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Abstract

H;Ti307-related crystalline nanotubes, known as the first example of
synthesized nanotubes of transition metal oxide hydroxides, were produced and their
structures were investigated using various techniques, such as HRTEM, SEM, EDX
and XRD, etc. By studying the early-stage of the reaction, we have postulated the
following mechanism: TiO, particles react with 10 molar NaOH to form a disordered
amorphous phase. Single sheets of trititanate extrude from this phase, forming thin
plates with several layers of H,Ti307. These layers scroll up to form nanotubes due to
an asymmetry of hydrogen concentration on the surface sheet. The tension in the layer
is the driving force for the forming of the trititanate nanotubes. The tubes have an
interlayer spacing of 0.78 nm and diameters of ca. 8 nm.

Based on the above mechanism, trititanate nanotubes were also produced
directly from bulk H,Ti307 and hexaniobate nanotubes from ion-exchanged potassium
hexaniobate, K4.\HNbsO;7, using an amine as an intercalating agent. The intershell
spacing of the latter has been altered using different template amines.

The reaction between tantalum oxide, Ta,Os, and tetraethyl amonium
hydroxide, (C;Hs)sNOH in water, results in the formation of a mixture of tanialum
oxide nanotubes and nanorods. The tubes had an interlayer spacing of 0.62 nm and an
average diameter of 8.8 nm. The rods had an average diameter of 31 nm. The
formation mechanism is thought to be that amine molecules are intercalated into the
structure and cleave off the nanorods, or in the case of the tubes, sheets, which scroll
to form the tubes. Other inorganic nanotubes, e.g. WO; with an average diameter of

12.9 nm and Al,O3; of 37.6 nm in diameter, were also synthesized.
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Chapter 1 Introduction

1.1 Nanotechnology

The research and development of nanoscale materials- so called nanotechnology,
is a huge world-wide business — the USA’s federal budget for 2002 includes $604
million for research and development in nanotechnology- the estimated global market
for products based on nanoscale materials for 2011 is in excess of $1 trillion and a
government report in this country has stated that the field of nanotechnology and its
application is crucial to the future competitiveness and productivity of the UK
economy.

Nanotechnology has recently been at the forefront of discussions in the media.
Prince Charles called upon the Royal Society to investigate the "enormous
environmental and social risks" of nanotechnology in a planned report. The report was
released on the 29" of July 2004”. The media is often guilty of glaring hyperbole, both
for and against, scientific issues, with global warming and stem cell research two
obvious cases. Nanotechnology is no exception, with the grey-goo hypothesis, a term
referring to a hypothetical end of the world event in which out-of-control self-
replicating robots consume all living matter while building more of themselves,
receiving many column inches due to Prince Charles’s comments.

Nanotechnology is any technology that exploits phenomena and structures that
can only occur at the nanometer scale, which is 10°m. Nano comes from the Greek
word for dwarf. These phenomena include quantum confinement, which can result in
different electromagnetic and optical properties of a material between nanoparticles and
the bulk material, the lowering of melting point of a material when it is on the
nanometer scale (the Gibbs-Thomson effect). Nanoscience is the study of nanoscale

phenomenon used in nanotechnology, including atoms, molecules, quantum dots and



macromolecular assemblies. Surface effects, such as Van der Waals force, hydrogen,
ionic and covalent bonding, hydrophobicity and hydrophilicity dominate to the virtual
exclusion of macro scale effects, for example, turbulence.

Nanotechnology is based on the fact that the properties of materials become
markedly different when their size approaches that of a few hundreds or tens of atoms.
In the field of catalysis, a material that exhibits no catalytic behaviour on the
macroscale, may become an efficient catalyst in the form of nanoparticles. The vastly
increased ratio of' surface area to volume opens new possibilities in surface-based
science, such as catalysis.

Critics of the advances in nanotechnology have expressed concern over the
potential toxicity of new classes of nanosubstances that could adversely affect the
stability of cell membranes or disturb the immune system when inhaled or digested.
The effects of exposure to asbestos and quartz have been greatly studied and this
knowledge will be useful for risk assessment. However the levels of exposure to
nanoparticles in ambient air and in pollutants are relatively high, with no specific
toxicological (physiological) effects.

Other public fears appear to revolve around the use of nanotechnology in the
military. While advanced nanomaterials obviously have applications for improving
existing weapons and military hardware through novel properties such as improved
strength to weight ratios or modified reflectivity to electro magnetic radiation for
stealth applications, direct use of new technology as a weapon is in the realms of
science fiction.

Advances in nanotechnology will impact electronics and computing, medicine,
cosmetics, foods, energy — all walks of life. Sun blocks which contain nanoparticles of

zinc oxide that absorb ultra violet light are commercially available. Targeted delivery



of medicine is still someway off, but research in Stanford have used carbon nanotubes
coated in folate molecules, making it easy for them to pass into cancer cells, but unable
to bind with their healthy cousins. These nanotubes are heated by near infra red lasers,
whiph normally pass through the human body, and destroy the cancer cells. A major
cause of death and disease in the third world is a contaminated water supply.
Researchers also developed a method of large-scale production of carbon nanotube
filters for water quality improvement, which will be lightweight and therefore easily
transported. Socks have been developed that are made with nano-silver particles give
anti-microbial protection, preventing bacteria and fungus that cause itchiness and
smells’.

The basis of nanotechnology is nanomaterials. These can be grouped according to
their dimension: nanoparticles are zero dimensional, nanowires and nanorods are one
dimensional, nanosheets and nanofilms are two dimensional, whereas nanotubes have
some special properties in between one and two dimensional materials. This project is

concerned with the synthesis of nanotubes.

1.2 Nanotubes

1.2.1 Carbon Nanotubes

One of the main areas of research in nanoscale materials is in the field of
nanotubes. Nanotubular materials have been of great interest since the discovery of
carbon nanotubes during research into fullerene production by Iijima in 1991*. These
nanotubes were produced using an arc-discharge evaporation method.

These tubes had a range of diameters- the smallest hollow diameter observed
was 2.2 nm*, and consisted of concentric tubes of graphene sheets, as shown in Fig. 1.1.
The number of layers in each tube varied, with single walled tubes and multi-walled

tubes containing up to 7 layers observed. Graphene sheets are hexagonal networks of



carbon, which stack to form bulk graphite. When the sheets fold the unsaturated bonds
at the edge of the layers join, which results in fused cylinders of graphene. The
nanotubes can be open-ended or closed by caps containing five-membered rings
Carbon nanotubes can exhibit metallic or semiconducting properties’, which depend on
the way the graphene sheets fold to make the tubes and the properties of the electrons
in the tubes. The graphene sheets can fold in one of three ways, producing: armchair
tubes, which are metallic, zigzag tubes, which are semiconducting and chiral tubes, as

shown in Fig. 1.2.
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Fig. 1.2 Nature of folding of a graphene sheet to form carbon nanotubes, reproduced

from ref®.



Carbon nanotubes already have many uses, with many potential applications
being researched. Nanotubes have been added to tennis rackets and strings to increase
strength’. The carbon nanotubes can potentially be used for the same role as silicon in
electronic circuits, but on the molecular level. Carbon nanotubes exhibit field emission
behaviour and have potential uses in thinner and more efficient flat panel displays such
as televisions and monitors".

In September 2005 Texas-based Applied Nanotech, in conjunction with six
Japanese electronics firms, has created a prototype of a 25-inch TV using carbon
nanotubes. The prototype TV does not suffer from "ghosting," as some types of digital
TVs.” Ray Baughman's group from the University of Texas produced the current
toughest material known in 2003 by spinning fibres of single wall carbon nanotubes
with polyvinyl alcohol. This material was four times stronger than spider silk. ' The
same group have produced transparent carbon nanotube sheets that are stronger than
the same-weight steel sheets and have demonstrated applicability for organic light-
emitting displays, low-noise electronic sensors, artificial muscles, conducting appliqués
and broad-band polarized light sources that can be switched in one ten-thousandths of a
second."' Single walled carbon nanotubes have been used in room temperature
transistors and can be described by the semiclassical band bending model used for
traditional semiconductor devices'”.

In the field of heterogeneous catalysis carbon materials have been used to
disperse and stabilise metallic particles''*. The selectivity compared to aluminium
oxide support increased dramatically in the production of cinnamylalcohol. Metal
nanocluster filled nanotubes have applications in methanol oxidation as well as the gas-
phase catalysis of hydrocarbons. High selectivity has also been shown in the oxidative

dehydrogenation of ethylbenzene to produce styrene', the high surface area along with



the selectivity of the graphitic nanotubular material gives a higher specific yield of
styrene than graphite itself and offers an alternative to the direct dehydrogenation of
ethylbenzene to styrene, which is one of the most important industrial processes in the
world. In the process a potassium-promoted iron catalyst is used at high temperatures.
This method is thermodynamically limited and, because of the required excess of
steam, very energy consuming.

The application of these nanotubes in energy storage has also been of much
interest'®. Using Fe nanoparticles as catalysts both the outer and the inner tubules are
electrochemically active for Li" intercalation, suggesting possible applications such as

L1 ion battery anodes.

1.2.2 Metal chalcogenide nanotubes

The discovery of carbon nanotubes led to a great deal of research in inorganic
nanotubes. The metal dichalcogenides MX, (M= Mo, W, X= S, Se), have a structure
analogous to that of the graphite sheets and have a tendency to roll into curved
structures rather than bend. This makes them ideal for research into nanotubes.

The first inorganic tubes to be discovered were WS, by Tenne in 1992 (Fig. 1.3)"".
These tubes were produced by heating a thin film of tungsten in an atmosphere of
hydrogen disulphide. The crystalline tubes have a range of diameters, a tube of outer
diameter 16 nm and length of 200 nm was observed with the smallest tube having an
inner diameter of 4 nm and containing 4 layers. The tubes contained concentric layers
of WS, and were closed at the tip, exhibiting the same nature as the carbon tubes. The
same sulfirization process produced molybdenum disulphide nanotubes from MoOs.
The tubes contained between 5 and 10 layers and had lengths in excess of a few

8
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inorganic nested fullerenes along with the nanotubes. The metal trisulfides were formed
as intermediates in the production of metal disulfide nanotubes. Accordingly, both WS,
and MoS; nanotubes have been formed directly by the decomposition of WS;3 and
MoS; respectively in a hydrogen atmosphere'’. MoS; was prepared by the
decomposition of (NH4);MoS,4 at 400 °C in argon. Heating the MoS; in hydrogen at
1200-1300 °C gave a high yield of nanotubes. The tubes had an external diameter of
20-30 nm and a wall thickness of 10-15 nm. Nanotubes were also produced by the
direct decomposition of amonium thiomolybdate in H, at 1200-1300 °C. These tubes
had an outer diameter of 25 nm and a wall thickness of 10 nm. The interlayer spacing
was 0.6 nm and the tubes were closed tipped. WS, nanotubes were produced by the
thermal decomposition of ammonium thiotungstate in hydrogen at 1200-1300 °C. The
tubes have an outer diameter of 25 nm and a wall thickness of 10 nm. These nanotubes

also consist of concentric rings.

Fig. 1.3 HRTEM image of a WS, nanotube. Scale bar 10 nm. Reproduced from ref 7,

Both MoS,; and WS, nanotubes have also been synthesised by direct synthesis
from the vapour phase®’. MoS, hollow microtubes, several millimetres in lengths and

less than 0.1 zm wall thickness, were grown directly from the vapour phase. Scanning



electron microscopy studies reveal that instability of thin weakly bonded sheets against
folding causes the tube growth directly or indirectly beyond the formation of turbulent
gas flow. The tubes had a large range of diameters and lengths, with one tube having a
diameter of 11 pm and a 60 nm thick wall, while another 100 pm in length and 8 pm in
diameter. The tubes were grown by the iodine transport method at 1000 K in an
evacuated silica ampoule at a pressure of 10~ Pa and with a temperature gradient of 2
K/cm. After 22 days the ampoule was cooled to room temperature at a rate of 15 °C per
hour. WS, nanotubes with diameters of 73 nm, 2 pm and less than 20 nm were also
produced by the same group®'. The polycrysﬁailine tubes grow by the spiral winding of
molecular layers. These tubes were also grown by the same iodine transport method (at
1060 K and with a temperature gradient of 1.6 K/cm).

The synthesis of nanotubes of the group 6 metal dichalcogenides from their
corresponding trichalcogenides opened this synthetic route to other transition metals,
even though the trichalcogenides may be crystalline rather than amorphous, in the case
of Mo and W. The properties of the second row transition metals zirconium and
niobium are very similar to those of molybdenum, as are those of the third row metals
hafnium and tantalum to tungsten.

Crystalline NbSe, nanotubes have been prepared by the decomposition of the
triselenide at 970 K under Ar*2. The rate of argon flow has an effect on the ratio of
nanotubes and nanorods in the final product. At a smaller flow rate, there was a higher
percentage of nanotubes in the final product, while higher flow rates gave a greater
percentage of nanorods. These tubes mostly contain more than 10 layers. One example
of a tube contains 16 layers and has an outer diameter of 57 nm. The nanostructures
have outer diameters in the 35-100 nm range, with lengths in excess of several hundred

nanometers. The inner diameters of the tubes were in the range 10-50 nm. The



nanostructures are metallic and become superconducting at 8.3 K. The nanotubes
appear to exhibit a concentric layer structure, with both open and closed tipped tubes
observed. Several varieties of closed tip tubes have been documented: non-spherical
tips exhibiting 90° bends, conical tips and hemispherical caps have all been observed
within the nanotube sample. Most of the tubes are open ended. It is thought that defects
cause the tubes to close.

A similar method was later used to produce nanotubes of Nb and Ta disulfides™.
The precursor trisulfides, NbS; and TaS;, are crystalline, however the reaction still
produced nanotubes. NbS, nanotubes were prepared by heating NbSs in a H; stream at
1000 °C for 30-60 minutes. A NbS; tube is shown in Fig. 1.4. The layer separation in
the walls is 6 A, corresponding to the (002) plane of bulk NbS,. The nanotubes are
hollow with inner diameters of 4-15 nm TaS, nanotubes were prepared by the same
method, with TaS; decomposed at 1270 K under H,. The tubes were also hollow with
inner diameters of 20-40 nm. The NbS, nanostructures were not superconducting. Both
types of nanotubes are single crystals with closed non-spherical, almost rectangular

ends.

Fig. 1.4 TEM images of a NbS; nanotube with a closed nonspherical tip. Inset is a

SAED pattern of the tube, showing it to be a single crystal. Reproduced from ref >,



Crystalline zirconium and hafnium disulfide nanotubes were produced by the
decomposition of the appropriate trisulfide at 1170 K in a Ho/Ar atmosphere**. Many of
the polycrystalline nanotubes exhibit rectangular tips, with nearly all showing non
spherical ends. The tubes are closed multiwall structures, like carbon nanotubes. HfS,
nanotubes had an interlayer spacing of 5.8 A, which corresponds to the (001) plane.
The diameter of the nanotubes is between 55-60 nm, with inner diameters in the range
of 17-30 nm. The inner diameter of some of the ﬁanotubes varies along the length. The
outer diameter of ZrS, nanotubes is approximately 125 nm, with inner diameters of
around 60 nm. Nanorods and nested structures are also seen in the product. The same
group also produced TiS, nanotubes by the thermal decomposition of TiS3 in a H, and
He atmosphere at 800 °C, however the tubes were beam sensitive and no structural data
could be observed.

Nanotubes of rhenium(IV) sulfide, ReS,, have been prepared by carbon nanotube
templating”. Rhenium is also a third row transition metal, with an atomic number one
higher than tungsten. A multiwall carbon nanotube material was impregnated with
solutions of NH4ReO,4 or ReCls, followed by drying and sulfidation with H,S at 1000
°C. Like previously described MS; nanotube compounds, ReS; has a layered structure
consisting of S-M-S layers. The rhenium layers closely follow the multi-walled carbon
nanotube layers over the closed end of the nanotube, showing that a closed cylindrical
structure is present.

A number of other synthetic routes to metal chalchonide nanotubes have been
established including surfactant-assisted synthesis and hydrothermal means. Intense
electron irradiation has been used to prepare NbSe, nanotubes®. The radiation
produces defects, some of which are thought to be nanotubes. The superconducting

critical current density is increased with the radiation”’.Surfactant-assisted synthesis
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has been used extensively to produce nanotubes of transition metal chalchonides, as
well as Bi,S; tubes. The nanotubes produced have a wide range of diameters and
lengths.

Nanotubes of CdS and CdSe have been formed using surfactant-assisted
synthesis®®. Cadmium oxide was reacted with a selenidizing agent, NaHSe, in the
presence of a surfactant such as Triton 100X (t-octyl- (OCH,CH;):OH, x = 9,10) to
produce CdSe nanotubes. In the case of CdS thioacetamide was used as a sulfidizing
agent. The reaction produced nanowires as well as nanotubes. The yield of nanotubes
compared to nanowires is controlled by the concentration of surfactant, which changes
the morphology and shape of the micellar cavity. In both CdS and CdSe reactions, a
higher concentration of surfactant preferentially produces nanotubes. CdSe nanotubes
have outer diameters of 15-20 nm, with inner diameters of 10-15 nm. The
polycrystalline tubes contain several concentric layers, with an interlayer spacing of
3.23 A. The tubes have lengths of up to 5 um. The CdS nanotubes have an outer
diameter of 50 nm, with an inner diameter of 15 nm and lengths of a few microns. The
diameter of the nanowires of CdS is in the range of 40-160 nm and length 3—4 um and
the diameter of the nanowires of CdSe is in the range of 30-40 nm and length ranges up
to 1 pm.

Bi,S; nanotubes® have also been grown through surfactant-assisted growth using
Triton-X 100 as the template at 115 °C for 12 h. These nanotubes are nearly uniform in
dimensions, with diameter around 120 nm and length up to 8 pm, their nature being
single crystalline.

Template synthesis followed by sulfidisation was used to prepare ZnS
nanotubes®’. Monocrystalline ZnO columns were grown using electodeposition. The

ZnO column was heated in H,S above 400 °C to give ZnS coated ZnO. Tubular

11



structures of ZnS are prepared by etching out the ZnO core due to the large difference
in etch resistance between ZnS and ZnO. Typical dimensions of the ZnS tubes are a
length of 1-3 um, a diameter of 100-300 nm, with a wall thickness of 10-30 nm. The
tubes have a hexagonal shape, due to the shape of the column and can be found with
closed or open tops.

NiS nanotubes’ were prepared by a hydrothermal route- Ni(NH3)4>" was
sulfidised by CS; in aqueous amonia. The tubes had a scroll structure.

A hydrothermal method was also used to produce CussFeSe s nanotubes®”.
Elemental copper, sulfur and iron (from the steel autoclave), lithium hydroxide
monohydrate and hydrazine were put in an autoclave with distilled water and reacted at
195 °C for 6 days. The nanotubes have a diameter of 50 nm and the thick walled
variety appeared more crystalline than the thin walled tubes. The polycrystalline tubes
are mostly open-ended. The tubes have a layered structure containing MS; tetrahedra
and are thought to be formed by the rolling of the layer planes. The nanotubes exhibit
armchair and zig-zag types.

The main synthetic route to metal chalconide nanotubes is the decomposition of the
metal trisulfide or triselenide, however a number of other synthetic routes have been

employed, including surfactant assisted synthesis and hydrothermal means.

1.2.3 Group 13 nitride nanotubes

The next variety of tube to be discovered were boron nitride, which were created in
a carbon free plasma discharge between a BN packed tungsten rod and a cooled copper
electrode®. The multiwalled tubes are semiconducting with interlayer distances of 3.3
angstroms. Boron nitride also has a very similar structure to graphite and is an ideal

material from which to make multi-walled nanotubes. Many other methods to produce
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BN tubes have been discovered, including the decomposition of borazine in the
presence of transition metal nanoparticles.

Gallium nitride nanotubes® have also been prepared using ZnO nanowires as a
template. The GaN was deposited by chemical vapour deposition and created tubes
with inner diameters of 30-200 nm and wall thickness of 5-50 nm. The ZnO nanowire
template was removed by thermal reduction and evaporation at 600 with 10% H; in
Ar, which resulted in ordered arrays of GaN nanotubes on the substrate. The ZnO
nanowires were grown on sapphire wafers using a vapour deposition process. The tubes
are single crystals with most having one open end and one end closed, due to the

mechanism of formation.

1.2.4 Silicon oxide nanotubes

The sol-gel method is the main process used in the production of SiO;
nanotubes. With slight modifications nanotubes of varying size and shape are produced
from essentially the same precursor method. Hollow tubes of SiO, were synthesised by
hydrolysing tetraethylorthosilicate in a mixture of ammonia, ethanol, water and tartaric
acid in 1995, The tubes are square with widths of 0.8-1 um and are 200-300 pm in
length, as shown in Fig. 1.5. A small amount of cylindrical tubes was also formed in
the reaction. The diameter of the tubes decreased with decreasing reaction temperatures
down to a diameter of 0.05-0.1 pum. It is thought that the SiO, sol particles are the
starting point for the formation of tubes and that they are formed in the tartaric acid
matrices. Worm type silica-gel hollow tubes® were also produced by hydrolysing
tetraethylorthosilicate in a mixture of ammonia, ethanol, water and citric acid
monohydrate. The TEOS was dissolved in the ethanol, citric acid and water and

allowed to stand for half an hour to form the sol, at which point the ammonium
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hydroxide solution was added. The reaction was kept at room temperature for 2 h. The
worm like tubes were mostly open at one end and closed at the other, with a circular
cross section and a square inner compartment. The outer diameters were in the range
0.6-1.2 um and lengths of between 8 and 12 um. The tubes have been shown to be

amorphous by X-ray diffraction.

Fig. 1.5 SEM image of square SiO; tubes reproduced from ref **.

Silica nanotubes were also formed by first dissolving a template (CisTMAB) in
water, then adding nitric acid and TEOS to form a gel’’. This gel was dried and then
added to an autoclave along with ammonium hydroxide solution. The organic structure
directing agents were removed by calcining the sample at 560 °C. The tubes produced
had diameters of 30-100 nm. Using this post synthetic ammonia hydrothermal
treatment of the silica the pore size, nanochannel regularity and morphology were
restructured. In a separate synthesis, laurylamine hydrochloride was used as the
surfactant template around which TEOS was hydrolyzed®®. The amine salt forms
micelles around which the Si forms aggregates, and then condenses. Nanotubes are
formed by calcination of the aggregates. Si aggregate formation could also be followed
by trisilylation treatment. Trimethylsilylation inactivated the silanol groups on the
surface of the tube, thus inhibiting the condensation of silanol groups between the

different bundles, and yielding long individual silica tubes. This method also meant that
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the surfactant was removed without the need for calcination. The aggregates had a
diameter of 10 nm. The diameter of the nanotubes can be altered using surfactants of
different alkyl chain lengths. If Laurylamine hydrochloride (n = 12) was replaced with
a surfactant of n = 18 the diameter of the tubes increased from 5 nm to 6.25 nm.

Citric acid has been used as a structure modifier to produce individual silica
nanotubes, which were 0.5-20 pum in length and had outer diameters in the range of 50-
500 nm. The method used was very similar to that which produced the worm like tubes.
However the tubes produced here have a much smaller diameter”. The nanotubes were
amorphous in nature.

The sol-gel technique has also been used to dope silica into TiO; nanotubes®.
The Si content was varied using different amounts of TEOS in the reaction. Butanediol
and TEOS were mixed in a beaker at room temperature. Tetrapropylorthotitanate was
then added to the mixture to create the sol which was aged at room temperature for a
few days. The gel was calcined to bring about the formation of nanotubes. The pore
size of the nanotubes decreases with increasing Si content, however the surface area
after calcination is dramatically increased, showing that Si doping affects the sintering
process and suppresses grain growth of Ti nanoparticles. The outer diameters of the
nanotubes are 13 nm, with inner diameters of 3 nm. EDX has shown that titanium and
silicon are homogeneously distributed in the tubes, which suggests that the tubes are
constructed from homogeneous Si-doped titania.

