?) of laser-p
rocessed anatase-TiO2 nanopowder for (a) W-TiO; annealed between 400 °C and 600
°C, (b) W-TiO2 annealed between 700 °C and 950 °C. Data collected with the help of
Ashley Pennington
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the apparent band gap energy of the sample by allowing for an increased probability of
electrons lying in the tungsten fermi level as opposed to being in the valence band of the

TiOo.

The Tauc plot for W-TiO- at 950 °C shows two absorption onsets, indicative of two
distinct oxides with BGEs far enough apart, and in high enough concentrations. XRD
analysis shows both rutile and anatase phases at 950 °C. DPR analysis is used to determine
BGE of both phases in each sample, which is in qualitative agreement with the Tauc BGE

measurements.

Table 0-3. Band gap energies of W-TiO heat treated to various temperatures using

both the Taucl/2 method for indirect BGE and the DPR method for BGE

TiO, Sample Tauc? DPR Anatase DPR Rutile BGE
BGE (eV) BGE (eV) (eV)

TiO, 2.99 3.08

W-TiO; 400 °C 2.93 2.92 -

W-TiO; 500 °C 2.95 3.12 2.89

W-TiO; 600 °C 3.07 3.19 3.02

W-TiO, 700 °C 3.09 3.18 3.02

W-TiO; 950 °C 2.89,2.72 3.16 3.02

Both Tauc and DPR show a decrease in the BGE of laser processed W-doped TiO:
compared to laser-processed TiO.,Table 0-3. This trend suggests that W doping of the
TiO lattice provides donor levels within the band gap of TiO2, thus decreasing the effective
BGE. As the annealing temperature increases in the presence of oxygen, the tungsten is
converted to tungsten oxide, thus no longer being effective in decreasing the band gap, as

shown by the increase in BGE with increasing annealing temperature. Table 0-4Table 0-4,
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is measured for samples illuminated with UV/Vis light as well as under no illumination
(dark) conditions. All catalysts exhibited minor activity in the dark reaction, from 1.4% to
9.9% conversion, indicating that there is some catalytic activity in the sample, with the
sample annealed to 600 °C having the maximum conversion in the dark. Photochemical

activity is monitored for both UV (280 nm - 400 nm) and Visible (420 nm — 630 nm)

illumination.

Table 0-4. Methylene Blue Conversion after 40 minutes for dark (no illumination),
UV, and Visible light illumination conditions for all samples

W-TiO, Sample Sample Mass (mQg) Dark uv Visible
No Catalyst - 1.3% 3.5% 25.4%

400 °C 14 mg 1.4% 20.9% 37.3%

500 °C 13 mg 4.5% 24.6% 36.6%

600 °C 14 mg 9.9% 35.0% 38.9%

700 °C 14 mg 6.1% 23.9% 35.7%

850 °C 12 mg 2.4% 25.6% 29.2%

950 °C 13 mg 2.9% 46.9% 30.5%

For UV illumination all samples show photochemical activity with the tendency for
catalytic activity to increase (i.e., 20.9%-35.0%) with increasing annealing temperature
from 400 °C to 600 °C. Then at 700 °C the photochemical activity dips to 23.9%,
comparable to that for W-TiO2 at 500 °C. From 700 °C to 950 °C, the trend is again
observed that the UV-photochemical activity increases with increasing temperature, with
W-TiO- at 950 °C being the best UV photocatalyst case at 46.9%. This result is likely due
to the synergistic effect between the intimate justaposition of anatase and rutile phases in

the sample inducing greater UV absorption. Samples annealed from 400 °C to 600 °C had
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the largest visible light photochemical activity (i.e., 37.3-38.9%), which can be attributed

to the smaller band gap promoting intermediate states in the band gap from the doped

tungsten.
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Figure 0.11. Methylene Blue degradation from 0 to 40 minutes of all annealed W-TiO>

samples compared to no catalyst for (a) dark (b) UV Hlumination, and (c) Visible

Illumination batch reactions. Data collected with the help of Ashley Pennington

From the Methylene Blue degradation reactions, it is noted that depending on which

wavelength is targeted, the W-TiO2 should be annealed at different temperatures. An

annealing temperature of 700 °C is preferred for visible light reactions, and an annealing
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temperature of 950 °C is preferred for UV reactions, both for overall conversion as well as

the largest initial conversion of MB after 10 min .

45 Summary

Tungsten-doped TiO- has been successfully prepared by pulsed laser ablation of a tungsten
foil immersed in liquid titanium tetra-isopropoxide precursor. The as-synthesized
nanopowder shows an amorphous or non-crystalline structure attributable to rapid
condensation of vaporized species (tungsten species along with TiO, species) from the
plasma-reaction zone. Upon post-annealing at 400°C (~ 0.3 Twm) for two hours in air,
transformation of the amorphous-W-doped TiO2 nanoparticles is initiated, forming novel
W-doped anatase-TiO. nanoparticles morphologies, such as layered nanotubes and onion-
like nanospheres. The phase-transformation from anatase to rutile phase is delayed and
crystal growth is inhibited in W-doped TiO> relative to that of un-doped TiO>. According
to the Scherrer equation, the average crystallite size of TiO2 (about 13 nm) is slightly
reduced by doping with W (to 10 nm), thus, indicating the doping of tungsten ions to the

TiOg structure.

