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ABSTRACT

Transition metal oxides are functional materials that have advanced applications in
many areas, because of their diverse properties (optical, electrical, magnetic, etc.),
hardness, thermal stability and chemical resistance. Novel applications of the
nanostructures of these oxides are attracting significant interest as new synthesis
methods are developed and new structures are reported. Hydrothermal synthesis is an
effective process to prepare various delicate structures of metal oxides on the scales
from a few to tens of nanometres, specifically, the highly dispersed intermediate
structures which are hardly obtained through pyro-synthesis. In this thesis, a range of
new metal oxide (stable and metastable titanate, niobate) nanostructures, namely
nanotubes and nanofibres, were synthesised via a hydrothermal process. Further
structure modifications were conducted and potential applications in catalysis,

photocatalysis, adsorption and construction of ceramic membrane were studied.

The morphology evolution during the hydrothermal reaction between Nb,Os particles
and concentrated NaOH was monitored. The study demonstrates that by optimising
the reaction parameters (temperature, amount of reactants), one can obtain a variety
of nanostructured solids, from intermediate phases niobate bars and fibres to the
stable phase cubes. Trititanate (Na,TizO7) nanofibres and nanotubes were obtained by
the hydrothermal reaction between TiO, powders or a titanium compound (e.g.
TiOSO4xH,0) and concentrated NaOH solution by controlling the reaction
temperature and NaOH concentration. The trititanate possesses a layered structure,
and the Na ions that exist between the negative charged titanate layers are
exchangeable with other metal ions or H* ions. The ion-exchange has crucial
influence on the phase transition of the exchanged products. The exchange of the
sodium ions in the titanate with H" ions yields protonated titanate (H-titanate) and

subsequent phase transformation of the H-titanate enable various TiO, structures with



retained morphology. H-titanate, either nanofibres or tubes, can be converted to pure
TiO2(B), pure anatase, mixed TiO,(B) and anatase phases by controlled calcination
and by a two-step process of acid-treatment and subsequent calcination. While the
controlled calcination of the sodium titanate yield new titanate structures (metastable
titanate with formula Naj sHosTisO7, with retained fibril morphology) that can be
used for removal of radioactive ions and heavy metal ions from water. The structures

and morphologies of the metal oxides were characterised by advanced techniques.

Titania nanofibres of mixed anatase and TiO,(B) phases, pure anatase and pure
TiO,(B) were obtained by calcining H-titanate nanofibres at different temperatures
between 300 and 700 °C. The fibril morphology was retained after calcination, which
is suitable for transmission electron microscopy (TEM) analysis. It has been found by
TEM analysis that in mixed-phase structure the interfaces between anatase and
TiO,(B) phases are not random contacts between the engaged crystals of the two
phases, but form from the well matched lattice planes of the two phases. For instance,
(101) planes in anatase and (101) planes of TiO,(B) are similar in d spaces (~0.18
nm), and they join together to form a stable interface. The interfaces between the two
phases act as an one-way valve that permit the transfer of photogenerated charge from
anatase to TiOy(B). This reduces the recombination of photogenerated electrons and
holes in anatase, enhancing the activity for photocatalytic oxidation. Therefore, the
mixed-phase nanofibres exhibited higher photocatalytic activity for degradation of
sulforhodamine B (SRB) dye under ultraviolet (UV) light than the nanofibres of
either pure phase alone, or the mechanical mixtures (which have no interfaces) of the
two pure phase nanofibres with a similar phase composition. This verifies the theory
that the difference between the conduction band edges of the two phases may result in
charge transfer from one phase to the other, which results in effectively the
photogenerated charge separation and thus facilitates the redox reaction involving
these charges. Such an interface structure facilitates charge transfer crossing the

interfaces. The knowledge acquired in this study is important not only for design of



efficient TiO, photocatalysts but also for understanding the photocatalysis process.
Moreover, the fibril titania photocatalysts are of great advantage when they are
separated from a liquid for reuse by filtration, sedimentation, or centrifugation,

compared to nanoparticles of the same scale.