Nanotubes of SiO, were produced using carbon nanotubes as templates*'. Using
tetraethylorthosilicate as a precursor for SiO,, carbon nanotubes were coated in silica.
When the tubes were heated in air to remove the carbon through oxidation the tubular
nature of the silica was retained. The SiO, nanotubes are amorphous and crystallise

only at very high temperatures.
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Strong visible photoluminescence has been observed from mesorporous SiO;
material with nanotubes within tubes*”. The material was produced by dissolving a
surfactant (C;¢TMAB) in water and adding SiO, as a silicon source, Al,O3; as an
aluminium source and sulphuric acid, to create a gel. The gel was heated in an
autoclave at 100 °C for 48 h and the product calcined at 580 °C to remove the organic
template. The strong photoluminescence of the material is due to the presence of Si-OH

complexes located on the surface of the nanotube.

1.2.5 Aluminium oxide nanotubes

Alumina nanotubes were prepared by an electrochemical method"”. An aluminium
film deposited on a p-type Si substrate was anodised in dilute sulphuric acid. A
potential was applied to the alumina film. The nanotubes formed were attached to the
anodic porous alumina film. If the potential is applied to the Si surface, the tubes
produced are designated NSA (normal stepwise anodisation). If the potential is applied
to the Al, then the tubes are termed LSA (lateral stepwise anodisation). The NSA tubes
were smaller than the LSA tubes. The longest nanotube observed was 650 nm in length
aud had outer and inner diameters of 35 and 12 nm. Branchy alumina nanotubes were
also produced in the same synthesis**. The stem of the branches was 50-70 nm in outer
diameter and 30-45 nm in inner diameter, and the two branches had an outer diameter
of 40 nm, with inner diameter of 20 nm.

Al, O3 tubes were also produced using carbon nanotubes as templates*’. Using
aluminium isopropoxide as a precursor for Al,O3; carbon nanotubes were coated in
alumina. When the tubes were heated in air to remove the carbon through oxidation the

tubular nature of the Al,O3 was not preserved.
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1.2.6 Transition metal oxide nanotubes

Nanotubes of transition metal oxides that do not possess layered structures have
been prepared by employing the sol-gel technique, membrane-confined growth and
templated growth. In the cases of carbon and metal dichalcogenide nanotubes, the
parent material contains discreet layers which can fold into nanotubes. A major
synthetic route in the production of these tubes is decomposition of the appropriate tri-
sulphide or tri-selenide. In the case of transition metal oxides, which are not layered in
nature, but contain three-dimensional connected networks, precursors for the oxide or
sol-gel chemistry have been mainly used to produce nanotubes. Many of the tubes are
produced using template synthesis.

The need to use templates often results in loss of tubular structure when the
template is removed. This is because the reactants are deposited onto the surface of the
template with little control over order or arrangement, resulting in amorphous walls,
which without the permanent support of the template are unstable. Templates used
include carbon nanotubes, with the reactants deposited onto the tube surface and
structure directing amine molecules.

Nanotubes of V,0s and MoOs; were produced using carbon nanotubes as
templates*’. To produce V,0s coated carbon tubes a V,Os gel prepared by passing
sodium metavanadate through a cation exchange column was used. The crystalline
V,0s tubes were well preserved after they were heated in air to facilitate the oxidation
of the carbon. Molybdenum tubes were prepared using carbon nanotubes coated with
molybdic acid.

Nanotubes of vanadium oxide have been produced by more than one group
through the reactions of structure directing amines and a vanadium oxide precursor.

The tubes have been prepared from a vanadium alkoxide precursor”’. The hydrothermal
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reaction of the product of the hydrolysis of vanadium triisopropoxide and
hexadecylamine produced scroll like nanotubes. The template was irretrievably
intercalated between the layers. The crystalline tubes were up to 2000 nm long and had
an outer diameter between 50 and 70 nm. It was later discovered that the amine could
be exchanged with other amines*, as shown in Fig. 1.6. The distance between the
layers can be controlled by the alkyl chain length of the amine. Diamines created tubes
with thicker walls. Vanadium oxide nanotubes have also been prepared using non
alkoxide precursors such as VOCl; and V,0s and long chain amines*’. This method
requires stirring of V,0s and the amine to allow intercalation, followed by a 7 day
hydrothermal reaction at 180 °C in an autoclave. These nanotubes also had a scroll

structure and an outer diameter of 75-100 nm.

Fig.1.6 TEM image of diamine intercalated VO nanotubes showing their scroll

structure, reproduced from ref .

Nanotubes of TiO; have elicited a great deal of research since their discovery and
have been produced by some very different synthetic routes. In 1996 TiO, nanotubes
were synthesised using a porous alumina mould*®. The tubular structure was formed by

electrochemical deposition in the mould. The tubes were amorphous, but after heat
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treatment polycrystalline tubes were observed. The inner diameter of the tubes
decreased from about 100 (controlled by the pore size of the membrane) to 70 nm
during the crystallisation. Kasuga® discovered another method of producing titanium
dioxide nanotubes in 1998, A mixture of titanium isopropoxide and
tetraethylorthosilicate (TEOS) was hydrolyzed and gelled in an incubator, and the gel
further heated to 870 K resulting in the precipitation of fine TiO; crystals of the anatase
phase. This material was further treated in a hydrothermal reaction with 5-10 molar
NaOH solution at 380 K for 20 h to yield the TiO; nanotubular phase. There was also
an amorphous SiO, phase present in the product, which was removed by chemical
treatment. The product was then washed with HCL. The crystalline nanotubes had a
range of diameters, with an average of 8 nm and lengths of up to 100 nm. The tubes are

shown in Fig. 1.7.

10 nm

Fig. 1.7 TEM image of so-called TiO, nanotubes including SAED pattern, reproduced

from ref *.
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Titanium dioxide nanotubes can also be formed by the direct deposition of
titanium tetraflouride in the pores of an aniodically grown aluminia membrane®.
Hollow cylinders of anatse type TiO, were deposited from aqueous solutions of TiF,.
The hydrolysis of TiF, in solution occurs stepwise to produce TiO,. As the shape of the
tubes matched that of the channels within the membrane, deposition seems to have
occurred through heterogeneous nucleation on the alumina surface. The precursor
solutions supersaturated with titania directly produce crystal nuclei of anatase on the
surface of the alumina. The open ended cylinders had outer diameters of 200 nm and
inner diameters of 100-150 nm.

ZnO nanotubes’’ have been prepared in a simple hydrothermal reaction. An
aqueous solution of a ZnO precursor, Zn(NH,)>", and ethanol was heated to 450K for
13 hours in a teflon lined autoclave, producing ZnO tubes. The nanotubes were 450 nm
in diameter and up to 4 um in length and are built up by ZnO polycrystals. The tubes

had closed ends. X-ray diffraction has shown the tubes to have the Wurzite structure.

1.2.7 Other metal oxide nanotubes

Nanotubes containing s and p block metal oxides have been synthesised using
porous templates, which result in large diameter nanotubes. Nanotubes of perovskite
oxides have been produced using template mediated growth’>. Heating the metal
acetate sol with Ti-isopropoxide in ethanol produced BaTiOs; and PbTiO3 nanotubes.
The Masked Whatman template membrane with 200 nm pores was immersed in the sol
and then air-dried. The template was removed by alkali treatment. The tubes, shown in
Fig. 1.8, had outer diameters of 200 nm, corresponding to the pore size, were 50 pm

long, open ended and found in bundles. XRD and electron diffraction measurements
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showed that the Pb tubes were formed in a tetragonal frerroelectric phase and that the

Ba tubes were formed in a cubic paraelectric phase from small polycrystalline grains.

enlargement of a bundle in image (a).

The properties of indium and gallium are very similar to those of boron and
aluminium, elements whose compounds have borne some of the earliest nanotubes.
Crystalline In;O3 and Ga,O3 nanotubes™ have been synthesised using sol-gels of In**
and Ga’* and porous alumina templates. The template is dipped in the sol and annealed
in air at elevated temperatures for 12 hours. The template is dissolved in alkali solution
to give the free tubes, which have variable diameters depending on the pore size of the
template and lengths of up to 10 um. When a pore size of 200 nm is used, the
nanotubes have an outer diameter of 200 nm and an inner diameter of 100 nm. One
surface of the template was anchored to the substrate so after its removal the nanotubes
retain the alignment of the nanochannels that were present in the template. The tubes

are open ended.

1.2.8 Metal nanotubes
Very few metallic nanotubes have been synthesised. With the exception of

tellurium, a p block metalloid, all the tubes were produced from transition metals.
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Co and Fe nanotubes®* have been synthesised by electrochemical deposition of the
metal using polycarbonate membranes as templates. The membranes were 6 um thick
with a pore diameter of 30 nm. The electrolytes used to deposit the metals were CoSO4
and FeSO4. All the nanotubes and nanowires synthesised were found to have an
average diameter of 30 nm, corresponding to the pore size. The wall thickness of the
nanotubes is 1-2 nm. Nanotubes are created from different pulse cycles of deposition
compared to nanowires. The iron tubes comprise a mixture of body centred cubic and
face centred cubic phases, and are polycrystalline.

Gold nanotubes™ have been synthesised using a pore wall modified alumina
membrane. The gold tubes are prepared via electrolytic deposition onto the pore walls.
By varying the deposition rate the inner diameter of the tubes can be varied, giving
tubes with inner diameters of < 1 nm, making them molecular sieves. The tubes are up
to 6 um in length. Bottlenecking occurs due to preferential deposition at mouth of
tubes.

Tellurium nanotubes®® have been prepared using the polyol method. Orthotelluric
acid in ethylene glycol was added to a refluxing solution of ethylene glycol. TEM
images taken after stopping the reaction at different stages showed the formation of
cylindrical seeds and the subsequent growth of nanotubules along the peripheral edge
of the seeds. Decreasing the amount of Te precursor led to the preferential formation of
solid nanorods.

Nickel nanotubes®” have been prepared by electrodeposition of Ni in the pores of
an alumina membrane. The walls of the membrane pores were modified by the addition
of an amine. The nickel binds preferentially to the walls of the membrane due to its
affinity with the amine. Solid nickel nanorods are formed in the absence of the amine.

The membrane is removed by alkali treatment giving highly ordered arrays of Ni
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nanotubes. The nanotubes were ferromagnetic, with increased coercivity compared to

bulk nickel.

1.2.9 F block metal nanotubes

Due to the importance of radioactive waste management research into uranyloxy
compounds has attracted considerable attention. Nanotubes of amine templated uranyl
selenate, (C4Hi12N)145[(UO2)10(Se04)17(H20)], have been prepared by the room
temperature reaction of uranyl nitrate, butylamine and H,SeOy4 in aqueous solution®®.
The tubules consist of single layers of [(UO2)10(SeO4)17( H,0)]"* and have an eliptical
cross section with dimensions of 2.5 x 2.3 nm. The internal diameter of the tubes is
153 A. The nanotubes are thought to be formed around cylindrical micelles of
protonated amine molecules. The same group also produced
Ks[(UO2)3(Se04)s](NO3)(H20)35, a compound based upon nanoscale uranyl selenate
tubules™. The K" ions and H,O molecules are present inside the tubes, with the NOs”
groups between them. The tubes were produced from a similar reaction, with K,CO;
replacing butylamine. These materials are not technically nanotubes as they are not free
standing structures.

Nanotubes of four Lanthenide oxides have also been synthesised from rare earth
salts in hydrolysis and hydrothermal reactions. The parent oxides do not have layered
structures which would make direct synthesis of nanotubes easier, so precursors of the
metals must be used. Nanotubes of Er, Tm, Yb and Lu oxides®® have been formed from
template-mediated reactions using dodecylsulfate assemblies. The nanotube phase was
precipitated from the reaction mixture when the rare earth salt was hydrolysed at 60 °C.
The reaction contained the rare earth salt, sodium dodecylsulfate, water and urea, which

was added during the reaction to vary the pH. The tubes have small inner diameters and
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thin walls. Only Yb and Lu nanotubes have been obtained reproducibly from this
method.

CeO,., nanotubes’’ have been synthesised by precipitation under hydrothermal
conditions. An aqueous solution of cerium nitrate, Ce(NO3), was heated to 100°C and
ammonia solution was added, upon which precipitation occurred. The solution was
boiled for 3 minutes and then cooled at 0°C for 45 days. The diameters of the tubes
range from 5-30 nm and are a few microns in length. The tubes have a cubic fluorite

structure.

1.2.10 Metal halide nanotubes

Only one example of nanotubes formed from metal halides currently exists, NiCl,.
These tubes were prepared by heating NiCl,.6H,O initially in air to lose the water of
crystallisation, and then heated further at 450 °C under nitrogen. Closed cage structures

were also formed. The nanotubes had a diameter of 70 nm and a length of 6 pm®%.

Concluding statements

Many inorganic nanotubes have now been successfully synthesised. There are six
different families of inorganic nanotube: transition metal chalcogenides, metal oxide (
transition metals, rare earth metals and silicon oxides), transition metal halide, mixed
phase (including metal doped oxide tubes), boron based and metal nanotubes. The main
synthetic methods for the production of nanotubes are sulfurisation, template synthesis,
decomposition of precursor crystals, layered precursor and direct growth from the
vapour phase. Nanotubes grown by the sulfurisation process or directly from the vapour
phase often exhibit less defects and more perfect lattices than nanotubes grown from a

template.
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Carbon nanotubes contain concentric rings of graphene and can exhibit open or
closed tips. The tips are spherical. Metal chalcogenide nanotubes are all crystalline and
many exhibit the concentric layered structure seen in carbon nanotubes.

Tungsten and molybdenum disulfide tubes have displayed both open ended and
closed tipped ends, however the tip is not spherical, as is the case in carbon tubes.
Rectangular tips are often observed in metal chalcogenide nanotubes®. The open ended
tubes are also not uniform, with conical tips apparent as well as flat open ends.
Nanotubes of Nb and Ta disufide have been shown to be single crystals, as have MoS;
and WS;. Nanotubes of WS, and MoS; produced directly from the vapour phase are
polycrystalline. NiS tubes produced by a hydrothermal route have a scroll structure.
The concentric ring structure produces nanotubes of varying diameter, which
corresponds to the number of layers in the tube. These types of tubes can be open-
ended or close tipped.

Metal oxide nanotubes are produced mainly using templated growth. Vanadium
oxide tubes have exhibited both concentric ring and scroll structures, depending on the
reaction method. Several metal oxide tubes have been synthesised using sol-gel
chemistry followed by templating reactions. Chemical deposition has also been used to
create tubes of this kind. These chemical methods are necessary because the metal
oxides are not layered structure, like the metal chalcogenides, but contain connected
three-dimensional networks.

Scroll nanotubes have to be open ended due to the nature of their formation,
whilst the diameter range appears to be smaller compared to the inorganic concentric

ring tube structures.
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Metal nanotubes have been produced mainly by chemical deposition in pores and
membranes. This creates tubes whose dimensions can be controlled by the size of the
pores and deposition time.

Most synthetic nanotubes have large diameters- greatér than 20 nm. This is often
due to the structure of the tubes- concentric rings of material consisting of many layers.
The inner diameters of the tubes are often less than 5 nm. BN tubes have outer
diameters of 8 nm and titania nanotubes have similar dimensions. The range of
diameters is often large in the nanotubes. In the concentric ring structure this is because
there is not an optimum number of layers for a tube. In the case of nanotubes grown
from pores or other templates the diameters are more tightly regulated. The lengths of
all nanotubes vary considerably within a sample. Many tube lengths are in the micron
scale.

Inorganic nanotubes already have many uses, with many more foreseen. MoS,
nanotubes have shown activity on the methanation of carbon monoxide with
hydrogen®. WS, tubes are used as ultra sharp tips for scanning probe microscopy®.
NbSe, nanotubes are superconducting®. Nanotubes can be used as storage materials for
lithium batteries. Hollow nanoparticles of WS, act as a better lubricant than the bulk
phasem. Vanadium oxide shows good catalytic activity in the bulk phase and redox
catalytic activity is retained in the nanotubular phase. The potential applications of
inorganic nanotubes range from highly porous catalysts to electron field emitters and
non-toxic strengthening fibres.

Among the above mentioned inorganic nanotubes, transition metal oxide
nanotubes are of interest because of the catalytic properties and the large surface area.
Among these materials the titanium dioxide tubes are of great interest due to its

excellent photocatalytic properties®® and other potential applications in environmental
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purification, decomposition of carbonic acid gas and generation of hydrogen gas®”".

The present research is therefore focussed on the synthesis and characterisation of these

materials.

1.3 TiO; nanotubes and their potential applications

Due to its properties as a photocatalyst, titanium dioxide has applications in self
cleaning materials’>. Super-hydrophilic materials were developed by coating glass,
ceramic tiles or plastics with the semiconducting photocatalyst titanium dioxide. Water
forms a highly uniform sheet on contact with these surfaces. If TiO; is illuminated by
light then grease, dirt and organic contaminants are decomposed and can easily be
swept away by rain water. The photocatalytic properties of TiO, have also been put to
use in a transparent electric windows based on dye-sensitised nanocrystalline TiO;

73.74
solar cells

. Many sun-block creams also contain TiO,. The tubular form of titanium
oxide, due to its high surface area and higher photocatalytic activity”, is especially
interesting. When exposed to light titanium dioxide is chemically activated and
decomposes organic material which comes in contact with it. It has many applications
as an anti-bacterial agent, self-cleaning coating, anti-fogging coating, deodorizing
coating and in water treatment. In water treatment, it can be used to remove light
concentrations of organic contaminants. It is therefore suitable for use in the later
stages of a water treatment. It can also be used to capture undesirable volatile organic
contaminants’". Titanium dioxide is the most widely used white pigment, ’° it is very
white and has a very high refractive index — surpassed only by diamond. The refractive
index determines the non-transparency that the material confers to the matrix in which

the pigment is housed. Hence, with its high refractive index, relatively low levels of

titania pigment are required to achieve a white opaque coating.
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Titanium dioxide is a ceramic that exists predominantly as the rutile phase with
the anatase phase being less common. The rutile phase consists of distorted
hexagonally close-packed oxide layers in which half of the octahedral holes are filled
by oxygen (Fig. 1.9). Titanium is in oxidation state +4, therefore has no electrons in its

valence shell (3d).

titanium(IV) oxide

Fig. 1.19 A unit cell of rutile TiO,.

Direct synthesis of titanium dioxide nanotubes was first achieved by Kasuga® et
al in 1998. The nanotubular material was produced by treating crystalline TiO, with 10
molar NaOH. It was concluded that washing the alkali treated specimen with water
followed by further reaction with HCI are vital steps in the formation of nanotubes’”. It
was thought that the reaction with NaOH converted Ti-O-Ti bonds in the starting
material into Ti-O-Na and Ti-OH bonds, when this material is reacted with HCI and
water these bonds form new Ti-O-Ti bonds-and the nanotubes.

Work done by Chen et al” has later shown that the nanotubes could be prepared

via a single hydrothermal alkali treatment of crystalline TiO,. The role of NaOH in the
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reaction is crucial. When the sodium hydroxide was replaced by KOH nanorods and
plates were observed, but no tubes. When NaCl or NaNO; was used to replace NaOH
no nanotubes were observed. A high concentration of Na" and strong basic conditions
are required in order to produce nanotubes.

These nanotubes show neither the composition nor the structure expected from
tubes made of either anatase or rutile TiO,. The proposed structure for the nanotubes is
scrolled single layers of trititanate, H,Ti;0;. This was determined through high
resolution transmission electron microscopy, X-Ray diffraction and selected area

electron diffraction.”®®?

The XRD pattern of the nanotubular phase cannot be attributed
to any known phase of Ti0O,. All of the observed XRD peaks and SAED patterns can be
indexed based on a H,;Ti307 structure. The structure of trititanate is usually described
as corrugated ribbons of edge sharing TiOs octahedra®’, with each ribbon being three

octahedra wide, which join corners to form stepped sheets separated by hydrogen ions,

as shown in Fig. 1.10.

.....

Fig. 1.10 Structure model of H,Tiz07 reproduced from ref **. Grey spheres are H ions,

red spheres O atoms and grey polyhedron are TiOg octahedron.

The nanotubes are about 9 nm in diameter and 100 to several hundred nm in

length. The interlayer spacing is 0.78 nm. To confirm the model of the structure
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simulations of HRTEM images and XRD patterns was carried out’®. An excellent
match was found in the image simulation and the XRD also showed a good match. The
tube axis has been shown by SAED to be the [010] plane of H,T1305.

The electronic structure of trititanate nanotubes is significantly different from
common Ti0; nanocrysta1585 . Photovoltaic responses corresponding to band-to-band
transition and new surface photovoltage responses extended to 550 nm have been
observed under the effect of the external electric field. The responses were measured
using field induced surface photovoltage spectroscopy, surface photovoltage spectrum
and photoluminescence spectroscopy, three highly sensitive tools to study the
photophysics of photogenerated species or excited states. The new photovoltage
responses that the nanotubes exhibit are attributed to electronic transitions in surface
states caused by oxygen vacancies at the surface. Due to these differences in electronic
structure nanotubes are not as suitable for standalone photocatalytic applications as
rutile or anatase.

The high surface area of the tubes lends itself to use in heterogeneous catalytic
studies where the titania tubes serve as a support. Nanotubes containing gold
nanoparticles were produced by a deposition-precipitation method, which gives gold
particles with strong contact to the support*®. Gold hydroxide was deposited onto
nanotubes suspended in water via the reaction between HAuCly; and Na,COs;. The
catalytic activity of the gold-supported titania nanotubes was evaluated in the water-gas
shift reaction. The activity of the sample was higher than that of gold supported on
alumina but lower than that of gold on mesoporous TiO,. As the nanoparticle size is
similar to the diameter of the nanotube it is thought that some of the gold is contained
inside the tube hollow, resulting in a decrease in contact area and a lower activity. The

catalytic performances of gold markedly depend on dispersion, supports, and
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preparation methods. When gold is deposited on select metal oxides as hemispherical
ultra-fine particles with diameters smaller than 5 nm high activity or selectivity is
shown in many reactions: the combustion of CO and saturated hydrocarbons, the
oxidation-decomposition of amines and organic halogenated compounds, the partial
oxidation of hydrocarbons, the hydrogenation of carbon oxides, unsaturated carbonyl
compounds, alkynes and alkadienes, and the reduction of nitrogen oxides. The unique
catalytic nature of supported gold can be explained by assuming that the gold-metal
oxide perimeter interface acts as a site for activating at least one of the reactants®’.

Sulfated tubes, which have been impregnated with sulphuric acid solution and
calcined at 300 °C, have shown high reactivity towards the esterification reaction
between cyclohexanol and acetic acid. The TiO, powder used to prepare the nanotube
did not catalyze the reaction.®® Nanotubes have also been used in catalysis through
framework doping. TiO, nanotubes doped with nitrogen were synthesised, with
nitrogen atoms substituted into oxygen sites of TiO,. These nanotubes exhibited
photocatalytic oxidation activity of gaseous isopropanol into acetone and carbon
dioxide when illuminating with visible light*.

Photocatalytic activity can also be bestowed on titanate systems by decorating
them with suitable semiconductor quantum dots. Trititanate nanotubes produced by the
hyrothermal reaction of anatase TiO, and 10 M NaOH solution were covered in CdS
nanoparticles by first introducing Cd*" ions into the tubes by sonicating a suspension of
nanotubes in 1 M Cd(CH3COO), solution containing ammonia. The Cd*" ions were
converted to CdS by bubbling H,S through the suspension. The photocatalytic activity
of the CdS adorned nanotubes was tested by their ability to decompose methyl orange
in aqueous suspension under irradiation by a mercury vapor lamp, monitored by

measuring the absorbance of the dye solution. Undoped nanotubes failed to act as a
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photocatalyst, however the CdS/nanotube system was active in the photooxidation
reaction. The photocatalytic behaviour is interpreted as coming from the intimacy of
the nanotube and CdS nanoparticles. These particles are thought to grow from Cd**
ions located within the nanotube wall at the ion-exchange positions. The particles had
an average diameter of 6 nm.”