Tungsten doping also leads to more hydroxyl groups formed as compared to that of
non-doped TiO2. In addition, tungsten doping reduces the band gap of TiO (to 2.92 eV)

and increases absorbance as well.
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Chapter Five

Synthesis of Molybdenum- and Vanadium-Doped TiO>

Nanostructured powders of molybdenum-doped TiO; are synthesized by pulsed-laser
ablation of a molybdenum foil immersed in liquid titanium tetra-isopropoxide (TTIP). In
this process, interaction between the focused laser beam and the Mo substrate generates a
submerged-plasma flame, where vaporization of the Mo substrate along with
decomposition of the liquid precursor combine to produce Mo-doped TiO2 nanoparticles
upon quenching by the surrounding un-reacted liquid precursor. A non-crystalline
structure (amorphous structure) have been produced as synthesized nanoparticles,
primarily because of rapid condensation and quenching of vaporized species from the
plasma-reaction zone. Interestingly, upon subsequent heat treatment in air or oxygen,
starting at ~400 °C, transformation to the more stable anatase-TiO. phase occurs, but now
doped with Mo. Initial results show that Mo-doped anatase TiO2 exhibits a higher UV and

visible photochemical activity than un-doped anatase-TiOa.

Similarly, vanadium-doped TiO. nanostructure is created by using laser ablation of
vanadium foil immersed in TTIP solution. The results reveal that the unit cell volume and
parameters a and ¢ of vanadium-doped TiO> samples decrease in comparison to those of

un-doped samples, indicating that vanadium ions replace titanium ions.
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5.1 Introduction

TiO; as photocatalyst was first recommended by Fujishima in 1972 . By reason of unique
attributes of TiOz including low cost, non-toxicity, and stability against chemical corrosion,
TiO> has been the preferred material for many applications such as solar energy conversion,
self-cleaning, gas sensors, and photoluminescence light 2°. TiO, has a wide band gap (i.e.,
3.2 eV), and visible portion (45%) . Given these properties, TiO- is mainly active under
irradiation with ultraviolet (UV) light. Efforts have been devoted to modify the band gap
of TiO2 in order to shift the absorption edge to the visible range and thus augment its
photocatalytic capability under sunlight. One of the effective ways is to dope TiO, with
metal or non-metal ions (e.g., W, Mo, Cu, Ag, N, C). Co-doping TiO2 with two or more
different elements may be a strategic way to develop visible-light sensitivity "8, These
methods can introduce additional energy levels into the band gap structure of TiO2. In
addition, transition metals can help to improve the activity of TiO2 photocatalysts by
preventing electron-hole recombination, increasing the number of electrons flowing to the
other electrode °. At present, transition metals have been reported extensively as a

favorable dopant in TiOa.

It has been reported that molybdenum-doping of TiO2 can result in lower the band gap
of the material as thus shift the absorption edge toward the visible region, modifying the
photocatalytic properties of TiO2 1912, Mo®" ions can easily substitute into TiO- lattice
structure and form an n-type semiconductor because its ionic radius (i.e., 0.62 A) is similar

to that of TiO, (0.68 A) . Molybdenum-doped TiO, has been prepared by using
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techniques such as sol-gel, hydrothermal, and flame synthesis. Wang et al. 1! prepared Mo-
doped TiO; using sol-gel technique. They observed that the Mo®" ions incorporated into
anatase TiO- structure and narrowed the band gap of the TiO>—based material from 3.19
eV to 3.05 eV. Using the same processing technique, Huang et al. * showed that
molybdenum decreased the band gap from 3.05 eV of TiO2 to 2.73 eV of TiM00.020. Also,
they reported that Mo®* replaced Ti** in the TiO> lattice and thus inhibited growth of the
crystallite size as well as suppressed the phase transformation from anatase to rutile phase.
Doping Mo in TiO; increases the lattice distortion of the TiO. matrix, where Sheng et al.
12 found increase in the lattice parameters size with increasing Mo doping amount. Others
have prepared amorphous Mo-doped TiO- thin films using spray pyrolysis. After heat
treatment, anatase and mixed anatase/rutile phase were obtained depending on the type of
substrate 5. Khan et al. '® prepared Mo-doped TiO, using hydrothermal method.
Depending on their functional theory based calculation study, they found that the
molybdenum created impurity states below the conduction band of TiO2, with the Fermi

level pinned inside the conduction band, thus enhancing visible light absorption.