The surface structure of TiO, also plays a significant role in catalysis and
photocatalysis. Four types of large surface area TiO, nanotubes with different phase
compositions (labelled as NTA, NTBA, NTMA and NTM) were synthesised from
calcination and acid treatment of the H-titanate nanotubes. Using the in situ FTIR
emission spectrescopy (IES), desorption and re-adsorption process of surface
OH-groups on oxide surface can be trailed. In this work, the surface OH-group
regeneration ability of the TiO, nanotubes was investigated. The ability of the four
samples distinctively different, having the order: NTA > NTBA > NTMA > NTM.
The same order was observed for the catalytic when the samples served as
photocatalysts for the decomposition of synthetic dye SRB under UV light, as the
supports of gold (Au) catalysts (where gold particles were loaded by a colloid-based
method) for photodecomposition of formaldehyde under visible light and for catalytic
oxidation of CO at low temperatures. Therefore, the ability of TiO, nanotubes to
generate surface OH-groups is an indicator of the catalytic activity. The reason behind
the correlation is that the oxygen vacancies at bridging O sites of TiO, surface can
generate surface OH-groups and these groups facilitate adsorption and activation of
O, molecules, which is the key step of the oxidation reactions. The structure of the
oxygen vacancies at bridging O? sites is proposed. Also a new mechanism for the
photocatalytic formaldehyde decomposition with the Au-TiO, catalysts is proposed:
The visible light absorbed by the gold nanoparticles, due to surface plasmon
resonance effect, induces transition of the 6sp electrons of gold to high energy levels.
These energetic electrons can migrate to the conduction band of TiO, and are seized
by oxygen molecules. Meanwhile, the gold nanoparticles capture electrons from the

formaldehyde molecules adsorbed on them because of gold’s high electronegativity.



O, adsorbed on the TiO, supports surface are the major electron acceptor. The more

O, adsorbed, the higher the oxidation activity of the photocatalyst will exhibit.

The last part of this thesis demonstrates two innovative applications of the titanate
nanostructures. Firstly, trititanate and metastable titanate (Naj sHosTisO7) nanofibres
are used as intelligent absorbents for removal of radioactive cations and heavy metal
ions, utilizing the properties of the ion exchange ability, deformable layered structure,
and fibril morphology. Environmental contamination with radioactive ions and heavy
metal ions can cause a serious threat to the health of a large part of the population.
Treatment of the wastes is needed to produce a waste product suitable for long-term
storage and disposal. The ion-exchange ability of layered titanate structure permitted
adsorption of bivalence toxic cations (Sr**, Ra®*, Pb**) from aqueous solution. More
importantly, the adsorption is irreversible, due to the deformation of the structure
induced by the strong interaction between the adsorbed bivalent cations and
negatively charged TiOg octahedra, and results in permanent entrapment of the toxic
bivalent cations in the fibres so that the toxic ions can be safely deposited. Compared
to conventional clay and zeolite sorbents, the fibril absorbents are of great advantage

as they can be readily dispersed into and separated from a liquid.

Secondly, new generation membranes were constructed by using large titanate and
small y-alumina nanofibres as intermediate and top layers, respectively, on a porous
alumina substrate via a spin-coating process. Compared to conventional ceramic
membranes constructed by spherical particles, the ceramic membrane constructed by
the fibres permits high flux because of the large porosity of their separation layers.
The voids in the separation layer determine the selectivity and flux of a separation
membrane. When the sizes of the voids are similar (which means a similar selectivity
of the separation layer), the flux passing through the membrane increases with the
volume of the voids which are filtration passages. For the ideal and simplest texture, a

mesh constructed with the nanofibres 10 nm thick and having a uniform pore size of



60 nm, the porosity is greater than 73.5 %. In contrast, the porosity of the separation
layer that possesses the same pore size but is constructed with metal oxide spherical
particles, as in conventional ceramic membranes, is 36% or less. The membrane
constructed by titanate nanofibres and a layer of randomly oriented alumina
nanofibres was able to filter out 96.8% of latex spheres of 60 nm size, while
maintaining a high flux rate between 600 and 900 Lm™ h™, more than 15 times

higher than the conventional membrane reported in the most recent study.