Work done by Kukovecz et al has shown trititanate nanotubes can be formed by
replacing sodium hydroxide with 10 M Na,S”'. The reaction was performed at 130°C
for 2 weeks without shaking or stirring. The synthesis in Na,S took much longer than in
NaOH, where the reaction takes 3 days. The tubes produced appeared similar under
TEM and had similar specific surface areas (AS = 116 m?/g for 336 h reaction time) to
the NaOH reaction. The tubes were, however, three times longer in the Na,S
preparation, this is probably due to the longer reaction time. The S* ion is a strong
Bronsted base, therefore a 10 M Na,S solution will provide a highly basic environment.
It is therefore likely that the reaction proceeds by the same mechanism as the NaOH
synthesis. The presence of S and HS  ions in the solution opened up the possibility of
a one step reaction to produced tubes adorned with nanoparticles of metal sulphides.
Due to the low solubility of CdS, Cd-EDTA complexes were used to produce
monodisperse CdS particles. An aqueous solution of Cd-EDTA was prepared by
mixing the disodium salt of ethylenediaminetetraacetic acid and Cd(NOs),. This was
added to an autoclave containing anatase TiO, and a mixture of 10 M NaOH and Na,S
(10:1). The nanotubes obtained had an excellent coverage of semiconducting CdS
quantum dots with an average diameter of 5.3 nm. The complex assisted one step
process gives more complete coverage of the nanotubes and smaller nanoparticles

compared to the two step process (5.3 nm against 6 nm) described above.
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Trititanate nanotubes also have a high potential for Li storage’>. The tubes show
high ion-exchange reactivity with alkali metal cations. A sample of trititanate
nanotubes was soaked in alkali metal hydroxide solution at room temperature for 3
days. The ions intercalate between the tubular layers and pin adjacent layers. Ion
exchange has also been achieved with Cd*', Zn**, Ni*', Co*", Cu®*' and Ag’. The metal
salts were dissolved in water and ammonia solution was added to stabilise the metal ion
by complexation. The nanotubes were added and the suspension stirred for 20 hrs or
sonicated for 100 minutes. There were no clusters or amalgamations of ions on the
nanotube surface, showing that the ions were homogeneously distributed within the
tubes”.

Anatase TiO, nanotubes were prepared by annealing trititanate tubes at 350 °C for
2 hrs. The tubes were dried for 4 hrs at 80 °C in a vacuum oven and then calcined at
350 °C for 2 hrs. The calcined tubes had similar diameters to the starting material (~9
nm) and maintained the tubular wall structure. However, they exhibited a lower
interlayer spacing of 0.62 nm, compared to 0.78 nm. The specific surface area of the
tubes was 274 m?/g, compared to 314 m?*/g for trititanate tubes, due to some particle
sintering. The nanotubes were investigated as electrode material for Li storage.
Through galvanostatic investigation, the nanotubes as electrode exhibited high
discharge capacity and held a larger capacity in continuous cycles compared with
normal crystalline TiO,. After several cycles the coulombic efficiency (the ratio of
release capacity to insertion capacity) is 100%. The initial capacity of the material
fades after the first cycle, which has been observed in several electrode materials and is
thought to be due to surface morphology change resulting from adsorbed water. The
capacity is stable after 65 cycles which makes the material a potential candidate as a

novel lithium storage material™.
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Titania nanotube arrays grown by anodizing titanium foil using an electrolyte of
hydrofluoric acid in water and a platinum counter electrode have been shown to exhibit
extreme changes in electrical resistance with exposure to hydrogen. Tubes of different
length and diameter were formed using different anodization voltage: 20V gave inner
diameters of 76 nm and lengths of 400 nm, 14 V gave 53 nm diameter and 260 nm
length while 10 V gave 22 nm diameter and 200 nm length tubes. Reduction of the
diameter of the tubes from 76 nm to 22 nm increases the surface area by a factor of
two, but increases the hydrogen sensitivity by a factor of 200. When a sample of 22 nm
tubes is exposed to hydrogen cycled from 0 to 500 ppm in discreet 100 ppm steps a
three order of magnitude variation in the resistance is seen with exposure of only 100
ppm, with no hysteresis. These arrays of tubes can be used as extremely sensitive, drift
free and robust hydrogen sensors. Applications for hydrogen sensors include industrial
process control, combustion control and clinical use where hydrogen is an indicator for

bacterial infections’.

Trititanate nanotubes have been tested for use in decontamination of chemical
warfare agents%, The large surface area of the tubes provides the desired rapid
absorption of the contaminant while water molecules, contained within the titanate
nanoscrolls, provide the necessary chemistry for the hydrolytic reaction. The
decomposition of 2-chloroethyl ethylsulfide (CEES), a simulant of bis(2-chloroethyl)
sulfide, mustard gas, was monitored by >C NMR. No additional water was added to the
system. The nanotubes quickly adsorb the agent, encapsulate it, due to large surface
area, and render it harmless through hydrolysis. In low concentrations of CEES the
reaction of water with the sulfonium cation dominates, producing 2-hydroxyethyl ethyl
sulfide and HCl. The reaction in higher CEES concentration goes via dimeric cation

species, forming 2-hydroxyethyl ethyl sulfide as the final reaction product.
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Nanotubes from Na;Ti;0; have subsequently been formed in a hydrothermal
reaction’’. The tubes were prepared by reacting Na,TizO7 and water in an autoclave at
170 °C for 18 days, had outer diameters of 30-40 nm, with wall thickness of ~10 nm
and lengths of several hundred nanometers. XRD has shown that the tubes were TiOs,.
The proposed formation mechanism is that the starting material, Na,TizO7, which is
comprised of sheets of edge sharing TiOs octahedra with Na" ions between the layers,
as shown in Fig. 1.11, under hydrothermal conditions gradually releases the sodium
ions and water molecules are intercalated between the layers. As the HO molecules are
larger than the Na' ions the interlayer space is increased resulting in weakened
interaction between neighbouring sheets. As a result nanosheets of titanate are

exfoliated and these sheets scroll into tubes due to the asymmetry in the sheet.

Fig. 1.11 Structure model of Na,TizO- reproduced from ref**. Purple spheres are Na*

ions, red spheres O atoms and grey polyhedron are TiOs octahedron.

1.4 Nanotubes from Ks;NbsO17 and uses of material
1.4.1 K4NbgOj7 and its uses
The crystalline layered material K4NbsO;7 is a transparent semiconductor and

photcatalyst. Its structure consists of octahedral NbOg units, which form a layered
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structure with bridging oxygen atoms. The K" ions are found between the layers and

compensate the negative charge. The layer structure is shown in Fig. 1.12.

g—J
Fig. 1.12 Layered structure of KsNbsO,7 reproduced from ref**.

K4NbsOy7 has two types of crystallographic interlayers, one which is easily
hydrated and one which is not”'®. The two distinct potassium sites are shown in Fig.
1.13. Proton exchange at room temperature is therefore only partial and leads to the

compound denoted K4.xHxNbgO7.

b
c
(| MO octaedral units
O® K"

Interdayer]  Inferlayzrll  Inferlayer|

Fig. 1.13 Interlayer potassium sites in K4NbsO;7, reproduced from ref'*'.
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Proton-exchanged K4NbgO;7 showed high activity for the photocatalytic
decomposition of water from aqueous methanol solution without any assistance from
other materials such as noble metals'®. The ion exchanged niobate, K4.xHxNbsO;7,
was prepared via the reaction of K4yNbO;7 with HySOs.

Photocatalytic ability is also shown by K4sNbsO;7 that has been intercalated with
transition metal ions. Pt intercalated K4NbsO;7 which has been treated with aqua regia
to remove the platinum on the external surface has shown activity for the photocatalytic
decomposition of water, without a reverse reaction'®.

Nickel-loaded K4NbsO;; has also shown activity in the decomposition of water'**.
It was shown by XPS, EXAFS, TEM and XRD that the nickel is predominantly located
in interlayer I. From this structural information a mechanism for the reaction was
proposed: intercalated water is reduced to H; on the nickel metal in interlayer I and is
oxidised to O; in interlayer II. Hence, each niobate sheet is regarded as a "two-
dimensional" photocatalyst where H, and O; evolve at different sides of the layer. Both
CdS and K4NbsO;7 have been shown to be photocatalysts for the decomposition of
water. When the CdS was intercalated into the niobate layers the ion exchanged
product showed much higher H, evolution activity from water than CdS or a physical
mixture of CdS and K4NbgO;7 in aqueous K,SO; solution under visible light

105 CdS/ K4NbeO,7 was prepared by the ion exchange reaction of K" to Cd*'

irradiation
in aqueous Cd(NOs); solution, followed by sulfurization in aqueous NayS solution.
The more intimate contact of the CdS and K4NbsO;7 enabled a more efficient transfer
of excited electrons, which allowed more reduction of H'.

There has been an abundance of research into the field of intercalation into

potassium niobate and the subsequent exfoliation. K4NbsO;7 single crystals were

reacted directly with propylamine under hydrothermal conditions'*. Propylamine is
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intercalated into the layers of the crystal and nanosheets of an extraordinarily large size
(100 um) are exfoliated. When the reaction was repeated with hexylamine instead of
propylamine an intercalatrion compound was formed but there was no exfoliation.
Hexylamine is relatively hydrophobic and cannot entrain water molecules after
intercalation.

Liquid crystalline nanosheet colloids'”’” have been prepared by exfoliating single
crystals of K4NbsO;7. The use of single crystals allows for some control on the size of
the nanosheets. The exfoliated material was dispersed in water and subjected to
ultrasonic treatment. The liquid crystallinity of the samples depended on the lateral size
of the nanosheets and the concentration of the sheets in the sample. The fluidity of the
nanosheets was very high.

Methylene blue has been intercalated into K4sNbsO;7 single crystals in the presence
of propylamine. The adsorption of methylene blue in heterogeneous systems is done to
characterise the surface and to create photo and electrofunctional supramolecular
systems. Propylamine was present in the reaction as direct intercalation is difficult. The
reaction was done in one step to prevent exfoliation. The intercalation was confirmed
by the increase in basal spacing and the expansion of the crystallographic b axis. This
was the first successful example of an intercalation compound with in plane anisotropy

of the guest species'®.

1.4.2 Nanotubes from K ;NbsO;7

When hydrogen ion exchanged potassium niobate, K4.xHxNbsO,7, was reacted
with tetra(n-butyl)ammonium hydroxide for 3 days at room temperature nanotubes
were formed. The TBA" ions are much larger than the K* ions so when they intercalate

into the layered structure exfoliation occurs and single asymmetric layers result. The
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strain in these single layers results in curvature (due to lower energy considerations)
and nanotube formation'”"''®. When potassium niobate that has not been ion exchanged
is reacted with the tetra(n-butyl)ammonium hydroxide bilayers are usually produced.
Straight chain monoamines of different lengths have also been used in the place of
TBAOH to produce nanotubes of different interlayer dimensions. The amines are

thought to be necessary for structural conformity.”®

Concluding statements

This thesis is concerned with the synthesis and investigation of titanium and
niobium containing nanotubes. There has been a great deal of research invested in both
organic and inorganic nanotubes due to their interesting possible properties, which may
be markedly different from the bulk material, and applications in all fields. Among
inorganic nanotubes, transition metal oxide nanotubes are of interest because of the
catalytic properties and the large surface area.

Titanium dioxide and potassium hexaniobate tubes are of great interest due to the
parent material’s excellent photocatalytic behaviour. The synthetic route to nanotubes
from titanium dioxide has been discovered and refined so that nanotubes can be
produced in a single step reaction involving the hydrothermal reaction of TiO; and 10
molar sodium hydroxide. The structure and mechanism of formation of the nanotubes
had, however, yet to be confirmed.

Nanotubes of ion exchanged potassium hexaniobate, K4.xHxNbsO;7, have been
produced using straight chain mono-amines as intercalation and exfoliation agents. If
different length amines are used the interlayer spacing of the tubes can be tailored. The

present research is focussed on attempting to produce tubes using di and tri substituted
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amines and other small molecules. The aim of this project was the synthesis and

characterisation of novel inorganic nanotubes using transmission electron microscopy.
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Chapter 2 Experimental Methods

2.1 Synthesis of Specimens

2.1.1 Preparation of Trititanate Nanotubes From TiO;

Ground rutile was added to sodium hydroxide solution and the resultant slurry was
stirred at room temperature for 30 minutes. The mixture was transferred to a teflon
vessel and sealed in an autoclave. The autoclave was then placed in an oven at the

desired temperature for the required time.

Table 2.1 Reaction conditions of TiO, with 10M NaOH

Experiment | Mass 1TiO; Vol. NaOH | Molar ratio Temperature Time
Number g 10M (ml) TiO, : NaOH | °C (hrs)
gdl 4.17 10 1:2 160 72
gd2 4.17 10 12 160 72
gd3 3.2 10 1:25 140 72
gd4.1 3.2 10 1: 25 140 2
gd4.2 32 10 1:25 140 4
gd4.3 3.2 10 1:25 140 24
gd4.4 32 10 1325 140 6
gd4.5 3.2 10 1325 140 22
gd4.6 32 10 1:25 140 12
gd4.7 3.2 10 1:2.5 140 14
¢d4.8 32 10 1: 25 140 16
gd4.9 3.2 10 12 25 140 18
gd4.10 32 10 1:25 140 20
gd7 3.2 10 1525 130 72
gd13 32 10 1:25 160 168

The autoclave was removed and cooled under running water for 30 minutes. The

teflon vessel was removed and the solid white product was scraped out and stirred
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vigorously at room temperature in 100 ml of distilled water to break up the coagulated
large particles. The white solid was then washed with copious amounts of distilled
water until the pH of the effluent was neutral. The product was then dried in an oven at
160°C until consecutive masses were equal. The reactions were all done in 10 molar

NaOH and are listed in Table 2.1.

2.1.2 Production of Nanotubes from Na,Ti;O7 and H,Ti;O

Na,Ti307 was produced using the literature proceduress. Stoichiometric amounts of
dried sodium carbonate (1.5 g) and rutile titanium dioxide (3.4 g) were ground together
using a mortar and pestle and fired in an oven at 850 °C for 24 h in an alumina crucible.
A pellet pressed at ~2 tonnes was made and the reactants replaced in the oven for a
further 24 h. The products were analysed using powder X-ray diffraction.

H,Ti30; was produced using a modified literature procedure®™. As prepared
Na;Ti307 was ground in a mortar and pestle and stirred at room temperature in 1 M
HCI for 3 days. The product was filtered and washed with H,O. The structure was
confirmed by XRD.

Layered titanate was ground and added to a sodium hydroxide solution and stirred
vigorously for 30 minutes. The resultant mixture was poured into a teflon vessel which
was placed in a sealed autoclave. The autoclave was put in an oven at the desired
temperature.

The autoclave was removed and cooled under running water for 30 minutes. The
teflon vessel was removed and the solid white product was scraped out and stirred
vigorously at room temperature in 100 ml of distilled water to break up the coagulated
large particles. The white solid was then washed with copious amounts of distilled

water until the pH of the effluent was neutral. The product was then dried in an oven at
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160 °C until consecutive masses were equal. The reactions completed are listed in

Table 2.2. The products were all examined using TEM.

Table 2.2 Reaction conditions of titanates with NaOH

Experiment | Titanate Mass Vol. NaOH | Temperature | Time
Number Titanate (g) | 10M (ml) c (hrs)
gd10 Na,Ti307 0.1 5 160 63
H,Ti30 0.1 10 160 67
H,Ti400 0.3 10 160 67
gdl2 Na,Tiz07 0.3 3 160 168
H,Ti307 0.1 2 160 168
gd14 Na;Tiz07 1 25 160 72
gdl15 Na,Ti307 1 5% 160 72
gdl16 Na,TizO7 0.6 5 120 96

*_Concentration of NaOH 8.5M

2.1.3 Production of Nanotubes from KsNbsO;7

The layered niobate, K4NbsO;7, was produced using the literature procedure''’.
Stoichiometric amounts of dried potassium carbonate (K,COs, 0.34 g) and niobium
oxide (Nb,Os, 1 g) were ground together using a mortar and pestle and fired in an oven
at 800 °C for 24 h in an alumina crucible. A pellet pressed at ~2 tonnes was made and
then replaced in the oven for a further 24 h at 1050 °C. The structure was confirmed by
XRD.

K4NbsO;7 was also produced using a hydrothermal synthesis''>. KOH (0.28 g) was
dissolved in water (4 ml). The solution was transferred to a teflon vessel. Nb,Os (0.5 g)
was added to the teflon innard and sealed in an autoclave. The autoclave was then

placed in an oven at 190 °C for 24 h.
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The autoclave was removed and cooled under running water for 30 minutes. The

teflon vessel was removed and the product was washed with distilled water and dried in

an oven at 100 °C. The structure was confirmed by XRD.

As prepared K4NbsO,7 was ground in a mortar and pestle and stirred at room

temperature in 1M HCI for 3 days. The product was filtered and washed with HO. The

structure was confirmed by XRD. Ion-exchanged potassium niobate, K4 HNbsO17,

was added to an aqueous solution of amine and stirred at room temperature for 3 days,

as shown in Table 2.3. All reactions done in 10 ml H,O unless otherwise stated. The

product was filtered and dried based on the literature procedure‘98

Table 2.3 Reactions of K4 HNbsO,7 and amine

Experiment Mass K4.xHNbsO7 | Amine Volume amine (ml)
Number (g)

gd29 0.1 Butyl amine 1.4

gd36 0.1 Diethyl amine 0.7

gd40 0.1 Triethyl amine 1

gd72 0.1 Pyrole 1

gd73 0.1 Diphenyl amine 1

Table 2.4 Reactions of K4.sHNbsO17

Experiment Mass Intercalation Volume (ml)
Number K4.xHxNbsO;7 | compound
(2)
gds0 0.1 Ethanol 2.5
gd49 0.1 Pentane thiol 1
gd41 0.1 (Bu")4P'Br g
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The same procedure was repeated using other compounds as intercalation agents, as

shown in Table 2.4. Nanotubes were not produced in these cases.

2.1.4 Synthesis of Nanotubes and Nanowires from Other Oxide Precursors
Tantalum Oxide

In method one, Ta;Os (0.3 g) and tetraethyl ammonium hydroxide (1.5 ml) were
added to a beaker containing 10 ml H,O. The suspension was stirred at room
temperature for 3 days. The product was filtered, dried and examined by TEM.

In the second method, Ta;Os (0.3 g) was added to 10M NaOH (4g in 10 ml) solution
and stirred vigorously for 30 minutes. The resultant mixture was poured into a teflon
vessel which was placed in a sealed autoclave. The autoclave was put in an oven at 170
°C for 48 h.

The autoclave was removed and cooled under running water for 30 minutes. The
teflon vessel was removed and the resultant pink solid was washed under vacuum with

copious amounts of distilled water. The product was examined using TEM.

Tungsten Oxide

WOs (9.28 g, 0.04 M) was ground and added to 10 M NaOH (4 g in 10 ml) and
stirred vigorously for 30 minutes. The resultant mixture was poured into a teflon vessel
which was placed in a sealed autoclave. The autoclave was put in an oven at 160°C for
24 hours.

The autoclave was removed from the oven and cooled under running water for 30
minutes. The contents of the autoclave were poured into a beaker containing ~100 ml
of water. The reactants had all dissolved in the reaction mixture. The mixture was

neutralised by the addition of hydrochloric acid, this resulted in the precipitation of a
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yellow solid. Upon filtration and drying the yellow powder crystallised into green
randomly shaped crystals. The product was examined using TEM, no nanotubes were
observed. The sample was subjected to mass spec analysis; ES- 335(NaWOQs), 309,
277, 263(WOs), 248(WO0Oy), 232(WO03), analysed by the School Mass Spectrometry
Service on a Micromass LCT electro-spray mass spectrometer.

'3W NMR, collected on a Varian Unity + S00MHz NMR machine at 20.808 MHz

was attempted on the product of the reaction'"

. The spectrum of the tungsten standard,
Na;[WO,] was taken. However as the "W nucleus is 5.85x107? times less sensitive
than carbon 13, not enough of the sample could be dissolved in solvent to produce a
signal. The solvents tried were H,O, methanol, chloroform, DMSO, acetone. The
sample was run in HCI with D,O. The literature method for the study of aqueous
isopolytungtates reacted WO; with LiOH and the NMR of the acidified reaction
solution was taken directly. As the product initially came out of the autoclave as a
liquid the reaction was repeated with the hope of directly taking the NMR spectrum
from the reaction solution. When the mixture was poured from the autoclave a white
solid had formed. This solid could also not be dissolved in a solvent. The isotope
abundance of W is: 182- 26%, 183- 14%, 184- 30%, 186- 30%.

In the second method WOs (0.2 g) and butyl amines (1 ml) were added to a beaker

containing 10 ml H,O. The suspension was stirred at room temperature for 3 days. The

product was filtered, dried and examined by TEM.
Silicon Oxide

Si0; (2.57 g, 0.04 M) was ground and added to 10 M NaOH (4 g in 10 ml) and

stirred vigorously for 30 minutes. The resultant mixture was poured into a teflon vessel
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which was placed in a sealed autoclave. The autoclave was put in an oven at 160 °C for
24 h.

The autoclave was removed from the oven and cooled under running water for 30
minutes. The contents of the autoclave were poured into a beaker containing ~100 ml
of water. The reactants had all dissolved in the reaction mixture. The mixture was
neutralised by the addition of hydrochloric acid. The water was removed using a rotary
evaporator. The resultant solid contained the product and NaCl salt, the later was
dissolved in water while the silicon material did not re-dissolve due to its insolubility at

this pH. The product was examined using TEM.

Aluminium Oxide

Al O3 (4.08 g, 0.04 M) was ground and added to 10 M NaOH (4 g in 10 ml) and
stirred vigorously for 30 minutes. The resultant mixture was poured into a teflon vessel
which was placed in a sealed autoclave. The autoclave was put in an oven at 160 °C for
24 h.

The autoclave was removed from the oven and cooled under running water for 30
minutes. The contents of the autoclave were poured into a beaker containing ~100 ml

of water. The product was examined using TEM.

2.2 Characterisation of Nanotubes

2.2.1 Selected Area Electron Diffraction
When the electron beam passes through a crystalline specimen it is scattered by the
crystal planes, as shown in Fig. 2.1, defined by (h k 1) according to Bragg’s law:

2d'sin© =nA 2.1
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where d is the d-spacing of the crystal planes, n the order of reflection and 6 the angle
of incidence (Bragg angle). As the electron wavelength for an electron microscope
operating at 200 kV is 0.0251 A, much smaller than the wavelength used in
conventional X-ray diffraction, the Bragg angle is also much smaller due to Bragg’s

law.

Incident
/ beam
d g\ /
20 \
transmitted diffracted
beams beams

Fig. 2.1 Electron beam passing through a crystalline sample.

Both transmitted and diffracted beams are focused by the objective lens to the
back focal plane. The beams diverge and form a magnified image of the object in the
intermediate image plane. Below this plane, two modes of operation are possible:
imaging and diffraction, as shown in Fig. 2.2.

In the image mode, the lower lens magnifies further the intermediate image onto the
florescent screen. When a weaker lens is used underneath the intermediate image plane,
the electron wavefront in the objective back focal plane is projected onto the screen,
giving the diffraction mode. Selected area electron diffraction (SAED) is achieved
when an aperture is inserted into the intermediate image plane, which enables the

collection of beams scattered only from a small area in the specimen, as shown in Fig.
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2.3. In the intermediate image plane a larger aperture can be used than would be

necessary near the specimen due to the enlarged image.

Specimen plane

Objective lens

Diffraction lens Strong lens

\

Projected diffraction pattern A Projected mage B

Fig. 2.2 Schematic diagram of the modes of microscope operation.