Vanadium, as a transition metals ion, has attracted attention recently. Its ability to (i)
increase the carrier life time, and (ii) extend TiO absorption range !’ make vanadium a
favorable ion to dope into TiO2. The ionic radius of vanadium is quite a bit smaller than
that of titanium, meaning that it can be easily incorporated into the TiO lattice. Different
methods have been used to prepare V-doped TiO, nanostructures. Avansi et al. 8
synthesized V-doped TiO> using hydrothermal decomposition of vanadium and titanium

peroxo-complexs. They showed that the vanadium ions are distributed homogeneously in
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the TiO2 structure, which mean that the V ions occupy the Ti*" site, leading to improved
optical properties of TiO2. As an important application of detection of key pollutants,
vanadium-doped TiO2 has been used as a sensor. Morris et al. 1° prepared V-doped TiO>
by high-temperature (1200 °C) solid-state reaction between V.Os and TiO; in a
recrystallized aluminum boat. Their results indicated that the 0.5% vanadium doped TiO>
is a useful material to detect SO at concentrations down to 10 ppm. Songara et al
synthesized V-doped TiO2 by using a wet chemical method. They observed that the unit
cell volume of doped materials is smaller than that of un-doped materials. Zhou et al 2
showed that the vanadium is mainly found in the V°* valance. They observed that the
vanadium in TiO2 promotes crystal growth as well as decrease in crystal c-lattice

parameter.

In this work, molybdenum-doped TiO- as well as vanadium-doped TiO; are fabricated
using our technique of laser ablation of metal foils immersed in titanium tetra-isopropoxide
(TTIP) precursor. Their performance in photocatalytic reactions is considered in this study.
Heat treated nanopowders are carefully investigated to study the crystal structure of TiO>
after doping with the metal ions. The results show that the doped samples are more

photocatalytically active than that of un-doped samples, Figure (8).

5.2 Experimental and Setup

Nanostructured powders of Mo-TiO and V-TiO- are synthesized by pulsed-laser ablation
of a molybdenum/vanadium foil (0.05 mm thick, 99.95% purity), respectively, immersed

in liquid titanium tetra-isopropoxide (TTIP, 99.5% purity). In this process, Figure 0.1, the
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Mo/V-foil is a rotating target (50 rpm), and an Nd:YAG pulsed laser beam (wave length
532 nm, maximum pulse energy 500 mJ/pulse) ablates the molybdenum/vanadium target,
while simultaneously decomposing and vaporizing the liquid precursor. In practice, the
laser beam is focused onto the Mo/V-target surface with 100 mJ/pulse, 10 Hz repetition

rate, and 5 ns pulse width.

Chilled water path

Laser beam focusing on
Molybdenum substrate

motor-driven support

Figure 0.1. Schematic diagram of the experimental setup: (1) Nd-YAG laser; (2)
reflecting mirror; (3) laser beam; (4) focusing lens; (5) cover plate (glass slide); (6)
liquid TTIP precursor; (7) chilled water bath; (8) N2 gas inlet;(9) N2 gas outlet; and
(10) motor-driven support.
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5.3 Results and Discussion

5.3.1 Molybdenum-doped TiO>

The XRD patterns of pure TiO2 and Mo-doped TiO> heat treated at different temperatures
are given in Figure 0.2. The samples are heat treated from 400°C to 1050°C in air for 2
hours. The as-synthesized Mo-doped nanopowders are observed to be in an amorphous
phase. The nanopowders crystallize and become anatase at 400°C. The diffraction peaks
of all samples display that there are no MoO peaks, as shown in Figure 0.2 (a), with all
peaks attributable to anatase and rutile phases. This result implies that the molybdenum is
incorporated into the TiO> lattice structure. As the ionic radius of molybdenum (i.e., 0.62
nm) and titanium (i.e., 0.68 nm) are quite similar, the Mo®* ions can substitute Ti** ions. It
is notable that the phase transformation from anatase to rutile of Mo-doped TiO2 samples
are delayed at a certain temperature, Table 0-1, which means that the molybdenum helps
to stabilize the anatase phase. Such retarded phase transformation has been observed by

other groups 2.

Table 0-1. Phase formed after heat treatment (A: Anatase and R: Rutile).

Sample 400°C 600°C 700°C 850°C 950°C 1050°C
TiO, A A A R R R
Mo-TiO, | A A A A+R A+R R
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Figure 0.2. (up) XRD patterns of Mo-doped TiO> annealed at different temperatures (
A: Anatase, R: Rutile). (down) Slight shift in anatase peak (200) comparing to un-
doped TiO2 sample.
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The XPS analyses are carried out to determine the oxidation states of Ti, O, and Mo of
the un-doped and Mo-doped TiO., which annealed at 400°C in air for two hours
respectively. The oxidation states of Ti are shown in Figure 0.3. The binding energies
(BE) of 458.3 eV and 464.02 eV correspond to the Ti 2p3/2 and Ti 2p1/2 states of un-
doped TiO,, Figure 0.3(a), respectively, which are consistent with the values of Ti*" in
TiO: lattice 2. As Mo ions have larger electron negativity than that of Ti, the substitution
of Mo for Ti in the lattice leads to a right shift in the binding energies of Ti 2p3/2 (458.7
eV) and Ti 2p1/2 (464.39 eV) states, respectively, of the Mo-doped TiO, samples, Figure
0.3 (b). This result indicates that the molybdenum atoms substituted titanium atoms. Other