Vi
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Metal oxides play a very important role in many areas of chemistry, physics, and
materials science.™ The metal elements can form a large diversity of oxide
compounds by employing various synthesis techniques. They exhibit metallic,
semiconductor, or insulator character due to the electronic structure difference. The
variety of attributes of oxides enable the wide applications in the fabrication of
microelectronic circuits, sensors, piezoelectric devices, fuel cells, coatings against
corrosion, and as catalysts. For example, almost all catalysts involve an oxide as
active phase, promoter(or support) which allows the active components to disperse on.
In the chemical and petrochemical industries, products worth billions of dollars are
generated every year through processes that use oxide and metal/oxide catalysts. For
the control of environmental pollution, catalysts or sorbents that contain oxides are
employed to remove the CO, NOy, and SOy species formed during the combustion of
fossil-derived fuels.!® Furthermore, the most active areas of the semiconductor
industry involve the use of oxides. Thus, most of the chips used in computers contain
an oxide component. Till now, there are still many potential applications of these
materials under continuous investigation and new synthesis methods being
developed.’® To exploit new applications metal oxide materials is one of the mean

purposes of inorganic chemist.

Ever since the discovery of carbon nanotubes by lijima,l” the synthesis,
characterisation and applications of the inorganic nanostructured materials have
drawn great interest.®® Metal oxide nanomaterials have attracted great interest

because of many unique properties linked to the nanometre size of the particles.®*%



Particle size is expected to influence the properties mainly in two aspects. The first
one is the change in structural characteristics, such as the lattice symmetry and cell
parameters. Bulk oxides are usually robust and stable systems with well-defined
crystallographic structures. The other one is the presence of under-coordinated atoms
(like corners or edges) or O vacancies in an oxide nanoparticle. These
under-coordinated atoms or O vacancies should produce atomic arrangements
different from that in the bulk material as well as occupied electronic states located
above the valence band of the corresponding bulk material, enhancing the chemical
activity of the system. These properties of nanostructured oxides lead to the wide
industrial applications as sorbents, sensors, ceramic materials, photo-devices, and
catalysts for reducing environmental pollution, transforming hydrocarbons, and
producing H,."* To prepare these nanomaterials, novel synthesis procedures have
been developed that can be described as physical and chemical methods. In general,
they use top-down and bottom-up fabrication approaches, which involve liquid-solid
or gas—solid transformations.”® Moreover, these materials can be further
functionalised by surface and structure modification. The good thermal and chemical

stability of these inorganic materials enable them to be widely used.

1.2 Basic Concepts - Nanotechnology and Nanomaterials

In general, nanotechnology can be understood as a technology of design, fabrication
and applications of nanostructures and nanomaterials, as well as fundamental
understanding of physical properties and phenomena of nanomaterials and
nanostructures.> ' Nanomaterials, compared to bulk materials, have the scales
ranging from individual atoms or molecules to submicron dimensions at least in one
dimension. Nanomaterials and nanotechnology have found the significant
applications in physical, chemical and biological systems. The importance of
nanotechnology was pointed out by Feynman at the annual meeting of the American

Physical Society in 1959, in the classic science lecture entitled “There is plenty of



room at the bottom™. Since 1980s, many inventions and discoveries in the fabrication
of nano-objects have been developed. The discovery of novel materials, processes,
and phenomena at the nanoscale, as well as the development of new experimental and
theoretical techniques for research provide plenty of new opportunities for the
development of innovative nanostructured materials. Nanostructured materials can be
made with unique nanostructures and properties. This field is expected to open new

venues in science and technology.