Selected-area Aperture

Fig. 2.3 Schematic diagram of selected area electron diffraction.
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Determination of the unit cell

A SAED pattern can be regarded as a two-dimensional projection of the reciprocal
lattice of a crystalline specimen. Since the Ewald sphere (diffraction sphere) is large,
with a radius of 1/A, the set of diffraction spots obtained along one zone axis is an
almost undistorted picture of the zero level of the reciprocal lattice. Consequently,
distances can be measured directly from the recorded negative film of a SAED pattern
and the corresponding vectors in the reciprocal lattice can be calculated from these
distances using the camera length, L, as shown in Fig. 2.4. The angle related to two

spots on the SAED pattern is the direct projection of that in the reciprocal lattice.

specimen
L |20
& ® [
® -
® ® ®

Fig. 2.4 Schematic drawing of relationship between camera length and direct
measurement on the SAED pattern
20= 25 2.2
L
The distance in reciprocal space corresponding to that measurement, denoted d*, is

given by:

g - 2sin6 _ D’

= 23
A LA

as sinf = 0, if 0 is small and measured in radians.
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A SAED pattern normally gives only a magnified 2D reciprocal lattice. The first
level in addition to the zero level of a reciprocal lattice may be observed and
information about the third dimension may be obtained. A more practical method is to
record many SAED patterns along various zone axes from different crystallites if the
specimen is monophasic or from the same crystallite by tilting. Combination of these
SAED patterns leads to an enlarged 3D reciprocal lattice. The reciprocal unit cell
parameters, a*, b* ,c* a* ,B* ,y* can then be calculated. The volume of the reciprocal

cell is given by:
V" =2a"b"c"[sin(s )sin(s” — o Jsin(s" " Jsin(s* —y*)]"° 24
where s” = %(a +B"+v")
Real space unit cell parameters can be calculated by the relations:

b*c*sina* c*a*sinf* a*b*siny*
.. p Crarsinp* gt R) 2.5

V* V* V*

| cosB*cosy*—cosa*
oL = COS ) -
sinB*siny*

coso*cosy*—cosP*
sino*siny *

B=cos™

cosB*cosa*—cosy*
sin*sino*

Y=cos"

Electron specimen interactions
The transmission function of the sample, yo(r) can be expressed in terms of the
specimen potential, ¢c(r), which disturbs the electron waves as they pass through the

specimen:

W, (r) = expliod(r)-n(r)} 26
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where d)(r) is the projected electrical potential within the specimen, ¢ the interaction
parameter and n(r) is a physical absorption coefficient. The electrical potential term
describes how the phase of the electron beam is altered by the specimen. The physical
absorption coefficient incorporates the electrons lost due to inelastic scattering giving
rise to X-ray emission and other processes.

When the interaction between the electron beam and the specimen is weak (i.e. ¢ is
small) the exponential can be expanded and only the first two terms, which are linear,
need to be considered. Therefore the expression for the object transmission function
becomes

W, (r)~ 1+icd(r)-n(r) 2.7
This is known as the weak phase object approximation and is valid if both the phase
change and the physical interaction coefficient are small. This is similar to the
kinematic approximation for x-rays and is permissible only if the scattering is very
weak.

The amplitude of the beam in the diffraction plane, yp(S), is a Fourier transform of
the object transmission function.

v, (8)=8(0)+icV (S)-Q(S) 2.8
where 8(0) represents the undiffracted primary beam, V(S) is the Fourier transform of
d)(r) and Q(S) is the Fourier transform of n(r). Assuming there are no contributions
from lens effects or defocus, the amplitude of the electron waves in the image plane is
the inverse Fourier transform of the diffracted beam amplitude:

W, (r) =1+ icrd)(r)—n(r) 2.9

The interaction of electrons with the specimen is much stronger than with X-rays.

This leads to the interaction parameter for electrons with matter:
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where E is the accelerating voltage, A is the electron wavelength and B is the ratio of the
electron velocity to the speed of light. From this equation il cau be seen thal decreasing
the accelerating voltage leads to a greater interaction between the electron beam and
matter. Relativistic effects altering wavelength at higher accelerating voltages also
affect this interaction. Due to the strong interaction of the electrons with matter only
small amounts of specimen are required to produce diffraction which allows the
collection of information from submicron sized crystals. The strong interaction can also
be problematic as it means that experiments need to be carried out in a vacuum, as the
electron beam would be scattered by gas molecules.

The weak phase object approximation is a gross over simplification of the situation
occurring when the electron beam passes through the sample. Multiple scattering

accounts for this.

Multiple scattering

One of the most important effects of the strong electron-matter interactions is
multiple scattering. In other words, the scattered electrons might be scattered again
before emerging from the other side of the specimen. This is shown in Fig. 2.5. The
amplitude of the diffracted beams are still the Fourier transform of the object wave
function, wo(r), but wo(r) has become a complicated function with a complex
relationship to the object potential. This results in the diffraction intensities, and thus
the image formed by recombination of the diffracted beams, being difficult to interpret.
The intensities of the diffraction spots are no longer simply related to the structure, they

can be affected by the specimen thickness. It is possible to generate diffracted beams
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which are normally forbidden by the rules of space-group symmetry. Consequently,

extracting space-group information from the intensities of spots in SAED patterns is

N
e DA =
AYAVAY

fraught with difficulty.

Primary Diffracted
beam beam

Fig. 2.5 A schematic diagram of two-beam dynamic scattering

We must consider the case where a single incident beam is diffracted by successive
planes in a crystal. After diffraction there will be the remainder of the incident beam
and one diffracted beam. If the specimen is considered to be layers of atoms, or planes
of electronic potential, with an interlayer spacing of Az then it is possible to consider
the scattering due to each successive layer. Supposing that after diffraction by the first
layer the amplitude of the incident, or primary beam, Ap, is reduced to A, and the
amplitude of the diffracted beam, Ap, is B. As these two beams progress and encounter

the second plane, part of the primary beam will be diffracted and add amplitude to the
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diffracted beam, and part of the diffracted beam will itself add to the primary beam.
After the second layer the resultant primary and diffracted beams are made up as
follows:

A, = (4% + B Jexp(i5) A, =2ABexp(id) 2.11
The exp(id) term is the phase factor arising from the propagation of the wave between
the layers.

After n layers, the primary and diffracted beams can be expressed as:

4, =1/2|(4+BY +(4- BY |exp{(n 15} 2.12

4, =1/2(4+ B (4~ BY |exp{(n—1)5}
These amplitudes express the dynamic inter-exchange of energy between the primary
and the diffracted beam as the electron wave propagates through the crystal and gives
rise to the name dynamic theory. For energy to be conserved the sum of the intensities

of the primary and the diffracted beams must be unity.
A, +[A,| =1 2.13
Therefore A = cosw and B = isin®

Consideration of how the electron wave is altered by the electric potential in the planes

allows the object transmission to be expressed as:
W, (x, )= explio(x, y)Az} 2.14
where cl}(x, ¥)Az is the projected electrical potential in the layer.

If the scattering by this single layer is small then we can expand the exponential and
only consider the linear terms. In other words we assume kinematic scattering but only
for one layer. Consequently the total amplitude of the wave after diffraction, yp(h,k),
by the plane is:

v, (B,k )= 8(0,0)+icF (h,k)Az5(h, k) 2.15
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where F(h,k) is the Fourier transform of d)(x, y) and §(0,0) is a point function of unit
weight at the origin. Thus 6(0,0) represents the primary beam and F(h,k)Az represents
the diffracted beam.

Assuming that when o is small cos(w)—1 and sin(®w) — ® means that the wave
function of the diffracted beam can be rewritten as:

. (k) ~ cos|oF (b, k )Az[5(0,0)+ i sin[c F (h, k)Az (k) 2.16
Thus A and B can be written as:
A=cos[oF(hk)Az] B =isin[cF(h,k)Az] 2.17
After the beams have passed through n layers of atoms in the crystal, the primary

beam amplitude, Ap, is:

A= %[(cos(cF(h, k)Az) +isin(cF (h,k)Az))' +(cos(cF (h,k)Az) —i sin(cF (h,k)Az))’ ]exp{(n ~1)i8}

—;[(exp ioF(h,k)Az)) +(exp{~icF(h,k)Az)})’ ]exp {(n—-1)i8}

= %[cos(ncF(h, k)AZ) +i sin(ncF (h,k) Az) + cos(no F (h,k)Az) — i sinn(F (h,k) Az) lexp {(n —1)i8}
= cos{cF (h,k)t}exp{(n—1)i5}

2.18
where t = nAz is the crystal thickness. The diffracted beam amplitude, Ap, can be
expressed as:

A, =isin{cF (hk )t }exp{(n—1)i5} 2.19

As the electron beam passes through the crystal, the primary beam will gradually
diminish and the diffracted beam will increase. This will continue until a limit is
reached where the primary beam is no longer present at the exit face of the crystal. This
point is known as the extinction distance and occurs when t = w/26F(h,k). Under these
conditions the diffracted beam amplitudes are related to the F(h,k)’s by a very complex

relationship.
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This approach can be extended to the situation where the incident beam is not
inclined to the planes and then to the situation where many beams are dynamically

scattered.

2.2.2 HRTEM

The products were studied using the JEOL JEM-2000FX and JEOL JEM-2011
electron microscopes. A small amount of product was ground to a fine powder using a
mortal and pestle. A few drops of acetone were added to form a suspension of particles.
Using a Pasteur pipette a drop of the suspension was placed on a carbon film supported
on a copper grid. The sample was inserted into the microscope and examined using an
accelerating voltage of 200 kV. The electron source in the JEM-2000FX microscope is
a tungsten filament, whereas in the JEM-2011 microscope it is a LaB crystal.

An electron microscope essentially consists of an electron source and a group of
electromagnetic lenses. Electrons from either a thermionic source, such as a tungston
wire or LaBs crystal, or a field emission gun are accelerated across a potential
difference, in the microscopes used this value was 200 kV. A diagram of a TEM is
shown in Fig. 2.6. The important factors in an electron source are brightness (how
much radiation is emitted) and coherence (how parallel the beam is)'"*.

The condenser lenses then focus the electrons into a parallel beam and the beam
strikes the very thin sample mounted on a perforated carbon film. The electron beam
reacts with the sample whereupon the transmitted and diffracted electrons recombine
and are focused by the objective lens. The beams then diverge and are focused by the

projector lens, hitting a fluorescent screen resulting in a structural image. The image

can be recorded on a photographic plate or be captured by a CCD camera.
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Fig. 2.6 A schematic diagram of a TEM.

An electron leaves the filament with high potential and thermal kinetic energy, and
arrives at the anode with high kinetic energy and no potential energy. The principal of

energy conservation applied to an electron of charge —e, mass m and velocity v using

the De Broglie relationship, p =mv = % gives

2 2
eV:lmv2=p A

£ o — 2.20
Z 2m  2mA°

where p is the electron momentum and h is Planck’s constant. Thus,
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A= — 2.21
2meV

When the accelerating voltage, V, is very large, v is comparable with the speed of light,
¢, and the relativistic corrections in mass of the electron and in accelerating voltage
should be taken into account,

h h

A’ — p—
2meV
J ’ \/ZmoeVa(l + eV, 2]

2m ¢

2.22

where m, is the electron rest mass and V, is the accelerating voltage before the

relativistic correction. V, =V, +[ 5

> ]Vf is often called the relativistic accelerating
m,c

voltage. Therefore with an accelerating voltage of 200 kV, the electron wavelength A =

0.0251 A.

Spherical aberration

The resolution of the image in HRTEM is partly dependant on the optical
characteristics of the objective lens. This lens recombines the diffracted beams from the
sample to form the initial image. Spherical aberration is the most significant of these
factors, it introduces a phase difference in the individual diffracted beams and this can
lead to confusion in the contrast when the real image is synthesised' .

Spherical aberration is caused when rays at different distances from the optic axis
fail to converge to the same point. This effect can be countered to some extent by
defocusing the beam. If we consider a perfect lens the two rays should intersect at a
point on the Gaussian image plane, however if spherical aberration is present the non-
axial ray reaches the Gaussian image plane at an amount, Ar, from the optic axis, where

Ar is the radius of the disc of least confusion, given by:
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Ar = MC o’ 2.23
where M=b/a is the magnification of the lens and C; is the coefficient of spherical
aberration and a is the scattering angle between the two rays.

The angular deviation of the non-axial ray caused by the spherical aberration can be

expressed as:

= — 2.24

where F is the focal length of the lens. This effect is illustrated in Fig. 2.7.

Gaussian
image plane

Lens

A
Y
r 3
Y

Fig. 2.7 Ray Paths in a Lens subject to Spherical Aberration.

If we now consider two non-axial rays, shown in Fig. 2.8, one at a distance R from
the lens centre and the other at a distance of R +dR then the path difference, ds, arises

from the extra deviation &, and is given by:

ds = &,dR 2.25
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Lens centre

P2
Fig 2.8 Ray Paths for two non-axial rays in a lens subject to spherical aberration.

The total path difference Wy(a) between the non-axial ray and one along the optic

axis is:
271' C R3 27 1C.R* (271 %
/4 =—A as = * —dR=———""—= — |-C 2.26
(@)= I A4 F° (,1)4 &
Defocus effect

Increasing the focal length by an amount AF causes a non-axial ray to be brought to
the optic axis further from the specimen, increasing the image distance, Ab. This effect
is shown in Fig. 2.9. The angular deviation, &, is given by:

AbB AbR _ AFR

. = = 227
T T P
The phase difference between axial and non-axial rays is:
2 27 't AFR (2;:]1
W(x)=——|&,dR="— dR =| =~ |=AFa’ 2.28
=7 A A ! F? )2
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Fig. 2.9 Ray paths in a lens with increased focal length.

As spherical aberration and the defocus effect have opposite signs, the complete
phase shift is given by :

1

= 2—7:|:l£kl?ot2 ——Csa4] 2.29
2 4

x(@) y

which is the Scherzer’s formula. If S is defined such that |S | =2sin@/A~a/Awhena

is small, then:

2n| 1 S | 4
x(S) = —?L—[EAF?LZ|S| -chﬁys| ] 2.30

%(S) is normally referred to as the Phase Contrast Transfer Function (PCTF). This
function describes the way in which the phase shifts are introduced into the diffracted
beams and converts the phase difference into an amplitude difference in the image
intensity. This introduces contrast into the image.

Since x(S) depends on AF, the image contrast will consequently change with AF. In
an image formed from a series of fringes the relative amplitudes of the fringes will be
determined not only by the structure but also by the lens defocus. If the lens defocus

causes reversal of the contrast of some fringes the image may not look like the

specimen producing it. The terms in the PCTF involving AF and C; have opposite
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signs, thus ensuring that for a limited range of S values there will be a defocus position
where they approximately cancel. This defocus is referred to as the Scherzer focus. All
beams lying within the range from S, to S, will be imaged with approximately the same
relative contrast. The spacing corresponding to S; is called the interpretable resolution

limit. The form of sin ¥(S) at the Scherzer focus is shown in Fig.2.10.

sin[x]

Sl AR

J (reciprocal angstroms)

Fig. 2.10 sin[x] part of phase contrast transfer function at the Scherzer focus (AF = -380

A) for a microscope operating at 200 kV with C; = 0.41 mm.

Chromatic aberration and beam divergence

Two other important factors effect resolution, these are chromatic aberration and
beam divergence. Chromatic aberration is caused because the focal length of the
magnetic objective lens is dependent. on the energy of the electrons. The electron beams
that pass through the sample are not monochromatic, they have a range of energies and
wavelengths. The primary cause is the fluctuation in the energy of electrons leaving the
filament. This arises from slight oscillation in the accelerating voltage (AV) and

variations in the electron energies owing to thermal effects (AE). Both of these effects
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cause minor variations in scattering angle for a given diffracted beam and also change
the focal length of the objective lens. The second cause of chromatic aberration lies in
fluctuations in the current of the objective lens coils (AI). This also changes the focal
length of the lens. Finally there are energy loss processes in the specimen. These are
not normally too serious because electrons which have suffered a diminution in energy
by, for example, giving rise to X-ray emission, are then emitted incoherently by the
specimen and are assumed to form a constant background scattering. Consequently, the

three effects give a focal spread for the microscope, 8F, which is defined as:

AVY (AEY (AIV]

where Cc is the coefficient of chromatic aberration, V the accelerating voltage and I the
objective lens coil current. Due to these fluctuations in electron energy for any given
value of defocus, AF, the real value will be AF + oF.

Beam divergence, or spatial incoherence, occurs because the filament is not a point
source and consequently the beam incident upon the object is never exactly parallel.
The electron beam tends to be focused onto the specimen in order to produce bright
enough illumination, therefore when the beam passes through the condenser aperture
the aperture is incoherently illuminated. This creates a cone of illumination and the
image intensity is an average over a small circular range of beam inclination angles, or
an average over a range of 8S values.

The effect of this incoherence on the image can be calculated by integrating over
the range of illumination angles. This means that for different values of defocus the
interpretable region of the overall transfer function (which incorporates the beam
divergence and chromatic aberration envelope functions) will be at different values of

S. The result of this is that at higher values of defocus finer detail can be observed in
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the image. The overall affect of the chromatic aberration and beam divergence

envelopes on the PCTF is shown in Fig 2.11.

sin[x]

V UU vV
J (reciprocal angstroms)

Fig. 2.11 sin[x] part of the phase contrast transfer function with the chromatic and
beam divergence envelopes (AF = -380 A) for a microscope operating at 200 kV with

Cs=0.41 mm.

2.2.3 EDX

The composition of the samples was investigated using energy dispersive X-ray
spectroscopy (EDX). EDX can analyse individual crystals and can therefore detect
impurities that may be present in concentrations too low to be detected by powder X-
ray diffraction. Energy dispersive X-ray spectroscopy measurments were carried out on
a JEOL 2010 electron microscope using an Oxford Link EDX system and on a JEOL
5600 scanning electron microscope using an Oxford Inca EDX system.

X-rays are generated by bombarding the sample with a beam of high energy
electrons. The electrons in an atom occupy different quantum levels, each having a
definite energy. Starting with the shell closest to the nucleus these shells are termed K,
L, M, N etc. Excitation of an electron can cause it to be ejected from the atom, causing

an electron from a higher level to drop down to fill the hole. Due to the laws of
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conservation of energy a quantum of radiation will be emitted from the atom
corresponding to the energy difference between the levels. These quanta of radiation
(x-rays) are detected and as each atom has its own characteristic energy levels, serve as
a fingerprint to identify elements present within a crystal and the composition of the
sample can be determined. The X rays are detected and displayed as a spectrum against
energy level.

The energies of the emitted X-rays are characterised according to which shells are
involved. The notation used is as follows:

K, corresponds to a L to K transition
Kjp corresponds to a M to K transition

There are several technical problems that could affect the quality of an EDX
spectrum. The most important of these is the absorption problem. If the X-rays that are
detected are generated deep in a thick crystal they could be absorbed by the rest of the
crystal. The absorption is dependent on the wavelength, which is characteristic of each
element misleading data can be observed. Absorption may also occur from crystals near
the area under examination, causing a lowering of intensities which also leads to
misleading composition results. The specimen grid contains grid bars, which also cause
absorption. The grid bars also generate X-rays by fluorescence. These effects can be
avoided or reduced to a minimum by collecting spectra from relatively thin crystals
(around 30 nm) and selecting a good examination area in a particle positioned away
from the grid bars, thus limiting re-absorption.

To analyze a spectrum the area of each peak must be compared. Spectra from
standards of known composition are then compared to the experimental data to obtain
composition information. A good approximation is that for a thin sample (<100 nm) the

concentration ratio of two types of atoms, x and y, can be written:
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where 7, and I, are the intensities of the main X-ray emission lines and Kyy is a

constant obtained from a standard containing x and y. With the experimental conditions
well controlled the accuracy of the EDX results is still low ( >+ 5% on elemental
ratios). Therefore it is. necessary to analyse many particles, 20 to 30, and take an

average value of the results to obtain elemental compositions.

2.2.4 SEM

A small amount of sample is crushed into a fine powder using a mortar and pestle.
A small piece of adhesive carbon film is stuck on the mount and the fine powder
applied to the other side of the film. Excess powder is blown off using pressurised inert
gas, leaving a fine dusting of sample on the film. The mounted sample is placed in the
specimen holder and using the JEOL 5600 SEM software digital images are obtained.

When an electron beam hits a sample, electrons are ejected from atoms, these
secondary electrons have a lower energy than the incident beam. It is these electrons, as
well as back scattered electrons are of interest in scanning electron microscopy (SEM).
The technique is used to investigate surface morphology. Magnetic contrast and local
electrostatic potential can also be seen using SEM. A diagram of a SEM is shown in
Fig. 2.12.

The intensities and energies of these electrons carry information about the
morphology of the surface under investigation. As can be seen from Fig. 2.13, the
electrons from D are more likely to be detected than A, thus giving a morphology
contrast in the image. Magnetic contrast can be observed if, for example, one part of

the sample is ferromagnetic and another is non-ferromagnetic, as more electrons will
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escape from one type than the other, giving a contrast. Different crystal orientations
may also result in a contrast. The number of secondary electrons leaving the specimen
surface is different from the number of electrons striking it in the primary beam. For
the sample to remain at equipotential the extra charge must pass through to the earth
plate. If the specimen is an insulator this cannot happen and the sample charges. This
effects image quality, to remedy it the sample can be coated in a conducting material or
the voltage can be altered to give better images. Coating a sample can be problematic.
If the coating is too thick the detailed structure of the surface can be lost, and if the
sample has many steps coating may not be complete, which will still give charging
problems.

The principal of SEM is similar to that of a light microscope. The advantages of

SEM include great depth of focus and much higher resolution.
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Fig. 2.12 Diagram of SEM
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Fig. 2.13 SEM image formation

The picture element is the region on the specimen to which the beam is addressed
and from which information is transferred to a single spot on the cathode ray tube
(pixel). The minimum cathode ray tube spot size diameter is usually 0.1mm.

Picture element diameter = —M 2.33

magnification
When the magnification is increased the picture element diameter decreases. Hollow
magnification may occur when the magnification is increased and no additional
information can be obtained due to overlapping of picture elements. The SEM image
will appear in focus if the sampling volume is smaller in diameter than the picture

element. Resolution of an image is affected by beam size.
The depth of field depends upon the electron beam divergence angle, which is
defined by the diameter of the objective lens aperture and the distance between the
specimen and the aperture. Depth of field is increased by reducing the beam divergence

angle, which can be done by increasing the working distance or decreasing the aperture
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diameter, or by decreasing the magnification. The depth of field is the area of the
image in effective focus, as shown in Fig. 2.14.
D/2 =r/a 234

Combining equations 2.33 and 2.34 gives:

2.35

Plane of
optimum focus E
D E
Region of image '
in effective focus
Fig. 2.14 Depth of field in SEM.
2.2.5 Powder XRD

Powder X-ray diffraction is an invaluable method for the characterisation of
polycrystalline material. It is a routine method of characterisation for powder
specimens as each compound has a unique powder pattern that can be used as a

fingerprint allowing easy identification of crystalline phases.
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A diffraction pattern is obtained from crystalline samples according to the Bragg’s

Law:

nA=2dsin@ 2.36

Peaks are obtained at each allowed d value (according to Bragg’s Law), depending

on the crystal structure. Diffraction patterns represent scattering from parallel planes
and depend on type and location of atoms in the unit cell. A schematic diagram is

shown in Fig. 2. 15.

LY
— o, —
.

Fig. 2.15 X-Ray diffraction.

In a powder X-ray diffraction experiment the angle, 6, is altered and the
resultant intensities plotted in the form of a powder pattern.

Symmetry within the structure can lead to systematic absences which aid the
determination of space group and therefore the determination of structure.

When an incident beam of X-rays is diffracted by a three-dimensional body the

phase and amplitude of the X-rays is altered, as shown in Fig. 2.16.