researchers have similarly reported shifts in the binding energy of Ti 11424,

XPS spectra of O 1s are shown in Figure 0.4. Interestingly, the state of the O element
in Mo-doped TiO2 samples is different from that of un-doped TiO.. The un-doped sample
shows two peaks located at binding energies of 530.09 eV and 531.81 eV which are related
to crystal lattice oxygen and adsorbed oxygen, respectively, Figure 0.4 (a). The Mo-doped
TiO2 sample gives three peaks located at binding energies of 530.34 eV, 531.77 eV, and
532.83 eV, Figure 0.4 (b). The binding energy at 532.83 is attributed to adsorbed water
and hydroxyl groups . Comparison between Figure 0.4 (a) and Figure 0.4 (b) reveals that
there is much more “absorption O” on the surface of Mo-doped TiO> than there is on un-
doped TiO.. After doping of Mo into TiO2, the TiO2 lattice is in the oxygen deficiency
state (as one titanium atom needs two O atoms, while one molybdenum atom needs three

O atoms. The surface deficiency of O can be complemented by absorbing more O atoms,
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so more absorbed O can be detected on the surface of Mo-doped TiO2 in comparison with

that of un-doped TiOx.

The range of binding energies of Mo 3d electron in the spectrum show the presence of
a doublet peak structure at 232.31 eV and 235.51 eV, Figure 0.5, characteristic for Mo%*
ion 2°. The separation between the two peaks is 3.2 eV, in agreement with the values

reported in the literature 227
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Figure 0.3. XPS spectra of Ti 2p binding level energy of (a) un-doped sample and (b)
molybdenum-doped TiO, sample, both are annealing at 400 ‘C for 2 hours.
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Figure 0.4. XPS spectra of O 1s binding level energy of (a) un-doped sample and (b)
Molybdenum-doped TiO, sample, both are annealing at 400 “C for 2 hours.
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Figure 0.5. XPS spectra of Mo 2p binding level energy of molybdenum-doped TiO>
sample, annealing at 400°C for 2 hours.
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Figure 0.6. (a) Lattice image of a well-crystallized nanoparticle, showing d-spacing of
0.35 nm, in agreement with XRD, and (b) spotty-ring pattern indicative of a random
nanocrystalline structure.

Figure 0.7. Mo-doped TiO> nanoparticles, after annealing at 400°C/2 hrs in air, showing
radially-symmetric nanocrystalline structure.
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As-synthesized amorphous Mo-doped TiO> nanoparticles, post-annealed at 400°C for
2 hrs in air, transform into nanocrystalline anatase-TiO,. As discussed in a previous
chapter, this phase transformation occurs layer-by-layer in its crystalline-growth
mechanism, starting at the nanoparticle surface and propagating uniformly into the interior.
The resulting image shows a radially-symmetric crystalline structure. Lattice imaging of
a well-crystallized nanoparticle, with corresponding SAED pattern is displayed in Figure
0.6. The measured d spacing is 0.35 nm, which corresponds to (101) in anatase-TiO2. A

STEM image of partially crystallized anatase-TiO2 nanoparticles is presented in Figure 0.7.

5.3.2 Optical Properties of Mo- doped TiO2 nanopowder.

The optical property of molybdenum-doped TiO: is analyzed after different annealing
tempertures using a UV-Visible Sprctrophotometer. The absolute diffuse reflectance of
the sample is collected and converted to Kubelka Munk, the analog to absorbance for
diffusely reflected samples, Figure 0.8. The band gap energy (BGE) of the samples are
determined both by the traditional Tauc method, where Tauc? determines the indirect
band gap energy, as well as via the more accurate derivative peak fitting (DPR) method,
which determines the direct BGE much more precicely than Tauc?. Doping of
molybdenum ions decreases the indirect BGE of laser synthesized anatase from 3.04 eV to
2.80 eV, when annealed at 400°C, Table 0-2. Increasing the annealing temperature of the
molybdenum-doped samples diminishes the effect of decreasing the indirect BGE. While
using DPR to measure the direct BGE, it is noted that the annealing temperature of the

samples doped with molybdenium plays a role in the resultant direct BGE. Mo-TiO>
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annealed to 400 °C has a larger direct BGE, likely because of its low crystallinity, whereas
Mo-TiO annealed to 500 °C causes the direct BGE to shrink to 3.09 eV. Increasing the
anealing temperature even higher (600-700 °C), the direct BGE remains relativly

unchanged from the annealed laser synthesized sample (3.19 eV), indicating that the
molybdenum helps to shrink the indirect BGE thereby increasing its absorbance of visible

light.

—— TiO, (400°C)
—— Mo-TiO, (400°C)
—— Mo-TiO, (500°C)

- —— Mo-TiO, (600°C)

8 Mo-TiO, (700°C)
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Figure 0.8. Kubelka Munk, F(R), of laser synthesized un-doped TiO2 annealed to
400°C (black) and Mo-doped TiO> annealed to 400°C (blue), 500°C (red), 600°C
(green), and 700°C (orange). Data collected with the help of Ashley Pennington
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Table 0-2. The band gap energies of TiO2 and Mo-doped TiO> samples annealed in
an oven under stagnant conditions at different temperatures.

