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Abstract

The relatively unknown resin-gel synthesis technique has the potential to form multi-mode
mixed metal oxide nanoparticles with differing stoichiometries. These oxides can be
employed in a plethora of applications. In order to exploit these benefits, the mechanism of
nanoparticle formation must be understood. To this end, this study embarked on a parametric
investigation to gain insights on the formation of the less stable anatase and more stable rutile
(titanium dioxide) using resin-gel synthesis. By adjusting parameters such as the type of
polymer, solvent, acid, and metal ion precursor, and by varying other parameters such as the
polymer chain length, polymer stoichiometry, and heating rate, a model for nanoparticle
formation was developed and refined. This model considered the formation of hydroxylated
metal ion species following the addition of a metal ion precursor to a hydroxyl-containing
solvent. These species were protected and stabilised by the remaining fragments of solvent
components. In addition, the size of the ligands attached to the metal ion precursor governed
the amount of protection and stabilisation afforded to the hydroxylated species by the
precursor. These complexes were coordinated to polymer chains that underwent degradation
during the course of heating and ignition. Polymer degradation produced polymer reaction
chambers. The formation, action, and interaction of these chambers with developing titania
crystallites are a novel finding of this work. The sizes of these chambers were controlled
largely by the quantity of polymer present in the reaction. The number of accessible oxygen
sites on the precursor determined the degree of association between the metal ion complexes
and the reaction chambers. If the association was intimate, the polymer reaction chambers
served to stabilise and protect the newly nucleated anatase particles. If the combination of
protection effects afforded by the solvent components, precursor ligands, and association of
reaction chambers of appropriate sizes was insufficient to stabilise nucleated anatase, it
readily converted into the rutile phase. Anisotropic growth along [0 0 1] then caused rutile to
form nanorods. Rutile mesocrystals developed following sufficient polymer degradation. The
association of nanoparticles with polymer fragments was viewed using TEM. Additionally,
TEM investigations revealed the presence of polymer-derived superstructures containing
reaction chambers. Reaction chambers presented with various morphologies and were

composed of crystalline carbon.
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Figure 5.15: PXRD patterns of samples formed from water containing HNO3 pre-calcination.
150

Figure 5.16: PXRD patterns of replicate samples formed from water containing HNO; pre-

calcination. 150
Figure 5.17: PXRD patterns of calcined samples formed from water containing HNO3;. 151

Figure 5.18: PXRD patterns of replicate calcined samples formed from water containing
HNO3. 152

Figure 5.19: Average amount of rutile formed in water containing HNO3 pre- and post-

calcination. 153

Figure 5.20: Average rutile crystallite size formed in water containing HNOj3 pre- and post-

calcination. 153

Figure 5.21: Average amount of rutile with associated average crystallite size formed in water

containing HNOj3 pre-calcination. 155
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Figure 6.18: Well-defined anatase crystallites formed from sample OPEG 1000 + H,0O. One-
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Figure 8.12: (PEG 6000 g/mol ina Ti" : PEG ratio of (1 : 1)). A magnified portion of the
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Figure 10.14: (PEG 3000 g/mol). Anatase crystals with well-defined edges. The highlighted
anatase crystal measured 8.1 nm across its width and 11.2 nm across its length and was in the
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indicates crystals that appear to be TiO.. 326
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Figure 10.25: (PEG 400 g/mol). Anatase crystallites consistent in shape and size when Ti-

isopro was employed as the precursor. 332

Figure 10.26: (PEG 400 g/mol). Well defined cubic shape of an anatase crystal. This crystal
measured ~ 22 nm and ~ 28 nm across its width and length respectively. 333
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Figure 10.31: (PEG 3000 g/mol). The highlighted anatase crystal measured approximately 15
nm across its length and width. This crystal was aligned along (0 0 1) as evidenced by a
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defined edges. 340

Figure 10.32: (PEG 20000 g/mol). The arrows indicate tapered, pyramidically capped ends of
rutile crystallites. This is characteristic of rutile crystals’. The white lines denote an
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width. 341