Fig. 2.16 Diffraction from a three-dimensional body
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The amplitude of the diffracted beam in the direction s can be expressed by setting
an arbitary origin at O, and considering a point P a distance and direction r from Q. The
path lengths which the diffracted beam must travel are dependant on whether the beam
is diffracted from point O or P. In vector notation the path difference, §, is given by:

O=rs,—rs 2.37

where s, is the incident beam and s is the diffracted beam. There will also be a phase
difference between the beams diffracted at different points due to the difference in path

lengths. This phase difference is:

The amplitude of the beam (A) diffracted by a volume element dVr at P is:

A= wo(r)exp(z"—f(r's{ﬁ]dv, 2.39

where yo(r) is the transmission function of the object, which describes the amount of
radiation scattered by the object.
Defining a scattering vector, S, as:

2sin O 240

S= %(s—su) where [S|=

as shown in the vector diagram Fig. 2.17:

So

Fig. 2.17 Vector diagram

Rewriting equation 2.39, we obtain:
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A(S) =y, (r)exp 2mir.SdV, 2.41
summing this expression over all volume elements to get the total diffracted amplitude:
(S)=>" w,(r)exp(2mir.S)dV, 2.42
If dVr becomes infinitely small then the summation can be replaced by an integral.
¥(S)= [ v, (r)exp(2mir.S)aV, 2.43
This is a Fourier Transform function that can be written as:
¥(S)=FT[y,(r)] 2.44
This means that the total diffracted amplitude, W(S), is the Fourier Transform of the
transmission function, yo(r), of the sample. The transmission function can be expressed
in terms of the electron density by which the beam is diffracted., because the X-ray
beam is diffracted by the electrons in the atom, therefore:
wn(r) = exp icp(r) 2.45
where o is the interaction parameter and p(r) the electron density. Due to the relatively
weak interaction of X-rays with the electrons in the atoms this equation can be
simplified. By expanding the exponential we need only consider the first two linear
terms, the higher order terms can be disregarded. This is known as the kinematic
approximation and is valid only if the scattering is very weak. Therefore:
v, (r)~ 1+iop(r) 2.46
Considering how the phase change varies with r, we can define a modified diffraction

amplitude as:

F(S)= % =FT[p(r)] 2.47
F(S)= [p(r)exp(2nir.S).dV, | 2.48

Or expressed in modulus argument form:
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F(S)=|F(S)expid(S) 2.49

In a powder X-ray diffraction experiment the angle, 0, is altered and the resultant
intensities plotted in the form of a powder pattern. The intensity is the square of the

modulus of the diffracted beam:

1(8)=|F(S) =|Frlp()] 2.50

This information gives us the modulus but not the sign, or phase part of F(S). This is
known as the crystallographic phase problem. The crystal structure can only be solved
if we know both the modulus and the phase terms. This is normally done by direct
methods. The phase is determined directly from the intensities by statistical methods.

In this project, all the X-Ray powder diffraction patterns were collected on the

Philips —1 machine using Cu K o wavelength 1.54A

2.2.6 Raman Spectroscopy

Raman spectroscopy measures the vibrational energies of molecules''. For a
transition to be Raman active, there must be a change in polarizability of the molecule.
The size of the induced dipole, 1, depends on the magnitude of the applied field, E, and

on the ease with which the molecule can be distorted:

u=ak 2.51

When the photons from the incident beam collide with the sample molecules, radiation
is scattered. If this radiation has a frequency lower than that of the incident beam it is
referred to as Stokes’ radiation. The radiation of a higher frequency is referred to as

anti-Stokes’ radiation. Stokes’ radiation is generally more intense, however the total
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radiation scattered is small so sensitive apparatus is needed. Raman spectra were

recorded on a Perkin-Elmer System 2000 FT/IR/Raman Spectrometer.
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Chapter 3 Trititanate Nanotubes

3.1 Trititanate nanotubes from TiO,

The aim of this series of experiments is to investigate the mechanism of
formation of trititanate nanotubes from the hydrothermal reaction of rutile TiO; and 10
M NaOH solution. The conditions used were 140 °C for 72 h. Nanotubes have been
shown to form from 110 °C up to 190 °C. Higher temperatures and higher NaOH
concentration produces nanowires. TiO,-B nanowires were produced at 170 °C and
15M NaOH solution. As the temperature is raised above 170 °C the yield of tubes is
reduced. If a temperature of 170 °C is used the conversion to nanotubes is around 60%.
The conditions used are by no means the optimum condition for nanotube production,
but are adequate for the mechanistic experiments.

To investigate the formation mechanism experiments were run using a 1:2.5
molar ratio of TiO, to NaOH, which was in a 10 molar solution with water.

Reactions were run at two hour intervals from 2 to 24 hours and the products
were subsequently viewed using the JEOL 2000-FX and JEOL 2011 microscopes. It
has been found previously that a high yield of nanotubes can be produced after 72
hours of reaction. After this time most of the material has been converted from rutile to
nanotubes without leaving many clues as to the mechanism of reaction. The reaction
was stopped after short periods of time using the same conditions and reactant amounts
to investigate the path of the reaction.

The samples showed 4 phases present:

In the sample reacted for 2 hours the material was almost exclusively
polyhedral rectangular-like titanium dioxide starting material, shown in Fig. 3.1. The
structure of the starting material has been confirmed as rutile by XRD pattern (Fig.

3.2), a ceramic crystalline material which consists of distorted hexagonally close-
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packed oxide layers in which half of the octahedral holes are filled by oxygen. The
reaction time was not long enough for any substantial reaction to have taken place. This
is to be expected as the reaction takes 72 hours to produce a good yield. As the reaction
is done in a static autoclave the reaction will require a period to reach the temperature

of the oven and for the reactants to become mobile, and after 2 hours no significant

reaction had occurred.

104 min

Fig. 3.1 TEM image of the material present after 2 h reaction time, crystalline TiO,.
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Fig. 3.2 XRD of starting material, indexed as rutile TiO,.



After 4 hours the product was mainly unreacted starting material, with small
areas of amorphous material present. This amorphous material contains sodium,
oxygen and titanium in a disordered state, shown by EDX results on both scanning
(Fig. 3.3) and transmission electron microscopes. An image of the amorphous material

is shown in Fig. 3.4.

Oxygen Kei Tanium Kal

Fig. 3.3 SEM elemental mapping of a sample of TiO; reacted for 4 h with 10 M NaOH.

The image is shown in (a), with the sodium map shown in (b), the oxygen map in (¢)

and the titanium map in (d).
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Fig. 3.4 TEM image of amorphous material from a specimen of TiO; after 6 h reaction
with NaOH.

In an attempt to show the nature of the amorphous material, a sample was
washed excessively with water. The sodium in the amorphous phase leached out and
was washed out along with the excess base. This shows that the sodium is not bound to
the Ti or O in the amorphous phase and probably exists as free ions, weakly physically
attached to the amorphous material. When a sample is washed for a shorted period of
time Na ions can be seen in the amorphous phase. The harsh reaction conditions of high
temperature, pressure and NaOH solution concentration result in the breaking some of
the strong Ti-O bonds to produce fragments of material containing TiOg octahedra and
results in a phase containing titanium, oxygen and sodium. The hydrogen present could
not be detected by EDX.

The sample heated for 6 hours still contained a large amount of crystalline
material- greater than 50%- and a large amount of amorphous material, in areas of
varying size. This sample also contained a small percentage of nanotubes, which were
randomly orientated, and in many cases attached to amorphous material. It is believed
that this is due to the high viscidity of the tubes, which are attached to each other in

high yield samples. Thin plates of material of varying layer thickness were also seen in
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this sample. The difference in transparency to the beam of these plates showed the
different layer thickness.

As the reaction time increased to 24 hours- a third of the overall reaction time-
the percentage of crystalline starting material decreased, with the percentage of
nanotubes increasing. The amorphous material and plates were also present in all of
these samples.

The next stage of the reaction is the formation of thin plates of trititanate,
H,Ti307, which are produced when single layers extrude out of the amorphous phase
and couple together to form plates of varying thickness, shown in Fig. 3.6. The
observed d spacing of 1.88 A is indexed as the (020) plane of H,Ti;0,. Fragments of
titanate present in the amorphous second phase may couple together through
electrostatic interactions, with the negatively charged plates held close together by
positively charged sodium ions, the end groups of these fragments may link together
through covalent bonding to form sheets of trititanate. These layers of trititanate couple
together to form thin plates, which are seen in the reaction mixture. Due to the high
concentration of sodium ions in the solution, there may be sodium ions intercalated
between the layers. From the thin plates single layers peel off to form nanotubes.
Titanium dioxide and titanates all exhibit similar structures, being based around TiOs
octahedra. In TiO, these TiOg units are linked by two edge-sharing octahedra and
eight corner-sharing octahedra in the case of anatase with four edge-sharing
octahedra and four corner-sharing octahedra in the case of rutile. In H;T1307 the
structure contains stepped sheets of three edge sharing TiOg units, which is shown in
Fig. 3.5. The stepped structure is created through corner sharing. Trititanate plates

recrystallising from the amorphous phase show that some of the bonds in TiO; are
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broken, but that the building blocks of titanate related structures are present, and that

under the reaction conditions the material is re-ordered into H,Tiz01.

Fig. 3.5 Structure model of H,Ti3O7. Grey spheres are H' ions, red spheres O atoms

and grey polyhedron are TiOs octahedron.**
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Fig. 3.6 HRTEM image of a trititanate plate and the corresponding SAED pattern.

The final step in the reaction is the production of nanotubes from thin plates. A
single nanotube is shown in Fig. 3.7. The structure of the nanotubes has been shown to
be trititanate by XRD, Raman and HRTEM. EDX done on a single nanotube has shown
that the nanotubes contain only Ti and O and no Na. Hydrogen can not be detected by
EDX. The nanotube phase is a mixture of monoclinic H;Ti307, with a = 1.603, b =

0.375, ¢ =0.919 nm and B = 101.45°, and unreacted rutile TiO, as shown by XRD in
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Fig. 3.8. The sodium ions present in the reaction can be washed out of the tubes without

the loss of tubular structure. Therefore sodium is not necessary for the stabilisation of

tubular structure; they just balance the charge from the Tiz 0> plates.

TS
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Fig. 3.7 HRTEM imageof trititanate nanotube.
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Fig. 3.8 XRD pattern .c.)f the nanofube produéf indexed- a.s H,Ti307. The other peaks are

rutile TiO;.

The nanotubes have a scroll structure, shown by an end on image of a tube, Fig.
3.9. The number of shells in a single tube is ordinarily 4, with an outer diameter of 8
nm and an inner diameter of 4.5-5 nm. The tubes are hollow, with an intershell spacing

of 0.78 nm that corresponds to the (200) spacing in H,Ti307. The d spacing measured
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along the tube axis is 0.38 nm, which corresponds to the (010) plane, which is
systematically absent in the XRD. This is evidence that the tubes are composed of
Tiz0* sheets scrolled along the [001] direction. The range in diameter and number of
shells is small, as can be seen from Fig.3.10. This narrow distribution suggests that
there is a specific mechanism governing the size of the nanotubes. Due to the scroll
structure of the tubes the number of layers on either side may differ by one. The
nanotubes had a wide range of lengths, mainly in excess of 200 nm and up to a few

micrometers.

Fig. 3.9 HRTEM image of end-on nanotube, exhibiting a scroll structure.
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Fig. 3.10 Shell and diameter distribution of trititanate nanotubes.
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A crystal sheet of H,Ti307 is symmetric in hydrogen ion concentration in a bulk
crystal. In the reaction medium the concentration of sodium and hydroxide ions from
the 10 molar base is very high. The concentration of ions in contact with the top of the
surface layer is higher than that of the bulk side of the top layer. Therefore the side in
contact with the solution undergoes more frequent collisions with the Na" and OH
ions. The energy gain for an OH  ion to remove a H' ion from the crystal surface to
form a H,O molecule is very high, ~2 eV. It is therefore likely that hydrogen ions will
be removed, resulting in an asymmetric sheet.

Through a collaboration with Peking University and the Beijing Laboratory of
Electron Microscopy in Beijing''®, ab initio calculations have been performed on
H,Ti307 structures and it has been shown that removing surface hydrogen ions will
result in the contraction of the relevant Ti-O bond on the top surface.

These calculations are based on the density function theory (DFT) and
performed using the CASTEP computer code implemented in Cerius 2 software and
ultrasoft pseudopotentials. The cut-off of the plane wave basis was set at 300 eV.
Exchange and correlation effects were included through the generalised gradient
approximation, and the Brillouin zone of the unit cell was sampled viaa 3 x 7 x 3
mesh. The validity of the cut-off energy and mesh density was inferred from test
calculations on anatase phase TiO2 crystal. For this structure we obtained lattice
constants a = 0.380 nm and ¢ = 0.989 nm, in an excellent agreement with experimental
values and recent first-principles FLAPW calculations''”.

As the calculation involves nearly 100 atoms it is difficult for the calculations to
converge using the CASTEP method for configurations far away from the ground state,
therefore FastStructure code in Cerius 2 software was used to optimize the atomic

configurations and to calculate the total energy values. FastStructure is an ab initio
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software package specifically designed to determine the structures of molecules, solids,
and surfaces by calculating the energy and forces acting on the nuclei and determining
the nuclear locations corresponding to the energy minimum.

The Na” in solution, which is weakly bound to the surface, balances the charge.
The surface strain induced by the removal of the hydrogen ion will result in the sheet
curving. When the average number of hydrogen loss per formula unit (8) approaches 1,
the surface strain becomes larger than the coupling energy between the adjacent layers
(0.24eV per formula unit). The outcome of this is that the surface layer may peel off

from the surface of the plate. This is shown schematically in Fig. 3.11.

of the reaction showing, a) A H,Ti307 surface in contact

Fig. 3.11 Schematic model
with OH and Na" ions, b) Several H' ions on the surface have been removed by OH
ions, producing H,O molecules, and c¢) when the surface hydrogen loss exceeds a
critical value the surface strain energy becomes so large that the surface layer may

overcome the coupling with the beneath layer and peel off from the plate. White balls

are O, red balls H, purple balls Na and grey octahedron TiOg units.
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A curved fragment of H,5Ti307, where & is the hydrogen loss per formula unit,
is considered in the ab initio calculations, the fragment consisted of eight H,5Ti307
units. The total energy of the fragment was calculated as a function of the radius of
curvature R and is plotted in Fig. 3.12. It can be shown to a reasonable approximation

that the total energy of a single trititanate layer can be written as:

tension

a cosb O - 31
=—+bJ -— | +E,

Ero.ral' = Eeiam’c - E +E0

where 0 is the chiral angle (the angular deviation from the [001] direction in a single
sheet of trititanate and a, b, Ry are constants and Eg is the total energy of a flat

trititanate layer.
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Fig. 3.12 (a) A relaxed curved fragment of a layer of H,.5Ti307 with = 1 giving R =
4.16 nm. (b) First principle calculations of different forms of energy contributing to the

curvature of a trititanate fragment.

The term E.qic 1s the elastic strain energy of a bent crystalline plate, which, as

in the case of a carbon nanotube, has the form Egjaqic oc 1/R?. The Eeusic(R) curve in
Fig. 3.12 was calculated for a fragment with & = 0. The term Ejension is the surface

tension resulting from the disparity in H" ion content on the two sides of the surface
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layer. The Eiension(R) curve in Fig. 3.12 was calculated for a fragment with § = 1. [Using
the curves in Fig. 3.12 the constants in equation 3.1 and the total energy as a function
of & can be obtained. The coupling energy is not sensitive to 6 so a value of 0.24 eV can
be used to find a critical value of 8, which is 0.95 H" ions per H,Ti307 unit.] For a
single walled tube, the optimum radius for minimum strain energy was calculated by
minimising the total energy with respect to R, as 4.3 nm, which is a good agreement
with the observed.

For multiwalled spiral tubes additional factors have to be taken into account.

As a tube scrolls coupling between the layers results in a decrease in energy of
the sheet. The radius of curvature of the shells will deviate from the optimum level
when the shell number increases. This is, however, small in comparison to the coupling
energy. The crystal layer is negatively charged in solution, which will result in a
positive Coulomb repulsion energy, Ecouomb, When the layer scrolls into a tube. This is
partially compensated by the sodium ions in solution, but as the shell number increases,
so does the Coulomb repulsion.

The shell coupling energy, Ecoupi, and electrostatic Coulomb energy, Ecouloms, are
plotted as functions of shell number in Fig. 3.13.
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Fig. 3.13 Energy contributions to the total energy as functions of the number of shells

in a multiwalled nanotube.
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When a nanotube has two or three shells the coupling energy dominates the
total energy and drives the scrolling process. As the shell number increases the
Coulomb energy increases rapidly and at four shells the total energy becomes positive,
halting the rolling process. The offset of these energies results in the termination of
scrolling at 4 shells, which also agrees with the observed results. This shows that a
narrow distribution of diameter and shell number is expected, which agrees with the
experimental evidence. A schematic image of a nanotube formed from scrolled sheets

of H,Ti307 is shown in Fig. 3.14.

Fig. 3.14 Schematic image of a trititanate nanotube formed by rolling a sheet along the

[001] direction.

We have seen many cases of incompletely scrolled tubes. This may be due to
structural defects in the sheet, which release surface tension and abort the scrolling
process. When more than one sheet of trititanate attempts to scroll together rather than
individually, the flexibility of several layers is less than that of one individual layer and
the physical constraint of this process may lead to the termination of scrolling, giving
areas like Fig. 3.15. Another common occurrence is bent layers- a plate containing 4 or
5 layers which has a kink in it, this is also thought to be a result of more than one layer

going through the same process which results in nanotubes for single layers. These
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areas may be due to the release of enough strain energy to halt the exfoliation reaction
at this time, however as areas like this are not seen in the final product given time

nanotubes would have been formed from these bent plates.

Fig. 3.15 TEM image of areas of incompletely scrolled nanotubes of trititanate.

In the sample heated for 24 hours a loosely scrolled tube was seen (Fig. 3.15 ).
This may have occurred due to some physical constraint during scrolling, as above, or
may be a complete tube whose hydrogen bond strengthening of the scroll structure has
been disrupted, or may be a less entropically stable phase from which a tightly scrolled
tube will result.

Thermogravimetric analysis (TGA) was done on a sample containing trititanate
nanotubes, shown in Fig. 3.16. The sample exhibited a weight loss of 8.128 wt %
between 64.73 °C and 163.4 °C. Up to 100 °C the loss is 3.01 wt %, and between 100
and 163.4 °C the loss is 5.12 wt %. There is some evidence of an inflection in the
weight trace in the range of 60-100 °C. The weight loss up to 100 °C is asigned as water

absorbed on the surface of the nanotubes. The weight lost at temperatures in excess of
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100 °C is attributed to water contained within the nanotube structure, i.e. between the

layers.
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Fig. 3.16 TGA of sample containing trititanate nanotubes.

Trititanate nanotubes contain structural protons and water molecules
intercalated between the layers of the tubes. The trapped water molecules may help to
stabilise the tubes through hydrogen bonding with the H ions attached to the titanate
layers. There is no sodium directly present in the tubes so the hydrogen ions must
balance the negative charge of the Ti;07* plate locally. When the sodium is washed
away the tubes do not unscroll due do electrostatic repulsion so the hydrogen must be
balancing the charge.

When the reaction time was increased up to and beyond 72 hours a small

percentage of nanorods were formed. When the temperature was increased beyond 170
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°C, the length of reaction was increased or the concentration of NaOH was increased
TiO,-B nanorods became the dominant feature''*.

The Raman spectrum of a sample of trititanate nanotubes was taken, shown in
Fig. 3.17. The sample exhibited peaks at 280.9, 449.5 and 708.6 cm™. The peak at 450
cm™ can be attributed to a Ti-O-Ti pure framework vibration. The peaks at 281 and 709

cm™ are assigned to Ti-O-H vibrations.
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Fig. 3.17 Raman spectrum of a sample containing trititanate nanotubes.

The Raman spectrum of the starting material, rutile TiO,, was taken, shown in
Fig. 3.18. The sample exhibited peaks at 179, 444, 519 and 625 cm™. The peak at
444cm™ is the E; mode of rutile. The peak at 625 cm™ is assigned as the A;, mode of
rutile. The peak at 519 cm™ is the Bj; mode of anatase. The Raman shows that the
starting material contains the rutile and a small amount of the anatase phase of TiO,.

The XRD, taken two years previously shows the starting material to be purely rutile, so
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a small amount of rutile may have converted to anatase. The amount of anatase present
is small, however this does not affect the reaction, as both anatase and rutile are

converted to nanotubes®.
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Fig. 3.18 Raman spectrum of TiO, starting material.

The peak at 179 cm™ in the starting material has a corresponding peak in the
spectrum of the nanotube phase at 186 cm™. This peak has been blueshifted by 7 cm™.
This may be due to an oxygen deficiency in the nanotubes compared to the TiO,
starting material. The peak at 444 cm™ is also blueshifed to 450 cm™. The two peaks
also appear in the spectrum of H,Ti307, which exhibits a stronger Raman spectrum than
TiO, due to the lower symmetry, at 462 and 190 cm™. Staring from H,Ti;O7 the peaks

are redshifted in forming the nanotube phase. This shift may be due to the change in

92



morphology of the material in going from a layer to tubes, and thus changing the
frequency of the mode.

The rutile peaks at 519 and 625 cm™ are not present in the nanotube spectrum.
This shows that the nanotubes are not rutile or anatase, but some other titanium-
containing phase.

The nanotube phase has two peaks that do not appear in the spectrum of TiO,,
281 and 708 cm™. Both peaks are present in H,Ti30-, at 263 and 676 cm™. This blue
shift is explained as an oxygen deficiency. The peaks are assigned as a Ti-O-H
vibration in the framework. The shift may also be due to the change in phase, going
from a flat layered structure to a curved sheet changing the frequency of the vibration.
As the peak is thought to be Ti-O-H, the shift may be due to the creation of hydrogen
bonds with water, stabilising the tubes.

Raman spectra of Na,Ti;O; and H,Ti3O7, Fig. 3.19 and Fig. 3.20, show more
peaks than the nanotube phase due to the more complex crystallinity of the samples.
The spectrum of Na,Ti;07 exhibits a strong peak at 885 cm™ and a less intense peak at
848 cm™. In the spectrum of the nanotubes, rutile and the titanates the peak around 200-
300 cm™ is the most intense peak of the spectrum. In H,Ti307 there is a peak at 832 cm’
' however it is broad and of low intensity compared to the rest of the spectrum. In the
case of Na,Ti;O-, the peak at 885 cm™ is very intense. The nanotube phase spectrum
has no peak signal above 708 cm'l, which is more in-tune with the H;TizO; than
Na,Ti307. The Raman scattering of the two titanates are noticeably different from each
other, unlike the corresponding XRD maps. It has been shown through EDX that the

tubes do not contain sodium and the Raman spectrum agrees with this result.
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Fig. 3.19 Raman spectrum of bulk H;Ti307.

The area above 708 cm™, where a peak is expected at 900 cm™, and trititanate
contains a peak at 832 cm™, has been broadened by the presence of water. The sample
had been dried in an oven to remove surface water. This broadening indicates the
presence of structural water, which agrees with TGA.

As the structure of TiO; and trititanate are similar, and both contain TiOg units,
the Raman spectra contain some of the same peaks, however, the spectrum of the

nanotubes is clearly more related to H;Ti307 undergoing a morphology change than

TiOs.
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Fig. 3.20 Raman spectrum of Na,Ti30.

The proposed mechanism of formation of trititanate nanotubes is TiO, particles
react with 10 molar NaOH to form a disordered amorphous phase. Single sheets of
trititanate extrude from this phase, forming thin plates with several layers of H,Ti307.
These layers scroll up to form nanotubes due to an asymmetry of hydrogen
concentration on the surface sheet. The tension in the layer is the driving force for the

forming of the trititanate nanotubes.