Samples Tauc'? Band gap (eV) DPR Band gap (eV)
TiO; as prepared 3.19 eV 3.35eV

TiO, (400°C) 3.04 eV 3.19eV

Mo-doped TiO; (400°C) 2.80 eV 3.24 eV

Mo-doped TiO; (500°C) 2.87 eV 3.09 eV

Mo-doped TiO; (600°C) 2.89 eV 3.16 eV

Mo-doped TiO; (700°C) 3.00 eV 3.23 eV, 3.08 eV

5.4 Vanadium doped TiO:

As synthesized V-doped TiO2 nanopowder exhibits an amorphous-like structure similar to
that of as-synthesized Mo-doped TiO>. In the previous chapter (four) of tungsten-doped
TiOg, the as-synthesized nanopowder exhibits amorphous structure as well. XRD patterns
of V-TiO,, after heat treatments at 400-950°C are shown in Figure 0.9. The peak at 25.2°
corresponds to anatase phase (101), and the peak at 27.3° relates to rutile phase (110). An
amorphous-to-anatase phase change occurs at 400°C; and an anatase-to-rutile phase change
occurs at 950 °C, with no indication for any other phases. The evidence supports the widely
accepted view that V°* ions substitute for Ti*" in both anatase- and rutile-TiO, phases &
28, Moreover, a peak shift to higher two-theta, Figure 0.10, indicates that the unit cell
volume of V-doped TiO: decreases compared with that of un-doped TiO». Since the ionic
radius of V°* (i.e., 0.054 nm) is smaller than that of Ti** (i.e., 0.060 nm) 2% 2% vanadium

ions can readily replace titanium ions in the TiO: lattice.
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Figure 0.9. A series of XRD spectra for as-synthesized TiO2 nanoparticles, and

Vanadium-doped TiO; after post annealing at 400 -950 °C for 2 hr in air. (A-anatase,

R-rutile).
Songara et al. 2° found a decrease in the lattice constant values of TiO, after doping with
vanadium. Nguyen et al. 1’ reported that the anatase peak (101) position shifted to the
higher two-theta in the VV-doped TiO. samples. Table 0-3 shows the differences in the unit
cell volume at different annealing temperatures. As the annealing temperature is raised to
800°C, Ve increases, approaching that of un-doped TiO>. It is believed that the vanadium
ions are incorporated into the anatase crystal to result in the decrease of the c-axis lattice
parameter and the formation of a V-Ti oxide solid state solution. This agrees with

previously reported studies on vanadium-doped TiO2, where a constant a-axis and a

decrease in c-axis lattice parameters were obtained with increased V doping 2° *°.
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Figure 0.10. Peak shift of Vanadium-doped TiO; at varying annealing temperatures.
The peak shifting to higher 2-theta indicate the incorporation of vanadium to the TiO>

lattice structure.

2500

2000 —

1500 —

1000 —

500 —

Un-doped TiO, at 400°C

H V-doped TiO, at 800 °C <

.‘ \ V-doped TiO, at 900 °C
[

V-doped TiO, at 400 °C

2-Theta(deg)

30

Table 0-3. Decrease in the unit cell volume of V-doped TiO2 as compared to un-

doped TiO..

Parameters | Un-doped TiO. | V-doped TiO- V-doped TiO- V-doped TiO;
400°C 400°C 800°C 950°C

a (A) 3.783 3.777 3.772 3.769

c(A) 9.447 9.325 9.425 9.321

Ve (A) 1.352 1.331 1.341 1.326

5.5 Summary
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In this chapter, molybdenum and vanadium ions are successfully doped into the TiO»

structure by using the novel process of laser ablation in liquid precursor. Titanium tetra-
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isopropoxide (TTIP) is used as a precursor, and a laser beam is focused on a Mo/V foil
immersed within the liquid precursor. The XRD results show there are no MoO peaks,
indicating that the molybdenum ions are incorporated into the TiO; structure. The phase
transformation from anatase to rutile phase is retarded in the doped TiO, samples,
suggesting that molybdenum may stabilize the anatase phase. In addition, the band gap
energy of the doped TiO, samples is reduced to lower binding energies, helping to increase

absorbance of visible light.

Vanadium-doped TiO2 nanopowders show decreases in the unit cell volume of TiO-
in comparison to that of un-doped TiO2, reaching the maximum reduction at 950°C. Peak

shifting to higher two-theta is observed in the VV-doped TiO, sample.
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Chapter Six

Synthesis of Boron Nitride

Owing to the unique conditions of high temperature, high pressure, and high species
density in the plasma-reaction zone, laser ablation in precursor liquid has been developed
to synthesize amorphous or metastable phases, which may be difficult to produce using
other methods. In this work, pulsed laser ablation of boron bulk immersed in ammonia
solution in methanol has been employed to synthesize boron nitride nanoparticles.
Interaction between the focused laser beam and the boron bulk generates a submerged-
plasma, where ablation of the boron bulk along with decomposition of the adjacent liquid
reactant combine to produce BN nanoparticles upon quenching by the surrounding un-
reacted liquid precursor. XRD analysis identifies the formed phase. As-synthesized
nanoparticles are a mixture of different phases, including hexagonal BN (h-BN), ammonia
borane (NH3BHs3), and different chemi/physisorbed species. Subsequently, a small sample
of the as-synthesized powder is heat treated at 1000 °C for 2 hr to create a more thermally-
stable nanocrystalline structure and to remove the surface chemi/physisorbed species. The
heat treatment is conducted in an ammonia atmosphere. The heat-treated nanopowder
shows a broad peak, indicating poor crystallinity of the nanopowders. TEM results for the
heat-treated nanopowders reveals the existence of h-BN nanoparticles (in nanorod

morphology) and cubic BN (c-BN).