Figure 10.33: (PEG 20000 g/mol). Further confirmation of anisotropic rutile crystals. The

arrow indicates the tapered end of a rutile crystal. An interesting note is that rutile
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ACAC. 344

Figure 10.36: (PEG 10000 g/mol). Anatase crystals seemingly hexagonal in shape. 346
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Figure 10.37: (PEG 20000 g/mol). The image reveals variation in crystal shape. The black
arrow points to an anisotropic crystal with a tapered tip that is characteristic of rutile. This is
in contrast to the square crystal with rounded edges pointed to by the white arrow. The shape
of that crystal is characteristic of anatase. 347
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Figure 10.41: (PEG 12000 g/mol). Anatase crystals depicting various shapes were
synthesised as evidenced in this TEM image. These crystals have well-defined edges and
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comprising distinct and indistinct edges. The highlighted anatase crystal occurs along (0 1 0)
and has distinct edges. The generated FFT was magnified for clarity. This was to compensate
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Figure 10.48: (PEG 20000 g/mol). A mixture of anatase and rutile crystallites (highlighted in
white). 361

Figure 10.49: Effects of different Ti precursors on the mass percentage of anatase formed. 364
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Figure 11.1: Appearance of specimens collected on aluminium sheets prior to being
transferred to holey carbon TEM grids. Samples were synthesised using PEG (a) 3000 g/mol,
(b) 4000 g/mol, (c) 6000 g/mol, (d) 8000 g/mol, () 10000 g/mol, and (f) 12000 g/mol. 370
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ordering. 374
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Figure 11.18: (PEG 6000 g/mol after 1 hour). Imaging this sample also revealed the presence

of nanoparticles contained within polymer fragments after 1 hour of heating. 388

Figure 11.19: (PEG 6000 g/mol after 1 hour). The superstructure within the polymer (darker
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Figure 11.26: (PEG 10000 g/mol during ignition). A large polymer structure was observed in
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the polymer, many different structures can be observed. The following images represent

magnified sections of this structure. 396
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Chapter 1. Introduction

onsider the synthesis of a hypothetical oxide or nitride material from any
chosen subset of elements in the d-block of the periodic table. Imagine that
this material is stable under, at minimum, normal working conditions and is
synthesised at the nanoscale with a degree of control over particle size, shape and
morphology. This material now incorporates all of the properties associated with
nanoscale confinement of all the elements it comprises in strange, wonderful and
exciting combinations. Now ponder over the seemingly endless probabilities of the

wide range of exotic properties and uses of such a complicated material.

In the field of solid state science and materials chemistry, a fabrication method
offering non-stoichiometric multi-mode mixed metal oxide nanomaterials with
controlled morphologies appears to be far-fetched. Techniques such as sol-gel
synthesis and solvothermal syntheses serve as excellent routes for the formation of
oxide nanoparticles with strongly controlled properties’ but lack the ability to
combine materials that will possess advanced functional properties. The Pechini
method has become well established for the fabrication of mixed metal oxide
nanoparticles with the inconvenience of poor control over particle morphology?. It
stands to reason that a synthetic technique based on the advances of endorsed
nanomaterial syntheses is necessary to achieve the abovementioned targeted

materials.

Nanomaterials have been part of recorded human history since as early as 15000
BCE?®. Early records show of their use in clays and as decorative substances in glasses
and paintings®. In the half century since Feynman’s “There’s plenty of room at the
bottom” speech,” significant progress has been made in the synthesis and applications
of nanomaterials and they have become useful in diverse disciplines as stated by
Cushing et al: automotive technology, medical applications, earth science and
chemistry?, among others. The formation of new nanoparticles has largely been a
series of methodical experiments in an attempt to synthesise the target material related

to a specific function.

It is believed that the next phase of the nanotechnology evolution is to take currently

available nanomaterials (especially those containing metal ions) and combine them in

Page | 1



various ways with differing stoichiometries in the hope of producing advanced
materials that possess peculiar properties and that are be able to perform functions that

we cannot, for the moment, fathom.