1.2.1 Size Effects

1004
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Figure 1. The percentage of surface atoms changing with the palladium cluster

diameter. Adapted from reference (ref) 15.

The main apparent difference between bulk material and nanomaterial lays on the size
difference. With the decrease of the particle size, distinctly different properties of
nanomaterial emerge compared to its bulk structure. This makes the nanomaterials a
class of novel materials with tremendous new applications. The terminal, size effects,
Is used to describe the properties change accompanied with particle size change. The

effects determined by size pertain to the evolution of structural, thermodynamic,



electronic, spectroscopic, electromagnetic and chemical features of these finite
systems with increasing size. With reducing particle size, the performance of surface
atoms becomes dominant because at the lower end of the size limit. As can be seen
from Figure 1, the surface atoms became dominant only when the palladium particle
size reduced to below 10 nm.*®! Moreover, the properties changing with the particle
size are also observed. For example, metal particles of 1-2 nm in diameter exhibit
unexpected catalytic activity, as exemplified in catalysis by gold nanoparticles. While

gold is chemical inert as bulk metal.*®!

1.2.2 Classification of Nanomaterials

From the forms of materials, nanomaterials are classified as zero-, one-, and two-
dimensional nanostructures. 1) Zero-dimentional nanostructures, also named as
nanoparticles, include single crystal, polycrystalline and amorphous particles with all
possible morphologies, such as spheres, cubes and platelets. In general, the
characteristic dimension of the particles is one hundred nanometres or bellow. Some
other terminologies are zero-dimensional nanostructures: If the nanoparticles are
single crystalline, they are often referred to as nanocrystals. When the characteristic
dimension of the nanoparticles is sufficiently small and quantum effects are observed,
quantum dots are the common term used to describe such nanoparticles. 2)
One-dimensional (1D) nanostructures have been called by a variety of names
including: whiskers, fibres or fibrils, nanowires and nanorods. In many cases,
nanotubules and nanocables are also considered one-dimensional structures. Although
whiskers and nanorods are in general considered to have smaller length to thickness
ratio (aspect ratio) than fibres and nanowires, the definition is a little arbitrary.
Therefore, nanostructures with large aspect ratio are addressed as “nanofibres” for
clarity in this thesis, may they have been termed whisker, rod, fibre, wire before. 3)
Thin films are two-dimensional nanostructures, another important nanostructure, and

have been a subject of intensive study for almost a century, and many methods have



been developed and improved.

1.2.3 Synthesis Approaches and Techniques

In order to explore novel physical properties and phenomena and realise potential
applications of nanostructures and nanomaterials, the ability to fabricate and process

nanomaterials and nanostructures is the first corner stone in nanotechnology.

There are two approaches (Figure 2) to the synthesis of nanomaterials and the
fabrication of nanostructures: top-down and bottom-up.™*” Top-down approach refers
to slicing or successive cutting of a bulk material to get nanosized particles.
Bottom-up approach refers to the build-up of a material from the bottom:
atom-by-atom, molecule-by-molecule, or cluster-by-cluster. For example, milling is a
typical top-down method in making nanoparticles, whereas the colloidal dispersion is
a good example of bottom-up approach in the synthesis of nanoparticles. Both

approaches play very important roles in nanotechnology.

Top-down Top-down Methods:

*Mechanical grinding
Bulk *Erosion
i%i poue

PO
Nanoparticles
PPOPS

]

-.h Clusters
00%%e®

Bottom-up Methods:

o
8 "'. *Aerosol technigues
8 Atoms . .
*Chemical precipitation
»Self assembly

Bottom-up

Figure 2. Schematic representation of the ‘bottom-up’ and ‘top-down’ approaches of
nanomaterials. Adapted from ref 17.

These technical approaches can also be grouped according to the growth media:



(1) Vapour phase growth, including laser reaction pyrolysis for nanoparticle synthesis
and atomic layer deposition (ALD) for thin film deposition.