95

6.1 Introduction

With their outstanding properties, boron nitride (BN) nano-structures have great
potential for various applications, including high performance electronic devices,
insulating nanotubular shields, hydrogen storage media, gas absorbents, and reinforcing

agents.!

Boron nitride occurs in different phases. The stable phase has a graphite-like
hexagonal structure (h-BN); and films of this type are relatively soft. Two other phases
have diamond-like structure, i.e., zincblende (c-BN) and wurtzite (w-BN) 2. The two
phases are highly-desirable ceramics, offering superior stiffness over many other ceramics
and hardness second only to diamond. These phases are superior to diamond in terms of
chemical resistance to ferrous alloy. The bonding is a mainly covalent type (sp®) between

the boron and nitrogen atoms *.

According to Figure 0.1, the hexagonal rings have a uniform bond angle of 120°
between each of the atoms. The sp® hybridization occurs when puckering compresses the
atoms and reduces the overall bond angle resulting in armchair growth from the sp? to sp®.
This growth results from the planar spacing along the direction of the h-BN particles being
compressed to the point that the induced strain converts the sheets into a cubic structure
with the resulting bond angle of 109.5° for the out of plane bond angles. However, these
diamond-like phases are metastable and difficult to synthesize. Many attempts have been
made in recent years to prepare diamond-like BN films by ion beam techniques?®*, and by

R.F. sputtering .
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Figure 0.1. Comparison of hBN's sp2 and ¢cBN's sp3 bond geometry ©.

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) techniques
have been utilized to synthesize BN 27. PVD and CVD can deposit nanocrystalline c-BN
films, up to about 5 um in thickness, on a substrate 8. Samantary et al. ® and Ichiki et al. 1°
claimed that a very thin film of h-BN forms first, which then serves as the substrate for
subsequent growth of c-BN. The presence of an initial h-BN growth plane seems to be a
consistent feature such synthesis routes, but variations come in the type of BN that grows
subsequently upon that initial layer. Plasma-enhanced CVD can employ a focused laser

beam to grow c-BN films %,

In this research, pulsed-laser ablation of boron in ammonia liquid is investigated to
synthesize BN nanoparticles. XRD results shows that the initial products are a mixture of
different phases including hexagonal BN (h-BN), ammonia borane (NHs:BHs), and
different chemi/physisorbed species. After heat treatment to 1000 °C in an ammonia

atmosphere for 2 hrs, a thermally-stable phase of BN is produced.


https://scholar.google.com/citations?user=3QFGIfoAAAAJ&hl=en&oi=sra
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6.2 Results and Discussion

XRD (Figure 0.2) is used to characterize the phase formation of the as-synthesized and
heat-treated nanopowders. As-synthesized nanopowders comprise multiple phases,
including hexagonal BN (h-BN), ammonia borane (NHsBH3z), and different
chemi/physisorbed species. These different phases and species result from the high
quenching rate of vaporized species from the interaction of the plasma-reaction zone with
the surrounding chilled liquid precursor. Heat treating the as-synthesized nanopowders in
an ammonia (NHz) atmosphere at 1000 °C for 2 hrs yields the formation of more thermally-
stable BN nanoparticles. The diffraction pattern reveals three very-wide, but well-
distinguished, peaks at diffraction angles of 26 °, 43 °, and 78 °. The broadening might be
due to the presence of an amorphous structure (as in glasses) or to the presence of stress or
to small crystal grains. According to TEM analysis, the particles are about 17.4 nm in size.
Thus, the main contribution to the observed line broadening is likely caused by the small
size of the crystal grains. According to Figure 6.2 and based on the XRD data sheet, the
h-BN pattern is characterized by the large peak around 26 °, while the diffraction pattern
of c-BN is characterized by the peak around 43 °. The peak observed at 78 ° might be due

to h-BN as well as to c-BN. This observation has been observed by Gissler et al. 2
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Figure 0.2. XRD profile of BN nanoparticles heat-treated in ammonia (NH3)
atmosphere to 1000 °C for 2hrs

Imaging of the powder by TEM is conducted to better understand the specifics of the
nanostructure. Figure 0.3(a) shows a nanorod morphology of h-BN with outer diameter of
(11.4) nm and inner diameter of (3.4 nm). The SAED pattern of this region is shown as
well, where the reflections match those of the planes associated with h-BN (PDF#97-061-
4869). The continuous nature of the rings is indicative of the polycrystalline nature of the
sample, as can be seen in Figure 0.3(b) a higher magnification. The d-spacing of 0.346 nm

is correlated with the ring (103) of h-BN, consistent with the XRD results.
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Outer diameter=11.4 nm/,
Inner diameter=3.4 nm |/

Figure 0.3. TEM image shows (a) h-BN nanorods with outer diameter of 11.4 nm and
inner diameter of 3.4 nm (b) higher magnification. TEM images collected with the help
of Zhizhong Dong.