It is with this rationale that the idea of resin-gel synthesis® was developed in this
study. As a relatively unknown synthetic procedure, resin-gel synthesis has the
potential to form multi-mode non-stoichiometric mixed metal oxide nanoparticles.
Due to the perceived mechanism of particle formation, it has the ability to form two or
more separate products within the same reaction mixture that do not necessarily
correspond to the energy minima of the system. To utilize its full potential the
mechanism of nanoparticle formation must be fully understood. An understanding of
this mechanism was achieved in this study by varying several parameters involved in
the synthesis and observing changes to the synthesised products. As a result of the
nature of the experimentation, it was concluded that a suitable reference material was

required on which to base the results of each experiment.

To this end, titanium dioxide (titania) was selected as the choice of reference material
given that it has been extensively studied in the literature and can be synthesised from
relatively inexpensive precursors. The transition temperatures from brookite and
anatase to rutile have been thoroughly explored. The dependence of these transitions
on particle size has also been described®. This would assist in the elucidation of the

mechanism of particle formation under resin-gel synthesis conditions.

A coordinating polymer is an important tuneable parameter in the resin-gel synthesis
method. Polyethylene glycol (PEG) was selected as the polymer for most of the

experiments in this study.

The literature review of this thesis will primarily focus on a few synthesis techniques
for the formation of oxide nanoparticles, including how they compare and contrast to
the currently accepted working theory of rein-gel synthesis. It will also reflect on how
titania makes a good reference material on which to model the resin-gel synthesis
mode of nanoparticle formation. Additionally, the chemistry of PEG will be
discussed. Finally, this literature review will touch on some important materials

characterisation techniques that were used in this study.
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1.1 Synthetic Descriptions

This section will focus on describing resin-gel synthesis and other, more established
methods for the synthesis of mainly oxide nanoparticles. These techniques do not
correspond to the exclusive formation of oxides but have been prepared in such a
manner to highlight the principles of each technique as it applies to oxide formation,
provide some information on the type of particles formed, and compare and contrast
these methods with resin-gel synthesis.

1.1.1 Pechini Method
In 1967 Alfred L. Leavitt and William L. Jarvis examined a patent filed at the United

States Patent Office about a method to prepare lead and alkaline titanates and niobates
in any proportion using resin intermediates’. This method was created by Maggio
Pechini and forms the foundation for resin-gel synthesis. Pechini developed this
technique as a modified sol-gel-combustion synthesis to address the synthesis
problems with metals that possess poor hydrolysis equilibria®. Using the Pechini
method, reactant metals do not require the ability to form suitable hydroxo
complexes®. Because chelates have the ability to form complexes with a wide range of
metals over a large pH range, this technique has the ability to form oxides of vast
complexity®. According to Roque-Malherbe, this technique is well known for its
ability to form homogenous, multi-component metal oxides®. This synthesis was
initially developed for the preparation of thin films but has been adapted for the

formation of powders.

The basic principle of the Pechini method is illustrated conceptually in figure 1.1. It
involves the addition of alpha-hydroxycarboxylic acids to form chelates with hydrated
oxides and alkoxides of titanium, zirconium and niobium’. A stoichiometric amount
of a basic metal compound such as lead and alkaline earth metal oxides, hydroxides,
alkoxides and carbonates is then added to this mixture. When heated with a
polyhydroxy alcohol such as ethylene glycol, the chelates undergo polyesterification’
and gelation®; a process that serves to connect the chelates’. The solvent is removed
by heating but no crystallisation occurs. Rather, a solid resin containing the metal ion
precursors in solid solution is formed’. This is due to the manner in which the metal
solutions are mixed in the resin intermediate: the metal atoms are bonded through
oxygen to organic radicals that comprise the cross-linked network’. The segregation

of metal ions by the immobilisation of metal complexes through the organic polymer
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network ensures compositional homogeneity®. This intimate atomic scale metal ion
mixing lowers the synthesis temperature and increases the rate of reaction. Following
gelation and drying, the solid intermediate is heated to begin pyrolysis. As a result

sub-micron pure phase multi-component metal oxides are formed®.