(2) Liquid phase growth, including hydrothermal, colloidal processing for the
formation of nanoparticles and self assembly of monolayers.

(3) Solid phase formation, including phase segregation to make metallic particles in
glass matrix and two-photon induced polymerization for the fabrication of
three-dimensional photonic crystals.

(4) Hybrid growth, including vapour-liquid-solid (VLS) growth of nanofibres.

The controlled growth of nanomaterials with different morphologies is of great
importance because the difference in resulted exposed crystalline surface. Specifically,
in catalytic applications, this controlling is necessary for improving selectivity. Zaera
et al.”® reported the tuning of selectivity, by controlling Pt particle shape, in the
formation of cis olefins to minimize the production of unhealthy trans fats during the
partial hydrogenation of edible oils. The results shows clearly those tetrahedral Pt
nanoparticles, which expose Pt (111) facets exclusively, exhibited better activity than

sphere Pt particles with less (111) facets.

1.2.4 Characterisation Techniques

Characterisation of nanomaterials and nanostructures has been largely based on the
surface analysis techniques and conventional characterisation methods developed for
bulk materials. For example, X-ray diffraction (XRD) has been widely used for the
determination of crystallinity, crystal structures and lattice constants of nanoparticles,
nanofibres and thin films; scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) together with electron diffraction have been routine
techniques used in characterisation of nanoparticles; optical spectroscopy is
frequently used to determine the size of semiconductor quantum dots or the band gap

and electronic structures of semiconductors.



Besides the established techniques of electron microscopy, diffraction methods and
spectroscopic tools, scanning probe microscopy (SPM) is a relatively new
characterisation technique and has found wide spread applications in nanotechnology.
The two major members of the SPM family are scanning tunnelling microscopy
(STM) and atomic force microscopy (AFM). Although both STM and AFM are true
surface image techniques that can produce topographic images of a surface with
atomic resolution in all three dimensions, combining with appropriately designed
attachments, the STM and AFM have found a much broadened range of applications,
such as nanoindentation, nanolithography, and patterned self-assembly. Almost all
solid surfaces, whether hard or soft, electrically conductive or isolative, can all be
studied with STM and AFM. Surfaces can be studied in gas (e.g. in air), in vacuum or

in liquid.

1.3 Synthesis and Characterisation of Metal Oxide Nanostructures

From both fundamental and industrial standpoints, the development of systematic
methods for the synthesis of metal oxide nanostructures is a challenge, as the first
requirement in any study related to oxide nanostructures is the synthesis and
characterisation of the material. Methods frequently used for the synthesis of bulk
oxides may not work when aiming at the preparation of oxide nanostructures or
nanomterials. For example, a reduction in particle size by mechanically grinding a
reaction mixture can only achieve a limiting level of grain diameter, at best about
0.1pm. However, chemical methods can be used to effectively reduce particle size
into the nanometre range. One of the most widely used methods for the synthesis of
bulk metal oxide ceramics involves heating the components together at a high
temperature over an extended period of time. However, elevated temperatures (>800
‘C) can be a problem when using this approach for the generation of oxide
nanostructures. A much better control of the product nanostructures can be achieved

by direct co-precipitation (CP) of the oxide components from a liquid solution with
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subsequent calcination, or by using sol-gels or microemulsions in the synthesis
process. With these approaches, one can control the stoichiometry of the oxide
nanostructures in a precise way. Such techniques are widely used for the synthesis of
catalysts and ceramics. Chemical vapour deposition (CVD) is a technique employed
in various industrial applications and technologies (e.g. the fabrication of sensors and
electronic devices) that can be very helpful in the synthesis of oxide nanostructures.!**
291 During the last decade, pulsed laser deposition (PLD) has been established as a
versatile technique for the generation of nanoparticles and thin films of oxides.[?"??

It is generally ea