Figure 0.4. TEM image of c-BN nanoparticles with average particle size of 17.4 nm.
TEM images collected with the help of Zhizhong Dong
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As previously mentioned, c-BN is characterized by the peak around 43 ° in the
diffraction pattern (Figure 0.2). The TEM image (Figure 0.4) shows c-BN nanoparticles
with average size of 17 nm, although with somewhat poor crystallinity. It is known that c-
BN is a metastable phase that is difficult to synthesize. In our case, we believe that due to
the unique conditions of high temperature and high pressure induced by the high-power
laser ablation, it was be able to synthesis c-BN but with very poor crystallinity. It is
important to note that peaks related to c-BN are not present in the as-synthesized materials.
Thus, is because the poor crystallinity of the nanopowders and due to impurities of the

nanopowders as mentioned in beginning (as there were chemi/physisorbed species).

6.3 Conclusion

Using submerged laser-induced plasma of boron bulk immersed in ammonia solution, we
were be able to synthesize BN nanopowder. Upon heat treatment in an ammonia
atmosphere (NH3) at 1000 °C for 2hrs, the as-synthesized powder transforms to the more
thermally-stable BN. XRD and TEM results indicate that there is a mixture of h-BN and

c-BN.
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Chapter Seven

Conclusions and Future Work

The growing need to develop alternative sources of clean and renewable energy has
become increasingly important recently. To satisfy increasing energy demand,
photocatalysis has received attention because of its potential applications in environmental
remediation and clean-energy production. Titanium dioxide has been reported as one of
the most suitable semiconductor materials in a wide range of technology applications, such
as photo-catalyst, because of photocatalytic activity through the irradiation of light at the
surface. It has been embraced as an inexpensive, with high surface to volume ratio, and

non-toxic material.

Titanium dioxide exists naturally in three crystalline phases: rutile, anatase, and
brookite. Of the three, brookite is the only photochemically inactive one, and is
unimportant in the field of photocatalysis from a reactivity standpoint. Anatase-TiO: is
preferable for solar-cell applications because of its high electron mobility, low dielectric
constant, and lower density. Anatase-TiO> also has a slightly higher Fermi level, a lower
capacity to adsorb oxygen, and a higher degree of hydroxylation compared with other

phases. These properties increase the photoactivity of TiO..

The remarkable physical and chemical properties of TiO2 enable applications in

many promising areas ranging from photovoltaics, photocatalysis, to sensors. TiO2 is an
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excellent photocatalyst because of its structural properties: first due to the valence band of
TiOz is quite deep; second, the photon generated holes tend to locate on the surface of
materials, which makes it easy to be harvested by free electrons from outside, that is,
working as an oxidant agent. In term of sensors, TiO: is electron rich and belongs to n-
type semiconductor. When gas absorbs onto the TiO, surface, it could release electrons
into TiO», leading to the increase or decrease of resistance of TiO> materials. TiO»- based
gas sensor has been used for detecting gas or volatile such as Hz, Oz, CO, etc. In addition,

it has been used for detecting soluble organics in water environment.

Due to the unique properties of TiO2, tremendous interest has been shown in studies
of TiO2 nanomaterial synthesis and structure where the properties of TiO> are influenced
by the crystal structure, surface area, band gap, crystallinity and surface hydroxyl group
density. Different roots include hydrolysis precipitation, sol-gel, hydrothermal, flame
synthesis are used to synthesis TiO.. In all these methods, several variables must be
considered, with one of the most important being particle size. Factors such as pH of the
reaction medium, reaction temperature, natures of the solvent and additive, and reactivity
of the metal alkoxide can affect the processing of TiO2 nanostructures. In addition, various
parameters, including flow rate, gas composition, deposition temperature, pressure, and
deposition chamber geometry, can be controlled to have nano-forms of the desired TiO:

material

Pulsed-laser ablation of a liquid phase has become a successful technique for

synthesizing experimental quantities of nanostructured materials with various chemistries
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and morphologies, including nanospheres, nanocubes, nanorods, and core-shell
nanostructures. Laser ablation of solid target immersed in liquid offers some advantage in
comparison to other techniques, such as chemical vapor deposition, vapor phase transport,
hydrothermal synthesis, and sol-gel synthesis. These advantages include (i) forming phase-
pure nanoparticles without by-products nor need for further purification, (ii) ease of
experimental setup, and finally, (iii) unique conditions of high temperature, high pressure,
and high density in the plasma-reaction zone to enable metastable phase formation.
Pulsed-laser decomposition of titanium tetra-isopropoxide (TTIP) is employed in
this work to synthesis titania, and doped-TiO2 nanoparticles. The laser is focused just
below the surface of the liquid-metal-organic precursor, forming a high enthalpy
submerged-plasma where precursor decomposition generates vaporized species, which

upon subsequent rapid condensation/quenching yields metal-oxide nanopowder.