3.2 Nanotubes directly from titanates

From our characterisation results we have shown that the structure of the
nanotubes formed from TiO; is HyTi307, trititanate. We believe it is layers of this
material, peeled off from thin plates, which scroll up to form nanotubes. To gain further

evidence of our proposed mechanism bulk trititanate was produced and was reacted
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with 10 molar sodium hydroxide at 160°C of 72 hours. A precursor in the formation of
trititanate, Na,Ti30;, was also reacted with the base. Conversion of Na,Ti;O7 to
H,Ti;O7 is achieved by stirring in HCI at room temperature, and was confirmed by

XRD, shown in Fig. 3.21 and Fig. 3.22.
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Fig. 3.21 XRD pattern of Na;Ti307.
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Fig. 3.22 XRD pattern of H;Ti307.
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The sodium between the layers is replaced with H' ions in a simple ion
exchange reaction. Nanotubes were formed from both titanate reactions. The
percentage of nanotubes formed was low (around 5-10 %). The reaction was done at
the same temperature and concentration of NaOH as the reactions with TiO,, however
the amount of titanate used in the reaction was lower than the amount of rutile. As a
high concentration of NaOH is required for the reaction, and only the last step of the
overall reaction was being attempted, the same ratio of Ti:NaOH was not used, and the
NaOH was in a large excess. It was not thought that the amount of concentrated NaOH

would affect the reaction from our postulated mechanism.

Fig. 3.23 a) TEM image of nanotubes formed from H,Ti307 and b) HRTEM image of a

nanotube.

The nanotubes produced have similar diameters and the same scroll structure as
the tubes produced from rutile. Images of the nanotubes produced from H;Ti;07 and
Na,Ti;O7 are shown in Figs 3.23 and 3.24 respectively. In both the cases of H,Ti307
and Na,;TizO7 the number of layers in a single tube is ordinarily 4, with an outer
diameter between 7 and 10 nm and an inner diameter of 3.5-6 nm. The tubes are

hollow, with an intershell spacing of 0.77 nm that corresponds to the (200) spacing in
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H;T1307. The d-spacing measured along the tube axis is 0.38 nm, which corresponds to
the (010) plane. This is evidence that the tubes are composed of TizO7* sheets scrolled

along the [001] direction.

20 mm

Fig. 3.24 a) TEM image of nanotubes formed from Na,;Ti307 and b) HRTEM image of

a nanotube.

The range of lengths of the tubes is large, with most greater than 200 nm, and
some up to a few micrometers long. The range in diameter and number of shells is

small, as can be seen from Fig. 3.25.
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Fig. 3.25 Diameter and shell distributions of nanotubes produced from H;Ti;O7 and
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The mechanism of formation of nanotubes from H,Ti;O7 is thought to be the
same as the last step in the formation of tubes from rutile TiO,. The tubes formed had
the same dimensions and composition. The hydrogen ions on the top surface of the
crystal plate are removed by OH’ ions. This contracts the Ti-O bond, causing the sheet
to curve. When a sufficient number of H' ions are removed the sheet overcomes the
coupling between the layers and is exfoliated. The tension in the single layered sheet is
the driving force in the scrolling to form nanotubes'"”.

H,Ti3;07 was thought to be an intermediate in the production of nanotubes from
rutile TiO,. Reacting this material directly with 10 M NaOH did produce nanotubes,
confirming that the reaction did go through plates of trititanate. In the reaction with
rutile thin plates of trititanate are thought to extrude out of an amorphous phase. The
H,Ti3;07 used as a starting material in the reaction was thick and contained many layers
by comparison. This may have resulted in the low yield of tubes, as the reaction
conditions are not ideal for reaction of these thicker plates.

The tubes produced directly from Na,Ti;O; and NaOH had the same
dimensions and structure as those from rutile, however the exfoliation of monolayers of
titanate may be achieved by a slightly different method. Hydrogen ions will be present
in the reaction mixture, and these ions could intercalate into the layers of the starting
material. In which case the reaction would go by the same mechanism and a low yield
would be expected. However Na,Ti3O7 is comprised of sheets of edge sharing TiO¢
octahedra with Na" ions between the layers and under hydrothermal conditions water
molecules intercalating between the layers could replace the sodium ions. As the H,O
molecules are larger than the Na” ions the interlayer space is increased resulting in
weakened interaction between neighbouring sheets. As a result monolayers of titanate

are exfoliated and these sheets scroll into tubes. In the previous reactions the sheets of
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trititanate are already curved as they are removed from the bulk and there is a driving
force to scroll: to relieve strain. In this case, with much less H' present, this driving
force is not present, however, work done by Wei et al’’ has shown that the
hydrothermal reaction between Na,Ti3;0; and H,O results in the production of
nanotubes through the exfoliation of monolayers. These tubes are 30 nm in diameter
and are thought to have a TiO, composition. The reaction lasts from 5 to 18 days, much
longer than the reaction reported here. TiO, nanorods are produced if the reaction of
rutile and NaOH is allowed to proceed for that length of time. The trititanate nanotubes
are not thermally stable enough to still exist after 5 days reaction. However, from this
reaction we can see that there is a driving force to produce tubes from exfoliated sheets
of Ti30,>. The driving force for the scrolling of the monolayer may be an asymmetry
in the Ti;07* layer, which exists without the presence of hydrogen ions. A titanate
sheet in the strongly basic environment may also spontaneously scroll.

The tubes produced from both forms of titanate contain only titanium and
oxygen, with no sodium present, as shown in Fig. 3.26. The sodium ions can be washed
out of the tubes and are not necessary for tubular structure; they just balance the charge
from the negatively charged Ti;O;> plates. The only other positively charged species
present is H', therefore H' ions must have become incorporated into the sheets with the
Na' ions.

Full scale =1 cps Cursor: 2.0875 keV

Fig. 3.26 EDX spectrum of nanotubes from Na,Ti307.
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Due to the low percentage conversion to nanotubes the purity of the titanate was
examined using XRD. The titanates were made using TiO,, which when reacted with
sodium hydroxide will produce a high yield of nanotubes. From the XRD in Fig. 3.27 it
can be seen that there is no TiO; present and that all the peaks can be identified as
Na;Ti307. The large peaks expected for TiO; are not present, however, both materials

exhibit peaks at similar values because their structures are related.
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Fig. 3.27 XRD pattern of Na,Ti307 and rutile TiO,.

The reaction time was increased from 72 hours to one week as it was thought
this would promote higher yields, however similar percentages of nanotubes were
observed. The particle size was reduced by grinding the sample in a ball mill. This
resulted in decomposition of the starting material, with a mainly amorphous product
formed. The material in the autoclave after the reaction was a white slurry, rather than
the solid produced from the untreated starting material. The reaction product is
normally a sticky solid, however when the particle size was reduced the material
retained the consistency of the starting mixture. The titanate had decomposed and no

nanotubes were produced.
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The temperature of the reaction was increased to 190 °C when no grinding had
taken place; this also resulted in decomposition of the starting material. Above 250 °C

H,Ti307 is unstable'"’

and along with the harsh basic reaction conditions, the starting
material has decomposed, resulting in amorphous material. The sodium form appeared
stable at higher temperatures, however it also decomposed at 160 °C after grinding.

The low yield of nanotubes may have been as a result of the low thermal
stability of the starting material at these harsh reaction conditions. The temperature of
the reaction was lowered to 100°C. If nanotubes were formed early in the reaction, 72
hours may result in the formation and subsequent degradation of tubes, so the reaction
time was also reduced.

The yield of nanotubes produced at 100 °C for 72 h reaction time was 15 — 20
%, higher than the reaction at 160 °C. However after 6 h reaction time at 100 °C the
yield was similar, so no more reaction occurred after the first 6 hours.

The tubes aggregate together, much like in the rutile reaction. It would appear
from this observation that once one layer has been exfoliated all the layers of that
crystal form tubes, and that some crystals do not undergo any exfoliation at all. In the
rutile reaction after 72 hours no plates are observed- all material that forms plates is
converted into tubes.

An area that appears to be an exfoliated monolayer scrolling from both ends is
observed in this sample (Fig. 3.28). From the low magnification image it can be seen
that scrolling has occurred on the left and right of the sheet. The sheet is a single layer
of trititanate, as can be seen from both the low and high magnification images. Due to
the orientation of the scrolling, the ends meet and this terminates the scrolling process.
If the reaction had proceeded longer this plate may have formed a tube, as the tube

conformation would contain less strain.
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Fig. 3.28 (a) TEM image of a trititanate plate scrolling from both ends. (b) a higher

magnification image of same layer.

A d-spacing of 3.6 A is observed in the middle of the sheet, as shown in Fig.
3.28 (b), this spacing corresponds to the (010) plane in H,Ti304, which is the same
spacing observed in completely scrolled nanotubes (see Fig. 3.6). From this observation
we can surmise that the sheet of trititanate is in the correct orientation to produce a
nanotube, however the spacings observed in the partially scrolled areas of the sheet, 6.3
and 6.8 A, are indexed as (201) and (-101) respectively. Therefore, the scrolling
process did not start from the normal point and consequently a tube is not formed and
scrolling is terminated.

The low yield of nanotubes implies that large sheets of [Ti;07]* are required to
form nanotubes, and that the formation of trititanate sheets from the bulk amorphous
phase is an important step in the reaction.

We have therefore been unable to alter the reaction conditions to produce a

higher yield of nanotubes.
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Conclusion

In order to elucidate the formation mechanism of trititanate nanotubes, the
hydrothermal reactions of titanium dioxide and 10 M sodium hydroxide solution were
run at 2-hour intervals up to 24 hours. A high yield of nanotubes is formed after 72
hours, however after 24 hours many tubes are present.

In the samples four phases were found. The first phase is the crystalline starting
material, rutile titanium oxide. This material is polyhedral and crystalline with a large
size range.

The second phase is the amorphous material. This phase contains Ti, O and Na
in a disordered state, as shown by EDX. When a sample was washed excessively no
sodium was found in the amorphous phase. This shows that the sodium ions are weakly
bound to the Ti and O. The harsh reaction conditions have broken the strong Ti-O
bonds to create an amorphous phase.

The third phase contains thin plates of trititanate, H,Ti307. These plates are
formed when single sheets of trititanate extrude out of the amorphous phase and couple
to form layered plates. It is these layers that scroll to form the nanotubes.

The nanotubes have a scroll structure. The number of shells in a single tube is
ordinarily 4, with a diameter of ~8 nm. The tubes are hollow, with an intershell spacing
of 0.64 nm.

The concentration of hydroxide ions is higher on the surface of the top layer
than it is between the layers. Therefore the side in contact with the solution undergoes
much more frequent collisions with the sodium and hydroxide ions. The energy gain
for an OH ion to remove a H' ion from the crystal surface is high, as much as 2 eV, so
it is very likely that the H" ion will be neutralised to form a water molecule. The

sodium ions in solution balance the charge on the surface layer. The hydrogen content
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of the crystal sheet is now asymmetric. When hydrogen is bonded to the surface the
relevant Ti-O bond is lengthened. When the hydrogen is removed the bond will
contract and this will cause the surface to curve. The strain in the layer will eventually
overcome the interlayer coupling and the single sheet will peel off and scroll to form
nanotubes, with the tension in the layer being the driving force in this formation.

The dimension of the nanotube is controlled by the surface tension and with
interlayer coupling energy and Coulomb force.

The structure of the nanotubes is confirmed by XRD, Raman and HRTEM. Due
to the closely related structures of TiO, and other titanate compounds similarities with
the starting material are seen in the spectra, however the results may be more closely
indexed as trititanate.

To gain further evidence of this mechanism, we reacted bulk H,Ti3O; and
Na,Ti;O7 specimens with 10 molar sodium hydroxide. Nanotubes were produced from

both reactions. The starting material was shown to contain no TiO; through XRD.
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Chapter 4: Nanotubes from K, H,NbsO7

4.1 Nanotubes from K4 ;H,Nb¢Oy7

In previous work nanotubes from the partially exchanged niobate were first
made using tetra(n-butyl)Jammonium hydroxide in water'®. Other work has shown that
nanotubes can be formed using straight chain amines as intercalation agents’. The aim
of this work was to produce nanotubes using different intercalation materials in an
attempt to further understand the mechanism of formation of these and trititanate
nanotubes.

The reactions were all run using potassium hexaniobate that had been stirred in
HCI for 4 days to promote ion exchange. The potassium ions exist in two distinct
crystallographic sites in between the (NbgOi7). layers of the compound. At room
temperature one site undergoes ready exchange, with H" ions replacing the larger K’
ions. This results in a partially ion exchanged layered compound, K, HNbsO7.

Potassium hexaniobate was produced by a solid state method, reacting niobium
oxide and potassium carbonate at 1050 °C in a crucible. The synthesis of K4sNbsO;7
produced a product with no starting material detected; this was shown through XRD,
Fig. 4.1. The XRD pattern of the product is indexed based on an orthorhombic unit cell
with a = 0.783 nm, b = 3.321 nm and ¢ = 0.646 nm. The ion-exchanged material was
also characterised by XRD, Fig. 4.2. The pattern is indexed as a KsNbsO,7 like unit
cell, with the peaks between 22 and 32 down shifted by 0.2, caused by the slightly
different structure after ion-exchange. The peak at 10.6°, indexed as (040) is the

interlayer spacing for the K4sNbsO;7 material.
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Fig. 4.1 XRD pattern of K4NbsO;7.
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Fig. 4.2 XRD pattern of K4.zHxNbsO17.

Ion exchanged niobate was stirred with butyl amine in water at room

temperature for 3 days. This produced a high yield of nanotubes. The tubes are of a

scroll structure, with an intershell spacing of 1.9 nm and an outer diameter of 20 nm,
shown in Fig. 4.3. This agrees with the work done by Zhang et al’®.
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Fig. 4.3 TEM image of nanotube from K4.HxNbsO,7 using butyl amine as an

intercalating agent.

Experiments were done with di and tri substituted amines in an attempt to
further tailor the interlayer spacings of the nanotubes.

The reactions were done at room temperature, following the literature method.
The yields for all the reactions were high. As the amines used were volatile and yields

were good the reaction was not done at higher temperatures or in an autoclave.

4.1.1 Diethyl amine

The ion exchanged niobate was stirred with diethyl amine in water at room
temperature for 3 days. This produced scroll nanotubes, as shown in Fig. 4.4, with
intershell spacings of 0.94 nm and 1.7 nm and an average outer diameter of 29 nm,
shown in Fig. 4.5. The number of shells in each tube was predominantly 5/6. The

nanotubes had good stability under the beam and no decomposition was evident. The
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diameter and shell number distributions are shown in Fig. 4.6. The yield of tubes was ~

70 %.

Fig. 4.4 TEM image of K4..4HNbsO;7 nanotubes formed using diethyl amine as an

intercalating agent.

Fig. 4.5 HRTEM images of nanotubes from K4.,HyNbsO;7 using diethyl amine as an
intercalating agent: (a) with an intershell spacing of 0.94 nm and outer diameter of 34
nm, (b) with an intershell spacing of 1.7 nm and outer diameter of 40 nm. The inset (c)

is the corresponding SAED pattern of the nanotube.
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Fig. 4.6 Diameter and shell distributions for niobate nanotubes prepared with diethyl

amine.
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Fig. 4.7 XRD pattém of nanotubes from K4.,HNbsO,;7 using diethyl amine as an

intercalating agent.

The XRD pattern of the K4.4HyNbsO;7 nanotubes, shown in Fig. 4.7, is indexed
based on orthorhombic K4NbgO;7 with a = 0.783 nm, b = 3.321 nm and ¢ = 0.646 nm
and shows good agreement. The (040) peak in the XRD, which corresponds to the

interlayer spacing in the nanotube, appears at 0.83 nm in the parent material. This peak
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appears at 9.3°, which corresponds to a d-spacing of 0.95 nm, which is in agreement
with the observed interlayer spacing in TEM studies. Another peak is expected at 2.6°,
corresponding to the observed d-spacing of 1.7 nm, however the equipment used can
only scan to 3°. The SAED pattern of the nanotube is shown in Fig. 4.5c. A spacing of
0.649 nm corresponds to the (001) plane, which runs perpendicular to the long axis of
the nanotube. The (100) plane lies parallel to the tube axis, with an observed spacing of
0.799 nm. This confirms that the nanotubes are scrolled monolayers, which have

scrolled across the (001) direction.

4.1.2 Triethyl amine

The ion exchanged niobate was stirred with triethyl amine in water at room
temperature for 3 days. This produced spiral nanotubes, as shown in Fig. 4.8, with
intershell spacings of 0.74 and 2.18 nm and an average outer diameter of 34 nm. The
number of shells in each tube was predominantly 4. The diameter and shell number

distributions are shown in Fig. 4.9. The yield of tubes was around 70 %.

Fi.' 4: -. of fubes xHbe5017 usg triethyl amine
as an intercalating agent: a) with an intershellspacing of 0.74 nm and b) with an

intershell spacing of 2.18 nm.
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Fig. 4.9 Diameter and shell distributions for niobate nanotubes prepared with triethyl

amine.

4.1.3 Mechanism

When amine is intercalated between the layers of the K4..HNbsO;7 crystal, the
amine molecules are much larger than the ions they are replacing and the interlayer
spacing itself, the sheets are exfoliated. The monolayer does not have an inversion
symmetry, it is asymmetric, and an intrinsic tension exists which curves the sheet to
release the strain and produce tubes. The lack of inversion symmetry is due to both
sides of the sheet being different, one side is more sterically crowded than the other”®.
When the crystalline sheet is composed of more than one layer it may be symmetric
and a tube would not be produced. If the sheet contains many layers and is still
asymetric, the flexibility of the sheet will be less than that of one individual layer and
the physical constraint may lead to the termination of the scrolling process.

The amine molecules became protonated by the H' ions in the niobate structure
and are bound to both sides of the negatively charged niobate layer, (-NbsO;7-)n, due to

strong electrostatic interactions.
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The sizes of the particles of ion exchanged niobate are not uniform throughout
the sample and this results in a large distribution in size of nanotubes.

The dimensions of the interlayer space are dependent on the type of amine used
in the reaction. The interlayer spacing of the (040) plane is 0.83 nm in the parent
compound. When no molecules are intercalated between the layers of the tube, or the
molecules are smaller than 0.83 nm, the interlayer spacing of the tube will be 0.83 nm,
as is the case when tertiary butyl ammonium hydroxide is used as a template. These
tubes do not contain any amine molecules'®

When diethyl amine was used as the organic template two distinct intersell
spacings were observed, 0.93 nm and 1.7 nm, as shown in Fig. 4.5. The proposed
amine configuration in the interlayer space for a nanotube with a spacing of 0.93 nm is
shown in Fig. 4.10. The dimensions of a diethyl amine molecule are such that if the
nitrogen of the amine were attached to the tube wall, then a distance of 0.61 nm would
protrude’®. If the molecules were arranged in a staggered formation, as can be seen in

Fig. 4.10, then a spacing of 0.93 nm could be achieved.

| | -(NbO,)-

t heet
0.94 nm O 4@3 .

Fig. 4.10 Amine configuration for interlayer spacing of 0.93 nm.

The proposed amine configuration in the interlayer space for a nanotube with a
spacing of 1.7 nm is shown in Fig. 4.11. The width of a diethyl amine molecule is 0.85

nm. Two molecules lying as depicted in Fig. 4.11, would give a span of 1.7 nm.
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Fig. 4.11 Amine configuration for interlayer spacing of 1.7 nm.

Two configurations were also observed in the tubes produced with triethyl
amine. One set of tubes had an interlayer spacing of 0.73 nm, less than the free standing
layer separation. This contraction may be due to a decrease in energy provided by
packed amine molecules between the layers. The proposed configuration of amine
molecules is shown in Fig. 4.12. The positive charge on the nitrogen atom will be

attracted to both negatively charged sheets, which could also result in a contraction.

I | -{NbO;;)- sheet

0.74 nm 7 ?

Fig. 4.12 Amine configuration for interlayer spacing of 0.74 nm.

The other interlayer spacing exhibited when using triethyl amine was 2.18 nm. The
proposed configuration of amine molecules is shown in Fig. 4.13. The three molecules

would give a separation of around 2.1 nm, but with repulsion this may increase it to
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~2.18 nm. The triethyl amine is more sterically hindered than diethyl amine, which

may explain why no arrangement like that seen in Fig. 4.11 is seen.
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Fig. 4.13 Amine configuration for interlayer spacing of 2.18 nm.

Diethyl amine is more basic than triethyl amine, so more stable in the
protonated form, however the difference is small'?’, with diethyl amine having a pK, of

10.98 and triethyl amine 10.76. The effect on the reaction would be minimal.

TGA DATA

Thermal gravimetric analysis done on a sample of nanotubes formed using
diethyl amine shows that there is a small weight loss between 80 and 140 °C, which is
attributed to residual water in the sample. Between 151.75 °C and 214.15 °C a weight
loss of 14.29 % is seen. This weight loss is due to loss of diethyl amine in the
nanotubes. The boiling point of diethyl amine is 56 °C. The large difference in boiling
point and temperature at which the molecules leave the sample show that the amine is
bound to the layers of K4.\HNbsO;7 and requires more energy to release it. This shows

that the amine is incorporated between the shells of the nanotubes.
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Fig. 4.14 TGA of K4.xHNbsO;7 nanotubes formed using diethylamine as an

intercalating agent.

After a portion of the nanotube sample was subjected to thermal gravimetric
analysis it was examined under TEM and it was found that the nanotubular character of
the sample was lost. It appears that the nanotubes have unscrolled and the monolayers
of K4.xHyNbsO,7 have been attracted together, and aggregated, as can be seen in Fig.

4.15.

Fig. 4.15 TEM image of a sample of K4..NbsO17 nanotubes with diethyl amine as the

intercalating agent after undergoing thermal gravimetric analysis.
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After 1 year a sample of nanotubes formed with diethyl amine was looked at
again. The sample contained many unaltered nanotubes, however, some of the tubes
had started to decompose. A high yield of tubes is produced in the reaction with diethyl
amine, however on examining the sample after a year many of the tubes had completely
unscrolled and layered plates of material was observed.

The tube in Fig. 4.16 (a) is tight on one side, however on the other side it has
loosened much like a hanging scroll of paper. A diagrammatic representation is shown
in Fig. 4.16 (b). It would appear that amine molecules have leached out of one side of
the tube, which has released the attraction/hold link between the layers and caused the
relaxation of the structure. Whilst the amine intercalation into K4..HiNbsO17 results in
the production of nanotubes, the amine does not stabilise the tubes to any great extent.

The tubes are not thermally stable and may also unroll on their own volition after time.

ET=:

Fig. 4.16 (a) TEM image of partially unscrolled tube and (b) diagrammatic form of

image.

Some tubes also collapsed inwards. Fig. 4.17 shows a tube with an outer

diameter of 22 nm, however it is comprised of 8 layers and the inner diameter is only
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4.8 nm. A tube with this number of layers would have an expected diameter of around
50 nm. The interlayer spacing is 0.75 nm, which corresponds with earlier results, so it
is the inner hollow that has collapsed and not the layer spacing. The strain from the
large tube- 8 layers is not a very common conformation- must have become too much
and the tube collapsed inwards to give the observed tube with the small inner hollow.
This shows that the nanotubes are not as stable as the titanate tubes and that the balance
between layer coupling and Coulombic repulsion does not have as marked an effect on

tube dimensions as it does with trititanate nanotubes.

20 nm

Fig. 4.17 TEM image of a collapsed K4..H,NbsO,7 nanotube formed with diethylamine

as an intercalating agent.

4.2 Other intercalation compounds

Other compounds were looked at as intercalation materials. Quaternary ions,
monoamines and di and tri substituted amines all produced nanotubes when intercalated
between the ion exchanged niobate. The nitrogen of the amine is thought to be attracted

to the niobate sheet, with the tail of the molecule hanging between the layers. The size
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of the molecular tail should determine the interlayer spacing of the nanotubes. The
interlayer spacing of the tubes shows that when straight chain amines are used as the
structure-directing agent, a bilayer of amine molecules separates the layers of the tubes.
The size and shape of the amine will also affect the packing of the molecules in
between the layers of niobate. For these reasons small straight chain alcohols and thiols
were used as intercalation materials to investigate whether the properties of nitrogen
were necessary for the production of nanotubes

The reaction was repeated using pentanethiol as opposed to an amine. No
nanotubes were produced. There were some areas where thin plates had been

exfoliated, shown in Fig. 4.18.