As-synthesized nanoparticles have non-crystalline or amorphous-like structures. Local
compositional variations in the plasma-reaction zone, which are retained during rapid
condensation/quenching of vaporized-precursor species, are believed to be responsible for
amorphization of the nanoparticles because any significant deviation from the ideal

stoichiometric composition of TiO2 should inhibit its crystallization.

Upon post-annealing at 400°C for 2 hours in ambient air, transformation of the
amorphous-TiO, nanoparticles occurs, forming anatase-TiO2 nanoparticles with little
change in particle size. Apparently, at this temperature, there is sufficient atomic mobility

to allow rearrangement of quenched-in Ti, O, and C species to form the more stable
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anatase-TiO; phase. Because diffusion distances are small in nanoparticles, whatever their
morphologies, it is not surprising that the amorphous-to-anatase TiO> transformation
occurs at the relatively low temperature of 400°C (~ 0.3 Tm). Upon post-annealing at 800°C

for 2 hours in air, anatatase-TiO- transforms rapidly to rutile-TiO».

After annealing at 400°C, examination of nanopowder by scanning transmission
electron microscopy (STEM) shows partially- and fully-transformed anatase-TiO:
nanoparticles. Lattice imaging of a fully-transformed nanoparticle reveals a radially-
symmetric nanograin structure, in which each nanograin is separated from its neighbor by
a disordered region, probably containing a high density of edge dislocations to account for
the observed tilt-angle between neighboring nanograins. Lattice imaging of a partially-
transformed nanoparticle reveals a core-shell structure, in which the shell is transformed
anatase-TiO; and the core is un-transformed amorphous-TiO.. The shell component is
similar in appearance to that of fully-transformed anatase-TiO,. The core component
appears amorphous-like, but upon closer examination at high resolution, there are regions

where some degree of short-range ordering occurs.

It is concluded, therefore, that the amorphous-to-anatase phase transformation
starts at the surfaces of the nanoparticles, irrespective of their morphologies, and
propagates into the interior as in-situ reaction of trapped-in species likely yield gaseous
products (e.g., CO, CHa, H20) that diffuse out of the particles, leaving sufficient Tiand O
to enable crystallization of anatase-TiO.. In one remarkable case, such a diffusion-

controlled transformation in a nanofiber appears to occur by propagation of anatase-TiO>
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layer-by-layer. Heat treatment was performed for different temperatures, Thermal
gravimetric analysis (TGA) during annealing is recommended to determine the

composition of a material or its thermal stability.

In this work, different ions, such as W, Mo, and V, are successfully doped into the
structure of TiO2 nanoparticles to enhance the photocatalytic properties of TiO2. The
ability the doping process to form an extended-solid solution phase of W, Mo, and V in the
TiO2 matrix may also be unique. The present work implies that other oxide phases, such
as AlOs, MgO and MgAI,0., may be doped with normally insoluble metals, such as Pt
and Ir. Such a possibility is of particular interest for catalytic applications, where post-
annealing of the highly supersaturated metastable nanopowders may yield relatively stable
nano-clusters on the surfaces of the oxide nanoparticles, thus rendering them more resistant
to coarsening at elevated temperatures. Even though doping ions into TiO; structure has
been demonstrated; the dopant ratio of the ions has not been confirmed. It has been found
that when the doping ratio of the ions increase, the photocatalytic activity of TiO2 increases
as well. It could be recommended to use a soluble metals such as tungsten isoporoxide or
tungsten trioxide and mix them with TTIP in order to verify the dopant ratio. In addition,
it's interesting to try the co-doping metals into TiO> structure by using soluble metal such
as tungsten isoporoxide or tungsten trioxide mixed with TTIP solution and use different

solid metal such as Mo or Ag to produce W-Mo-doped TiO;.

As an extension of the novel process to non-oxide systems, boron nitride (BN)

powder is produced through pulsed laser ablation of boron bulk immersed in
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ammonia/methanol solution. The unique conditions of high temperature, high pressure,
and high species density in the plasma-reaction zone with rapid quenching enable
amorphous and metastable phase formation. Current conditions yield short-range ordered
BN structure. After heat treatment at 1000 °C in an ammonia atmosphere, the mainly
amorphous powder is transformed into h-BN and c-BN nanoparticles, albeit with low
crystallinity. The hard BN phase is metastable phase and therefore would be expected to

be depleted with increasing temperature in favor of the stable phase.

In summary, a submerged laser-induced plasma in precursor solution process has
been developed to synthesize pure TiO2; W-, Mo-, and V-doped TiO> with far-from-
equilibrium nanostructures; and BN nanopowders. Potential advantages include the ability
to synthesize a broad range of metal-doped ceramics with novel physical and chemical
properties and the opportunity of a low-cost scalable robust process that does not required

high vacuum equipment.