Fig. 4.18 TEM images of exfoliated layers of K4.xHNbsO;7 produced from the reaction

with pentanethiol.

When the reaction was repeated using ethanol thin plates were formed. Some

areas of rods were also formed, shown in Fig. 4.19. When a longer alcohol, butanol,

was reacted with the ion-exchanged niobate only thin plates were formed.
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100 nm

Fig. 4.19 TEM images of nanorods produced from the reaction of ethanol and

K4-<HNbgO17.

Fig. 4.20 TEM image of a K4.xHxNbsO17 particle breaking into nanorods after a

treatment with ethanol.

The image in Fig. 4.20 shows a particle of Ki..H,NbeO;7 breaking up into
nanorods. This is evidence of the postulated mechanism of formation of the nanorods,
that the alcohol molecules are intercalated into the structure and cleave off portions of

the bulk material.
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The SAED pattern of a nanorod is shown in Fig. 4.21, and is indexed based on
an orthorhombic K4NbsO;7 unit cell with parameters of a = 0.783 nm, b = 3.321 nm
and ¢ = 0.646 nm. The lattice spacing of 0.558 nm corresponds to the (060) plane,
which runs parallel with the long axis of the nanorod. A spacing of 1.14 nm was also
observed, which corresponds to the (030) plane of K4NbsO;7. These observations show
that the (010) planes run parallel to the nanorod long axis, which agrees with the

postulated mechanism.

(060

S0 g1
—

Fig. 4.21 TEM image of a nanorod produced from the reaction of ethanol and

K4.xHxNbsO;7 and the corresponding SAED pattern.

The reaction was also done using tetra-n-butlyphosphonium bromide. It was
thought that a positively charged phosphorus would perform the same role as nitrogen
in the reaction- coupling to the niobate layer and causing scrolling to form nanotubes.
The reaction was unsuccessful in producing nanotubes, however rods with diameters of
100 to 200 nm were formed, shown in Fig. 4.22. The same mechanism of formation as

for the reaction with ethanol is postulated.

121



Fig. 4.22 TEM images of rods formed from the reaction of tetra-n-butlyphosphonium

bromide and K4.<HNbsO17.

When molecules of a similar size to butylamine were intercalacted between the
layers of K4.<HNbsO,7 exfoliation of layers of the niobate occurred. Intercalation of
ions or molecules into the lamellar space of potassium hexaniobate is common. The
reaction results in the ions or molecules residing between the crystal layers. Under
hydrothermal conditions this process can result in exfoliation of large bilayers. When
the potassium ions are partially exchanged with H' the exfoliation reaction occurs at
room temperature. When amines are used as the intercalation material into Ki.
xHxNbsO;7 the product contains nanotubes. When alcohols and thiols are used no
nanotubes are produced however exfoliation does occur. This means the properties of
amines are imperative for the production of K4 HNbsO;7 nanotubes. Amines are
stonger bases than alcohols, so the protonation step will occur more readily. Therefore
not cnough butanol was protonated, so only exfoliation could occur as the attraction to
the niobate sheet wasn’t high enough. An alcohol will have a stronger hydrogen

bonding network than an amine, which will make it less available for the tube forming
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step, however exfoliation can occur. The alcohols and thiols have two lone pairs,

whereas the amines only have one.

4.3 Conclusions

In previous work straight chain amines were used as intercalation and
exfoliation materials in the reaction with partially ion exchanged potassium
hexaniobate, K4.xHyNbsO;7, to create nanotubes. The number of layers in the wall is
typically 4, but can be between 3 and 8. When tetrabutylammonium hydroxide is used
the intershell spacing is 0.83 nm. The intershell spacing can be altered using di and tri
substituted amines. When diethyl amine is used the spacing is increased to 0.93 and 1.4
nm. The diameter of the tubes is 20 nm with a wide range of lengths.

Changing the intercalation agent to triethyl amine increased the spacing to 2.18
nm, and the outer diameter to 40 nm. Nanotubes with a decreased spacing of 0.74 nm

are also observed. These results are summarised in Fig. 4.23.
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Fig. 4.23 Average diameter and intershell spacing of niobate nanotubes
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When an amine is intercalated between the layers of the crystal the top layer can
cleave off, and as the monolayer is asymmetric an intrinsic tension exists which curves
the sheet to release the strain and produce tubes. When the K4NbsO;7 has not been acid
treated the intercalation results in the exfoliation of large bilayers and multilayers.

It can be seen that altering the intercalating amine results in nanotubes of
different intershell spacing and consequently, different diameters. This may be useful in
catalytic reactions, where the tube size may affect activity and in the many instances
where amines are used as templates in nanoscale synthesis. These results show that,
rather than just cleave the layer off and scroll independently, the amine molecules are
incorporated into the nanotube and affect its size.

When the amine is replaced with other similar molecules no nanotubes are
produced, however in the case of ethanol and tetra-n-butlyphosphonium bromide,

nanorods are produced.
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Chapter 5: Nanorods and nanotubes of other metal and non metal
oxides

5.1 Introduction

As nanotubes were formed from the hydrothermal reaction of titanium dioxide
and 10 molar sodium hydroxide the same reaction was carried out using other metal
oxides. Tantalum and tungsten oxide were chosen due to their position in the periodic
table, tantalum is positioned directly below niobium and tungsten is diagonally below
niobium and titanium. Both elements had previously produced dichalcogenide
nanotubes. Both metal oxides have an octahedral configuration similar to titanium
dioxide.

Aluminium and silicon oxides were also subjected to the hydrothermal reaction
with strong base. Nanotubes of Al and Si oxide have previously been prepared by
various techniques, including deposition and templating>**2.

The aim of these experiments was to create nanotubes of various metal and non-

metal oxides using the synthesis method previously described for titanium dioxide.

5.1.1 Tungsten oxide nanorods

Nanotubes of tungsten chalcogenides have already been described in chapter 1.
The layered structure of these compounds makes it feasible for the production of
tubular structures. Tungsten oxide is a light green powder that is used as a glaze in
ceramics. The W atoms are octahedrally coordinated by oxygen atoms and these
octahedra share all six corners with other octahedra to form a three-dimensional
structure, as can be seen in Fig. 5.1. In WO; adjacent bonds in linear -O -W -0 - W -

O - arrangements have alternating lengths (about 1.8 and 2 A)). The oxide can adopt
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several distorted forms of the ReO; structure and can crystallise with different
symmetries when prepared at various temperatures, including triclinic, monoclinic and
orthorhombic. The bond energy'*' for W-O is 672 + 42 kJmol” (the average bond

enthalpy in methane is 416 kJmol™).

Fig. 5.1 Ideal crystal structure of WOj3 showing vertex-sharing WOs octahedra,

reproduced from ref '%.

Tungsten oxide nanorods have been produced using several different methods.
These reactions have all utilised harsh conditions, high reaction temperatures and, in
many cases, elaborate routes. The rods are all single crystals and composed of WO3 or
sub oxides of WO3, such as W,3049 or WO,, denoted WO,, and have exhibited several
different crystalline phases, including hexagonal and monoclinic. A number of groups
have converted these nanorods into WS, nanotubes by reducing them in the presence of
H,S.

Metal oxide nanorods have been produced using carbon nanotubes as
templates'>. As well as WO3, rods of V,0s, Sb,0s, MoOs, MoO,, RuO; and IrO, were

formed from this reaction. The carbon nanotubes were prepared by the arc vaporization
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of graphite rods in a helium atmosphere. The tubes were treated with boiling HNOs for
24 h. The acid treated tubes are nearly always open ended and have a large number of
acid sites on the surface, around 6 x 10 sites g™'. The tubes were treated with a metal
oxide precursor and then dried in air at 100 °C and calcined at 450 °C. The samples
were then heated at 700 °C to burn off the carbon. To produce tungsten rods Na; WO,
was passed through a cation exchange column, producing tungstic acid, H;WO4, which
was stirred with the acid treated carbon tubes for 48 h. The yield of tungsten oxide rods
was lower than the other metal oxides. The rods had diameters between 15 and 60 nm,
with lengths of up to 5 um, much larger than the starting nanotube. The rods were
single crystals with a zone axis projection along [010]. It is thought that CO or CO; is
evolved when the oxide coated tubes are heated and that the remaining metal or
suboxide is reoxidised and recrystallizes, or that decomposing material gives crystals,
elongated by the movement of gas.

Several groups using tungsten oxide precursors and hydrothermal methods have
produced nanorods. Using hexadecylamine and citric acid as a template and structure
modifying agent respectively a gel was produced by heating an aqueous solution of
(NH.4)10W12041.7H20 and citric acid at 120 °C for 4 h'**. The amine was dissolved in
ethanol and added to the gel, which was stirred for a further 10 h. This mixture was
placed in a Teflon vessel in a steel autoclave at 180 °C for a week. The rods had
diameters within the range 5 — 50 nm and lengths of between 150 and 250 nm and were
hexagonal single crystalline WO;. The rods were reduced to WS, nanotubes by heating
with H,S gas.

Hexagonal WO;3; nanowires were produced by the hydrothermal reaction of
tungstic acid, H;WOy, lithium sulfate, Li,SO4 and oxalic acid, H,C,04. SEM of the

product shows the presence of large rod-like structures 200 - 400 nm in diameter and
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2.5 - 10 um in length. Closer inspection of these rods revealed that they were in fact
composed of many nanowires, 5 — 15 nm in diameter. The sulfate and oxalic acid were
structure directing and dispersing agents, necessary to the production of bundles of
hexagonal phase rods'®.

Single crystalline W;3049 nanorods were produced from a hydrothermal method
using tungstic acid'*®. Na,SO4 was added to freshly prepared H,WO, and the mixture
placed in a Teflon lined autoclave at 160 °C for between 2 and 24 h. The rods have
diameters between 3 and 15 nm and lengths in the micrometer range.

Heating tungsten metal to high temperatures in the presence of other materials
has been a successful route to tungsten oxide rods. Heating a tungsten foil partly
covered with a SiO, plate in an Ar atmosphere to 1600 °C produced interesting

micrometer tree-like structures'?’

. When the product was subjected to ultrasonic
treatment, the trees broke into nanoneedles and particles. The needles were monoclinic
W18049 with diameters of 10 — 50 nm. The same group then converted these needles
into WS, nanotubes'*® by replacing the Ar with H,S and reducing the temperature to
1000 °C. The tubes had diameters of 10 — 100 nm, lengths of 5 —30 pm and many had
fully open tips

Monoclinic WO, nanowires have been produced by heating a tungsten wire
which had partly been wrapped with melted boron oxide (B203) powder to 1600 °C in a

29 . . i
122 The nanowires were observed on the surface of the wire with

nitrogen atmosphere
diameters of 10 — 30 nm and lengths of 2- 5 pum.

A similar method, carried out by H. Zhang et al"°, also produced tungsten
oxide nanorods. Electrochemically etched tungsten tips were heated in a furnace under

different atmospheres, the nanorods had an average diameter of 20 nm and lengths of

1-2 um. Heating the tips at 830 °C under a H, and Ar mixture produced monoclinic sub
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stoichometric WOj5 rods, whilst heating to 800 °C and 900 °C under Ar produced WO,
and W;g049 rods respectively.
Three dimensional tungsten oxide nanowire networks were synthesised by the

thermal evaporation of W powders in the presence of oxygen"'

. The tungsten was
heated in a tungsten boat to 1400 — 1450 °C and the networks grew on substrates
mounted above the boat, where the deposition temperature is around 950 °C. The
nanowires were single crystalline cubic WO,.s with diameters of between 10 and 180
nm.
In an infrared irradiation heating furnace, tungsten filaments were heated to 950
— 1000 °C, with a silica wafer positioned below the filament acting as a substrate. The
rods were single crystalline monoclinic WO3 with diameters ranging from 20 to 100
am!32
Single crystalline W;3049 nanorods were produced when tungsten metal was

heated to 800 — 1000 °C with water in a furnace'>

. The rods were extremely long, with
lengths of up to 100 pm, and diameters of 20 — 400 nm, but mainly below 200 nm. It is
thought that nucleation of W;3O49 crystals occurs after water vapour causes the
hydrolysis of the W-O-W bonds in the WO, layers formed on the stage. These crystals
then grow into rods.

Nanorods with relatively small diameters were produced when W(CO)e reacted
with (CH3)3NO.2H,0 and excess oleylamine at 270 °C in a Schlenk tube, followed by
various treatments in organic solvents'**, The colloidal W304o rods had diameters of 3
— 6 nm and lengths of around 75 nm.

Nanowires with diameters of 10 — 50 nm and lengths of up to several

micrometers were produced by the removal of surfactant from

cetyltrimethylammonium intercalated tungsten oxide at high temperatures’. The
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lamellar product was synthesised by the co-condensation of sodium tungstate, Na, WOy,
and cetyltrimethylammonium bromide under hydrothermal conditions. This material
was placed in a tube furnace and calcined at 720 °C for 2 h then cooled to room
temperature, producing nanowires. The wires were monoclinic WigOyo.

When a solution of W(CO)s in diphenylmethane was subjected to ultrasonic
irradiation in the presence of an Ar/O, mixture at 90 °C an amorphous powder was
formed. When this was heated to 550 °C snowflake-like particles were produced.
Further heating of this product to 1000 °C produced nanorods 20 - 50 nm in diameter
and 50 — 500 nm long"¢.

Tungsten oxide, WOs, is an electrochromic material that has attracted
considerable attention due to its optical properties. Electrochromisim is defined as
when a change in colour arises from an applied voltage. Electrochromic devices have
many applications in smart windows, mirrors, displays, and optical switching devices
due to their properties of low power consumption (<2 V), high coloration efficiency,
and memory effects under open circuit conditions."*” Tungsten oxide also has potential
applications in catalysis and as the negative-electrode materials for lithium-ion
batteries'*.

Mesoporous semiconducting films of tungsten trioxide have been prepared
using the sol-gel technique. The films of preferentially orientated monoclinic-phase
nanocrystals were prepared by adding a stabilising organic additive, such as
polyethylene glycol, to a solution of tungstic acid, which was spread on a conducting
glass substrate and annealed. The well crystallized films gave good photoresponse in
the blue region of the spectrum and have applications in photoelectrochemical and

electrochromic devices™’.
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Using sputtering and lamination, a solid electrochromic device containing WOs3,
Ni(OH); and Ta;Os as a protective layer was prepared. The device had good durability,
response time and high coloration efficiency" .

Films of tungsten trioxide have been used as a fast “writing-reading-erasing”
memory device using a scanning electrochemical microscope'®. This is possible
because tungsten oxide undergoes a reversible reduction/oxidation process to form
reduced tungsten oxide of mixed valence, with both states having different conductivity
and colour.

Tungsten oxide has shown many applications in catalysis including olefin

. 141-144
metathesis'*!

, oxidation of propene'* and isomerisation of butene'*’. Carbon
nanotubes loaded with WOs; were prepared by wet impregnation with ammonium
metatungstate pentahydrate, (NH4)10W1204,.5H,0. The material was tested for Cs
olefin skeletal isomerization compared to a tungstated zirconia, WO3/ZrO,, catalyst and
showed high conversion levels with no deactivation'*’.

In the isomerisation of butene and cyclopropene, WO; supported on AlOs,

ZrO, and TiO, showed greater activity than WO; itself'*.

5.1.2 Aluminium oxide nanorods

Aluminium oxide, Al,Os;, is a versatile ceramic with a wide range of
applications. The aluminium atoms are octahedrally co-ordinated to 6 oxygen atoms in
a cubic structure, as shown in Fig. 5.2.

Alumina is an excellent electrical insulator due to its high volume resistivity
and dielectric strength, which makes it ideal for use in electronic connectors and

insulators for spark plugs in cars. High purity aluminium oxide is used in orthopaedic
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implants. The material is wear and abrasion resistant and is used in linings for pipes,

faucet seals and thread and wire guides. Powdered aluminium oxide is also used in

chromatography.'*®

Fig. 5.2 Structure of Al;Os.

Nanotubes containing aluminium oxide have been produced using carbon tubes
as templates and by electrochemical deposition, as previously described. Nanorods of
Al;O; have also been prepared by various methods, including atomic layer deposition
and sintering. Most of the synthetic routes require extremely high temperatures or
energy. There are many different crystal structures of Al,O3, the structure of a — Al;O;3
consists of a hexagonal close packed array of O ions with the metal ions occupying
two-thirds of the octahedral holes in an ordered array. Dehydration of aluminium
hydroxide at temperatures below 900 °C leads to the formation of y-Al,Os, a metastable
polycrystalline form with a very high surface area.

Cubic y-Al,03; nanorods have been prepared by the DC electric arc discharge of
Fe and Al powders. The diameters of the rods are relatively uniform, ranging from 20

to 30 nm. The proposed mechanism of formation is that a vapour-solid-vapour process
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is assisted by a two dimensional vapour-solid nucleation and the rods grow from
there'*. y-ALO3 nanorods have also been synthesised by dehydration of a sol produced
with aluminium isopropoxide'*’. The rods had diameters of less than 10 nm and lengths
between 50 — 200 nm. The sol contained boehmite nanofibres and was produced with
much less water than a normal sol.

Reacting aluminium metal with active carbon or graphite has produced Al,Os3
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nanotubes and rods

. Zinc oxide nanowires were also produced when ZnO was
reacted with carbon nanotubes or active carbon. The aluminia tubes had outer diameters
of 40 — 50 nm. The nanowires exhibited a d-spacing of 0.253 nm, which corresponds to
the (104) plane, which were observed at 35° to the growth axis of the wire.

Sintering a mixture of Al and SiO, powders produced a-Al,O; nanorods with
diameters of 20 — 100 nm, lengths of 1 — 2 um and slightly round or sharp tips'>2. The
product is leached in HF — HNOj solution before the nanorods are collected.

a-Al,O; nanotubes have been prepared from Al;O4C nanowires, which were

made from a simple high temperature reaction'*

. An alumina crucible was placed in a
furnace that contained a graphite rod heater, which was heated to 1600 °C. The green
powder produced contained a high yield of nanowires, with diameters of 50 — 100 nm
and lengths in excess of 10 um. To produce nanotubes the wires were heated in a BN
crucible by the same method and then oxidised in air at 800 °C.

Carbon nanotubes were coated and filled">* with Al,O; by atomic layer
deposition of trimethyl aluminum at 300 °C. The alumina coating is amorphous and
coats the tubes uniformly and then fills the inside of the multi walled tubes. The same

group also coated zinc oxide nanorods with AlLO3 by atomic layer deposition'”. The

ZnO nanowires were synthesised by a thermal evaporation process on a Si substrate
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and coated with Al;O3; by the same method. The rods were coated amorphously with a
cylindrical shell of Al,O;.

Using a structure directing agent, nonionic triblock copolymer P123, nanorods
of Ga,03- ALLO; have been synthesised. The rods have an average diameter of 10 nm
and an average length of 50 nm'® and are thought to be a promising material for lean-

burn NOy reduction.

5.1.3 Tantalum oxide nanorods

Ta;0s is a ceramic with a wide range of applications. It is used to make
capacitors in electronics, mobile phones and pagers, thin-film components and high-
speed tools. Due to its high refractive index, Ta;Os has been employed in the
fabrication of the glass of many camera lenses'”’.

There are at least two structurally distinct forms of tantalum oxide. The low
temperature form is known as B-Ta;Os, and the high temperature form is known as o -
Ta,0s. The transition point between the two forms is 1360 °C but the transition is very
sluggish. The Ta atoms in B-Ta,Os are 6 co-ordinated. This phase melts at 1785 °C. Due
to the sluggish conversion it may melt before conversion into the a-phase'*®. The a-
tantalum oxide is of the same general type as the B-tantalum oxide, but there is both 6-
and 7-coordination of the metal atoms. Both orthorhombic and hexagonal phases are
known. This phase melts at 1872 °C.

Very small tantalum oxide nanowires were produced using an atomic force
microscope. The wires were between 2 and 6 nm high, with widths of 50 — 100 nm and
a wide variety of lengths. A Ta film, which was deposited on a Si substrate, was
oxidised using the AFM non-contact mode. An oscillating probe is placed about 10 nm

above the sample surface and a cathodic voltage is applied to the probe and an anodic
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voltage is applied to the Ta films to form a liquid bridge between the tip and sample
and induce nano-oxidation'’.

Double walled nanotubes of Ta,0s, TiO, and ZrO, have been produced using
steroidal derivatives as templates'®. Sol-gel polymerisation of transition-metal
alkoxides was carried out using 1,13-diamino-4,7,10-trioxadecanyl-13-butoxyl as a
template. In the case of Ta, Ta;(OBu)s was used to prepare the sol. The tubes had outer
diameters of nearly 600 nm, with the walls being 50 nm thick.

Templates were also used in a sol-gel reaction to produce transition metal oxide
nanotubes by Miyaji et al'®' Tubes of Ti02, NbzOs, ZrO; and Ta,Os were synthesised
by coating the side faces of long needle like crystals of ammonium dI tartrate in metal
oxide using the appropriate metal alkoxide. The crystal templates were removed,
leaving hollow rectangular shaped tubes with rectangular inner channels. The tubes
were 1 — 5 um in diameter and 1.3 — 5.9 um in length and were shown to be amorphous
oxide gel by XRD.

Nanorods of Ta,0s have been produced in the presence of poly L-lysine by a
sol-gel process'®?.

As well as the applications mentioned above, Ta,Os has potential uses in
catalysis and research into its use in other fields of electronics is ongoing.

Polymer thin film transistors that use Ta,Os as gate insulators were produced by
Seong et al'®. Compared to conventional gate insulators Ta;Os has a large dielectric
constant, which enables the transistors to operate at a lower voltage. The insulator was
prepared by anodizing a Ta gate electrode.

Thermally stable mesoporous Ta,Os has been synthesised by a modified sol-gel
process and has applications in photocatalysis'®*. The Ta;Os is prepared using a neutral

block co-polymer as a template, giving pore sizes of 3.5 nm. The NiO - loaded
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mesoporous Ta,Os photocatalyst exhibits high photocatalytic activity for the

decomposition of water under ultraviolet light.

5.2 Results

5.2.1 Aluminium oxide

The reaction of aluminium oxide and 10 molar sodium hydroxide produced a
high yield of nanorods, 70 %. The solid white product had fused to the base of the
Teflon autoclave innard and a sample was scraped off and examined. Many nanorods
were observed with a wide range of diameters, as shown in Fig. 5.3, and lengths of
anywhere up to a few hundred nanometers (Fig. 5.4). The nanorods were crystalline in
nature and EDX showed that material consists of Al and O with a weak Na signal (Fig.

5.5), caused by residual sodium after washing.
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Fig. 5.3 Diameter distribution of Al;0O3 nanorods.

In some areas the nanorods were surrounded by crystalline plate-like material,
which are unreacted starting material, and many small particles and “messy looking”
areas, shown in Fig. 5.4, which are formed by decomposition of the starting material in

the strong reaction conditions. The three phases of reaction shown in the sample may
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indicate that the full reaction is not complete, and that given a longer reaction time a
higher yield of nanorods may be produced. However even at these reaction conditions
decomposition is a competing reaction and may be the final product if the reaction is

left to run for longer times.

50 nm

Fig. 5.4 TEM image of Al;O3 nanorods produced by the hydrothermal reaction of

Al;O3 and 10 M NaOH.
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Fig. 5.5 Typical EDX spectrogram of the Al,O3; nanorods.
The material shown in Fig. 5.4 (b) looks very similar to the amorphous phase in
the reaction of TiO,, however this material was in fact crystalline.

The XRD pattern of the Al,O3 nanorods, shown in Fig. 5.6, is indexed based on

monoclinic Al,O3 with unit cell parameters of a =11.79 A, b =291 A, ¢=5.62 A and
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B = 103.79° and shows good agreement. An image of a nanorod is shown in Fig. 5.7.
The lattice spacing of 4.65 A corresponds to the (-201) plane, which runs parallel with
the long axis of the nanorod. A spacing of 2.86 A corresponds to the (002) plane, which
runs at an angle of 41° to the nanorod growth axis. A spacing of 2.35 A is also
observed, which corresponds to the (111) plane, which runs at an angle of —23° to the
nanorod growth axis. These values show good agreement with the results from the

powder XRD pattern, showing that the rods have a monoclinic Al;Os structure.

(512)

Fig. 5.6 XRD pattern of Al,O3 nanorods.

The nanorods are thought to be formed by cleavage of material from the Al;O3
parent crystals due to the harsh reaction conditions. Aluminium oxide is made up of
AlOg octahedra. The structure of the rods is monoclinic Al,O; as shown by SAED. This
mechanism would explain the large range in diameter and length of the nanorods.
There is no definitive size of rod that is prevalent in the reaction mixture, however the
range of sizes may be more entropically stable than larger particles.

Some of the nanorods are found in bundles, shown in Fig. 5.8. In previous
work, carbon nanotubes have been shown to stick together and form bundles'®. This

phenomenon was also observed in trititanate nanotubes. In this case it is more likely

138



that the bundle is a single Al,O3 particle that is in the process of breaking up into
nanorods rather than independent rods aggregating. This would appear to be further
evidence of the postulated mechanism, nanorods of Al,O3 are cleaved off from particles

of aluminium oxide due to the reaction of 10 molar NaOH.

Fig. 5.7 TEM image of an Al;O3 nanorod and the corresponding SAED pattern.

Fig. 5.8 a) TEM image of agglomerated Al,O3 rods, b) Higher magnification TEM

image of Al;O; rods.
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5.2.2 Tantalum oxide

The hydrothermal reaction of tantalum (V) oxide and 10 molar sodium
hydroxide solution produced a small yield of nanorods, with most of the product being
unreacted starting material, shown in Fig. 5.9. The same reaction mechanism as for the
production of aluminium oxide nanorods is proposed, and at these reaction conditions
only a small percentage of material reacts successfully. The reaction was run at 170 °C
for 48 hours. It is believed that if the temperature and reaction time were increased the

yield of nanorods would increase.

Fig. 5.9 TEM images of a) unreacted starting material and b) Ta,Os nanorod.

The nanorod shown in Fig. 5.9 b) is 25 nm in diameter and 188 nm in length
and is surrounded by amorphous material. This may be part of the rod that has further
reacted with the strong base.

Tantalum pentoxide was also reacted with butyl amine in water using the same
method which had produced nanotubes from ion exchanged niobate, in a templating
reaction. This reaction produced nanorods (Fig. 5.10) whose lengths were in excess of

200 nm and had a range of diameters, as shown in Fig. 5.11. The average diameter of
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the nanorods was 32 nm. A similar mechanism of production as for the aluminium

oxide nanords is proposed, with the amine molecules intercalating into the structure and

cleaving off the rods. The reaction occurs at room temperature, with stirring being the

only energy added.

Fig. 5.10 TEM image of Ta;0s nanorod produced by the reaction of butyl amine and

Ta;0s at room temperature.
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Fig. 5.11 Diameter distribution of Ta;Os nanorods produced by reaction of Ta,Os and

butyl amine at room temperature.
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Fig. 5.12 High magnification TEM image of a Ta,Os nanorod and the corresponding

SAED diffraction pattern.

The SAED pattern of a nanorod is shown in Fig. 5.12, and is indexed based on
hexagonal Ta,Os with unit cell parameters of a = 7.24 A and ¢ = 11.61 A. The lattice
spacing of 6.2 A corresponds to the (001) plane, which runs parallel with the long axis
of the nanorod. A spacing of 3.44 A corresponds to the (111) plane. The nanorods have

a hexagonal Ta;Os structure.

Fig.5.13 Nanorods produced by the reaction of Ta;Os and (C;Hs)sNOH at room

temperature.
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20 nm

Fig. 5.14 Nanotubes produced by the reaction of Ta;Os and (C;Hs)sNOH.

In the reactions of amines with ion exchanged niobate the amine molecules are

protonated by the H' ions within the structure. There are no such protons in Ta;Os so

the reaction was repeated with tetracthylammonium hydroxide, which provides a

positive amine. This reaction produced a mixture of nanords and nanotubes, as shown

in Fig. 5.13 and Fig.5.14.
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Fig. 5.15 Diameter distribution of Ta;Os nanorods produced by reaction of Ta,Os and

tetraethylammonium hydroxide at room temperature.

The diameter of the nanorods showed a wide distribution, shown in Fig. 5.15,

with an average diameter of 31 nm. The rods all had lengths in excess of 1 um. The
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mechanism of formation of the nanorods is thought to be the same in this reaction as
before, with the amine molecules breaking the Ta,Os crystal particles into smaller rods.
The images in Fig. 5.16 further illustrate the postulated mechanism, showing a tantalum
oxide particle breaking into rods. The rods were crystalline and contained tantalum and

oxygen, which was determined by EDX, shown in Fig. 5.17.

20 nm

Fig. 5.16 a) Low magnification and b) higher magnification TEM images of a Ta,0s

particle breaking into nanorods.

Fig. 5.17 Typical EDX spectrogram of a Ta;Os nanorod.

The nanotubes had a much smaller diameter distribution, shown in Fig. 5.18,
with an average diameter of 8.8 nm. The number of shells in each tube was either three

or four, with many tubes having more layers on one side than the other, as shown in
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Fig. 5.19, which is indicative of a scrolled structure. The tubes had an interlayer

spacing of 0.66 nm and lengths between 60 and 200 nm and are open at both ends.
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Fig. 5.18 Diameter distribution of Ta,Os nanotubes produced by reaction of Ta;Os and

tetraethylammonium hydroxide at room temperature.

Fig. 5.19 TEM image of a Ta,Os nanotube with 3 layers on one side and 4 layers on the

other.
The SAED pattern of a nanorod is shown in Fig. 5.20, and is indexed based on

hexagonal Ta;0s with unit cell parameters of a = 7.24 A and ¢ = 11.61 A. The lattice

spacing of 6.2 A corresponds to the (001) plane, which runs parallel with the long axis
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of the nanorod. A spacing of 3.46 A corresponds to the (111) plane. The nanorods have

a hexagonal Ta,Os structure.

«— (001)

Fig. 5.20 High magnification TEM image of a Ta;Os nanorod produced by reaction of
Ta,0s and tetraethylammonium hydroxide at room temperature and the corresponding

SAED pattern.

(001)

(O

Fig. 5.21 High magnification TEM image of a Ta,Os nanotube produced by reaction of
Ta,0s and tetraethylammonium hydroxide at room temperature and the corresponding

SAED pattern.
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The SAED pattern of the nanotube is shown in Fig. 5.21, and is indexed based
on hexagonal Ta;Os with unit cell parameters of a =7.24 A and ¢ = 11.61 A. A spacing
of 3.34 A corresponds to the (111) plane, which runs perpendicular to the long axis of
the nanotube. The interlayer spacing in the nanotubes is 6.2 A, which corresponds to
the (001) plane of Ta;Os. The nanotubes have a hexagonal Ta;Os structure.

The tubes are thought to form when a thin crystal sheet (Fig. 5.22) is cleaved off
from the starting material rather than nanorods, These sheets then scroll to produce
nanotubes. The driving force for the scrolling of sheets into tubes may result from an
asymmetry in the sheet, which causes scrolling to release strain, however the
nanosheets may just curl and scroll naturally into tubes after they are exfoliated. As no
nanotubes were produced when butyl amine was used as a reactant, either the size of
the amine, which is more sterically hindered and bulky than butyl amine or the fact that
the amine is protonated results in the exfoliation of nanosheets, and therefore the

production of nanotubes.

Fig. 5.22 Thin plate like material of Ta,0:s.
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Fig. 5.23 EDX spectrum of a Ta;Os nanotube.

The nanotubes did not contain any structural amine molecules, shown by a lack
of nitrogen in the EDX spectrum, Fig. 5.23, which indicates that the role of the amine
in the reaction is purely one of exfoliation/cleavage.

The tubes were found in bunches, often with two tubes stuck together, this can
be seen in Fig. 5.21. This aggregation has also been observed in the trititanate tubes and

occurs due to electrostatic attraction and the low density of the tubular material.

Fig. 5.24 TEM images of Ta,0Os nanorods self assembled.
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Fig. 5.25 Diameter distribution of Ta,Os nanorods produced by reaction of Ta;Os and

tetraethylammonium hydroxide at room temperature and then dried at 160 °C.

The product of the reaction is sticky, even after filtration and drying in air. A
sample containing rods and tubes was heated to 160 °C in order to remove water.
When this dried sample was examined, only rods were present, and the rods self
assembled into arrays, shown in Fig. 5.24. The nanorods had smaller diameters than
those in the previous samples and also a narrow distribution of diameters, shown in Fig.
5.25.

The self-assembled nanorods are similar in dimension to the nanotubes present
in the wet sample. The average diameter of the rods was 8.5 nm, compared to 32 nm
for the independent rods in the wet sample and 8.8 nm for the nanotubes. The lengths
of the self-assembled rods were also comparable to the nanotubes. The nanorods are
related to the nanotubes rather than the other rods.

The SAED pattern of a nanorod is shown in Fig. 5.26, and is indexed based on
hexagonal Ta;Os with unit cell parameters of a = 7.24 A and ¢ = 11.61 A. A lattice
spacing of 2.58 A corresponds to the (2 -1 0) plane. Perpendicular to this plane, a
spacing of 2.07 A is observed, which is indexed as (0 3 2). The (2 -1 0) planes are at an

angle of 43° to the rod axis. The nanorods have a hexagonal Ta,;Os structure.
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Fig. 5.26 HRTEM image of a Ta;Os nanorod produced by heating a sample of Ta,Os

rods and tubes to 160 °C and the corresponding SAED pattern.

Due to the size of the nanorods, it is thought at this stage that the nanotubes,
which are thermally unstable, decompose to form nanorods upon heating. This
phenomenon has been observed in work on trititanate nanotubes. There are no
structural amine molecules between the nanotube layers so heating either removes
water molecules or directly decomposes the layers, resulting in rods. The rods self
assemble due to the attraction between the parent nanotubes, which is seen in Fig. 5.21,
and the energy put in by heating. The structure of the rods is also different from the
rods produced directly from Ta,Os and tetraethylammonium hydroxide, where the
planes run parallel to the rod axis. In this case the (2 -1 0) planes run at 43° to the rod
axis, suggesting a different method of formation, which is thought to be the
decomposition of the nanotubes. Some of the larger diameter nanorods were also
present in this sample.

When Ta;0Os and tetraethylammonium hydroxide were subjected to a
hydrothermal reaction at 160 °C for 48 hours the starting material particles had

agglomerated into larger fused particles, shown in Fig. 5.27, with sizes in excess of 1
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pum. It was thought that the increase in temperature would enhance the templating

reaction of the amine, however the desired reaction has not occurred.

Fig. 5.27 Low magnification TEM image of Ta,Os particles after hydrothermal reaction

with tetraethylammonium hydroxide.
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Fig. 5.28 Average diameter of Ta;Os nanorods produced by various methods.

Using the same tantalum precursor, nanorods of different diameter have been
produced by different methods, shown in Fig. 5.28. The hydrothermal reaction between
Ta;0s and 10 molar NaOH produced rods with an average diameter of 25 nm. Stirring
Ta,Os at room temperature with butyl amine and tetraethylammonium hydroxide

produced rods of similar dimensions, however the later reaction also produced
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nanotubes with an average diameter of 8.8 nm. When a sample containing rods and
tubes was heated to 160 °C to drive off the water present, the tubes were converted to

nanorods, which self-assembled into arrays and had an average diameter of 8.5 nm.

5.2.3 Silicon dioxide

The hydrothermal reaction of SiO, with 10 molar sodium hydroxide solution
did not produce any tubes or rods, with most of the crystalline starting material

remaining unreacted, shown in Fig. 5.29

10 mm

Fig. 5.29 TEM image of product of reaction between SiO; and 10 M NaOH.

5.2.4 Tungsten oxide

Tungsten oxide was reacted with 10 molar sodium hydroxide solution in a
sealed autoclave at 160 °C for 24 hours. This reaction did not produce any nanorods or
tubes. The starting material is a light green powder and the product is comprised of
large (0.5-1 cm) bright green crystals. The material was examined using TEM, mass

spectrometry and NMR. The starting material, WO3, is a connected 3-D network.
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The product was crystalline and contained warped layered structures, shown in

Fig. 5.30. This material is markedly different from the starting material under the

microscope as well as to the naked eye. The mass spec showed that, along with WO,

other oxides of tungsten were present, as well as a mixed metal oxide peak for NaWOsg,

shown in Fig. 5.31. The NMR results were inconclusive, as the product would not

dissolve in a solvent.

Fig. 5.30 TEM image of product of reaction between WO; and 10 M NaOH.
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Fig. 5.31 Mass spectrum of WO; reacted with 10 M NaOH in sealed autoclave.
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The reaction of tungsten oxide and butyl amine in water at room temperature

produced a high yield of tetragonal WO3 nanorods, shown in Fig. 5.32. The diameter

range of the rods was not as wide as for the tantalum rods, with most rods having

diameters between 7 and 13 nm, shown in Fig. 5.33. The average diameter of the

tungsten rods was 12.9 nm.

<Jt) pigg

Fig. 5.32 TEM of WOs nanorods produced from the reaction of WO3 and

tetraethylammonium hydroxide in water at room temperature.
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Fig. 5.33 Diameter distribution of WO3 nanorods produced by the reaction of WO3 and

tetraethylammonium hydroxide.
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The rods predominantly had lengths of less than 100 nm and did not contain any

amine molecules, only tungsten and oxygen, shown by Fig. 5.34.

Fig. 5.34 EDX spectrum of WO; nanorod.

The formation mechanism for the tungsten rods is thought to be the same as the
postulated mechanism for the tantalum rods. The amine cleaves off the rods from the

parent WOs crystals.
The driving force to produce rods must be large, as it has to overcome the
energy of the W-O bonds without the input of heat energy. The bond energy for W-O

is 672 + 42 kJmol™.
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Fig. 5.35 XRD pattern of WO; nanorods produced by the reaction of WO3 and butyl

amine at room temperature.
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Fig. 5.36 HRTEM image of a WO3 nanorod produced by the reaction of WO3 and
tetraethylammonium hydroxide at room temperature and the corresponding SAED

pattern.

The XRD pattern of the WO;3 nanorods, shown in Fig. 5.35, is indexed based on
tetragonal WOj3 with unit cell parameters of a = 7.39 A and ¢ = 3.88 A and shows good
agreement. The SAED pattern of a nanorod is shown in Fig. 5.36. The lattice spacing of
7.49 A corresponds to the (100) plane, which runs parallel with the long axis of the
nanorod. A spacing of 3.7 A corresponds to the (001) plane, which runs perpendicular
to the nanorod growth axis. These values show good agreement with the results from
the powder XRD pattern, showing that the rods have a tetragonal WO; structure.

The attempt to produce nanotubes from various metal and non metal oxides by
the same methods described in previous chapters had surprising results. The
hydrothermal reaction of oxide with 10 molar sodium hydroxide in a sealed autoclave
produced nanorods in the cases of Al,O; and Ta,0s. The rods were of similar
dimensions, with average diameters of 37.6 nm and 25 nm respectively. The lengths of
the rods were around 200 nm in both cases. In the case of SiO, and WOj3; no rods or

tubes were produced.
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Stirring the parent oxide with amine in water at room temperature produced
nanorods from WO; and Ta,0s. When tetraethylammonium hydroxide was used with
Ta,0s nanotubes were produced along with the nanorods. When a sample containing
tubes was heated to remove water the tubes decomposed into nanorods, which self-
assembled. The rods from tungsten oxide are considerable smaller than the
corresponding tantalum rods, with lengths of less than 100 nm compared to greater than
1 um for the tantalum rods. The self-assembled tantalum rods were of the same order as

the nanotubes, with diameters of 8.5 nm and lengths of around 100 nm.

157



Chapter 6 Conclusion

6.1 Trititanate Nanotubes

In order to elucidate the formation mechanism of trititanate nanotubes, the
hydrothermal reactions of titanium dioxide and 10 M sodium hydroxide solution were
run at 2-hour intervals up to 24 hours. A high yield of nanotubes is formed after 72
hours, however after 24 hours many tubes are present.

In the samples four phases were found. The first phase is the crystalline starting
material, rutile titanium oxide. This material is polyhedral and crystalline with a large
size range.

The second phase is the amorphous material. This phase contains Ti, O and Na
in a disordered state, as shown by EDX. When a sample was washed excessively no
sodium was found in the amorphous phase. This shows that the sodium ions are weakly
bound to the Ti and O. The harsh reaction conditions have broken the strong Ti-O
bonds to create an amorphous phase.

The third phase contains thin plates of trititanate, H,Ti307;. These plates are
formed when single sheets of trititanate extrude out of the amorphous phase and couple
to form layered plates. It is these layers that scroll to form the nanotubes.

The nanotubes have a scroll structure. The number of shells in a single tube is
ordinarily 4, with a diameter of ~ 8 nm. The tubes are hollow, with an intershell
spacing of 0.78 nm.

The concentration of hydroxide ions is higher on the surface of the top layer
than it is between the layers. Therefore the side in contact with the solution undergoes
much more frequent collisions with the sodium and hydroxide ions. The energy gain
for an OH" ion to remove a H' ion from the crystal surface is high, as much as 2 eV, so

it is very likely that the H" ion will be neutralised to form a water molecule. The
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sodium ions in solution balance the charge on the surface layer. The hydrogen content
of the crystal sheet is now asymmetric. When hydrogen is bonded to the surface the
relevant Ti-O bond is lengthened. When the hydrogen is removed the bond will
contract and this will cause the surface to curve. The strain in the layer will eventually
overcome the interlayer coupling and the single sheet will peel off and scroll to form
nanotubes, with the tension in the layer being the driving force in this formation.

The dimension of the nanotube is controlled by the surface tension and with
interlayer coupling energy and Coulomb force.

The structure of the nanotubes is confirmed by XRD, Raman and HRTEM. Due
to the closely related structures of TiO; and other titanate compounds similarities with
the starting material are seen in the spectra, however the results may be more closely
indexed as trititanate.

To gain further evidence of this mechanism, we reacted bulk H;Ti30; and
Na;Ti307 specimens with 10 molar sodium hydroxide. Nanotubes were produced from

both reactions. The starting material was shown to contain no TiO; through XRD.

6.2 Nanotubes from K4 H,NbsO7

In previous work straight chain amines were used as intercalation and
exfoliation materials in the reaction with partially ion exchanged potassium
hexaniobate, K4.4HiNbsO;7, to create nanotubes. The number of layers in the wall is
typically 4, but can be between 3 and 8. When tetrabutylammonium hydroxide is used
the intershell spacing is 0.83 nm. The intershell spacing can be altered using di and tri
substituted amines. When diethyl amine is used the spacing is increased to 0.93 and 1.4

nm. The diameter of the tubes is 20 nm with a wide range of lengths.
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Changing the intercalation agent to triethyl amine increased the spacing to 2.18
nm, and the outer diameter to 40 nm. Nanotubes with a decreased spacing of 0.74 nm
are also observed.

When an amine is intercalated between the layers of the crystal the top layer can
cleave off, and as the monolayer is asymmetric an intrinsic tension exists which curves
the sheet to release the strain and produce tubes. When the K4sNbsO;7 has not been acid
treated the intercalation results in the exfoliation of large bilayers and multilayers.

It can be seen that altering the intercalating amine results in nanotubes of
different intershell spacing and consequently, different diameters. This may be useful in
catalytic reactions, where the tube size may affect activity and in the many instances
where amines are used as templates in nanoscale synthesis. These results show that,
rather than just cleave the layer off and scroll independently, the amine molecules are
incorporated into the nanotube and affect its size.

When the amine is replaced with other similar molecules no nanotubes are
produced, however in the case of ethanol and tetra-n-butlyphosphonium bromide,

nanorods are produced.

6.3 Nanotubes and nanorods from other metal and non-metal oxides

The production of nanotubes from various metal and non-metal oxides was
attempted using the previous methods of hydrothermal reaction with 10 molar NaOH
solution and stirring at room temperature with amine solution. Nanotubes were only
produced in one case, however several nanorods were prepared.

Reacting Al,O3 with 10 M NaOH in a sealed autoclave produced nanorods with
an average diameter of 37.6 nm and lengths of around 200 nm. The rods were

composed of monoclinic Al,O;. The same reaction produced rods with an average
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diameter of 25 nm in the case of Ta;Os. No rods or tubes were produced from the
hydrothermal reactions of SiO; and WO; with NaOH.

Stirring the parent oxide with amine in water at room temperature produced
nanorods from WO; and Ta;Os. When WO; was stirred with butyl amine in water
nanords with an average diameter of 12.9 nm and lengths of less than 100 nm were
produced. The structure of the rods was shown to be tetragonal WO; by SAED.

When Ta,0s was stirred with butyl amine at room temperature nanorods with
an average diameter of 32 nm and lengths in excess of 200 nm were produced. The rods
were hexagonal in structure, with the (001) plane running parallel to the rod growth
axis. The proposed mechanism of formation of the rods is that amine molecules
intercalate into the structure and cleave off the rods.

When tetraethylammonium hydroxide was reacted with Ta;Os a mixture of
nanotubes and nanorods were produced. The rods had a wide diameter distribution,
with an average diameter of 31 nm and lengths greater than 1 um. The rods were shown
to have a hexagonal Ta,Os structure, with the (001) plane running parallel to the
nanorod growth axis. The same formation mechanism is proposed.

The nanotubes had a much smaller diameter distribution, with an average
diameter of 8.8 nm. The number of shells in each tube was either three or four, with
many tubes having more layers on one side than the other which is indicative of a
scrolled structure. The tubes had an interlayer spacing of 0.66 nm and lengths between
60 and 200 nm and are open at both ends. The nanotubes had a hexagonal Ta;0s
structure with the interlayer spacing corresponding to the (001) plane, and a spacing of
3.5 A, which corresponds to the (111) plane, running perpendicular to the long axis of

the nanotube. The tubes are thought to form when thin sheets of material, rather than
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rods are cleaved off. These sheets then scroll to form tubes due to an asymmetry in the
sheet or to release strain.

When a sample containing tubes was heated to remove water the tubes
decomposed into nanorods, which self-assembled, and were of the same order as the
nanotubes, with diameters of 8.5 nm and lengths of around 100 nm. The structure of the
rods was again hexagonal Ta;Os, with the (2-10) plane observed at 43° to the growth
axis of the rod. It is thought that the rods are formed from tubes that collapse upon
heating due to loss of structural amine or water molecules. The average diameter of

rods produced from Ta;Os is summarised in Fig. 5.28.

6.4 Future work

The production of trititanate nanotubes directly from the parent layered material
has opened up the possibility of preparing nanotubes from a family of layered transition
metal hydroxide oxides by the hydrothermal reaction with concentrated sodium
hydroxide. The structural motif thought necessary for the production of nanotubes is
stepped layers of metal-oxide polyhedra separated by protons or alkaline metal cations,
which makes scrolling much easier, shown in Fig. 6.1. Examples of componds from
this family include H,Ti409, HsNbsO,7, HNb3Og, HTiNbOs, HTi;NbO7, H3TisNbO4,
HV,0s and HMMVOs (M=Nb or Ta), HyMOs and H,MO4 (M = Mo or W), HTaWOe.
Nb can normally be replaced by Ta in Nb-containing compounds.

This work has also shown that nanorods of metal and non-metal oxides can be
produced by stirring the oxide with tetraethylammonium hydroxide at room
temperature. This synthetic route is low cost and facile and should be expandable to

other metal oxides.
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It would be interesting to investigate the catalytic properties of the synthesised

nanotubes in the future.

Fig. 6.1 Stepped structure of transition metal hydroxide oxides.
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