Since the ratio of different metal oxides in the resin intermediate is uniform in both
the solid and liquid phases, by adding known compositions and concentrations of the
metal ions, any ratio and combination of metal oxide can be tailored into the resin
intermediate’. These tuneable ratios are a powerful consequence of the Pechini
method and are carried into this adaptation of the Pechini method: resin-gel synthesis.
Compounds that are insoluble in the presence of desired metal ion precursors or
compounds that are soluble in the liquid but not solid phase are incompatible for use

in this synthesis’ as it may lead to phase separation in the final product.
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Figure 1.1: Esterification process and network formation during the early stages

of the Pechini synthesis”.

The Pechini method has been used to synthesise a variety of different materials with
various metal precursors and a range of different chelating agents such as
ehtylenediaminetetraacetate (EDTA) Table 1.1 shows a representative view of the
various materials prepared using the Pechini method. A number of these syntheses

deviate from the polyesterification step by the omission of a polyol due to the use of a
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polymer based chelating agent that coordinates directly with the metal ions?. As such,

it is difficult to achieve tailored particle sizes and regular particle morphology?.

Table 1.1: Various oxides formed using the Pechini method*,

starting chelating polymerization calcination product
compd material agent agent temp (°C) size (nm)

ZInTiO Zn(OAc); CA EG 500~ 1000 18-31
TIH{OBu)4

SrTiO, Ti(OBu)4 CA + PAA EG 550-700 <500

YN asMng ¢/O Y(NOy)4 CA EG 750-800 17
Ni(NO,)
Mn(NO,y);

YBa:CunOs;- Y(NOq)s CA EG 920 not stated
BaCO,
CuCOy

Y Zr 1O iz Y(NO4)s CA EG 600— 1000 20
ZrCl,

Zr ey -,0; ZrOC); glycine none 600 13

(x= 0.35) (NH,)Ce(INO)

BaTiO BaCO CA EG 700-1100 50-340
Ti(OPr)y

BaCeO BaCO CA EG 800~ 1000 ~100
Ce(NOY)

LaCo0Oy La(NOy)y glycine none 800 35
Co(NO1):2

RE,Li;- NbO, Li;CO CA EG 500-900 40-60

(RE = La, Pr, Sm, Er) Nb-ammonium complex

La;0s
Pra(CO3)
Sm{COy)
Ery(COs)4

La;wsSro sCu0y La(NO,) CA EG 900 1 um
SrCO
Cul(NOy);

PbyMgNb, Oy PLCO CA EG 400800 ~50
MgCO
Nb(OEY):

Bi:Srla—1CudOeize Bi(NO,) EDTA none 700 not stated

(n=1,2,3)

The Pechini method inherently offers a double edged sword: having various metal
ions stuck in the organic matrix assists in multi-component metal oxide formation
however, since the metal ions do not play a role in forming the network (unlike sol-
gel syntheses), it is difficult to attain control of particle size, shape and morphology?.
Post-calcination particles are spherical and no specific particle shapes have been
reported®. Due to a lack of obtainable data, it was believed that the Pechini method
favoured the exclusive formation of oxides?, however, recent studies have shown that

they may be used for the synthesis of nitrides™®.

1.1.2 Sol-Gel Synthesis
The sol-gel synthesis procedure is a well-known technique for the fabrication of metal

oxides. Its use dates back to as far as 1846 when Ebelmen hydrolysed SiCl, and
formed complexes with alcohol® ' *2. Traditionally, sol-gel synthesis is a method for
preparing oxide particles of silicon and titanium by the hydrolysis and condensation
of alkoxide based precursors™, although other inorganic metal salts and metal organic

compounds may be used 2.
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In a review of sol-gel preparation of high temperature oxides, Masato Kakihana

defined sol-gel processing as the conversion of a colloidal solution of monomers (sol)

into a solid matter (gel) without the formation of a precipitate®. This solid matter may

or may not form an infinite, rigid, three-dimensional network to be classified as a

gel*. Depending on a number of factors such as treatments of precursors, heat

treatments, etc., sol-gel synthesis may be used to form thin films, aerogels, ceramic

fibres and ultrafine and uniform powders,> *2. A sol-gel synthesised sample may be

handled using two different routes™*:

a. Network formation route

This route is based on the destabilisation of a sol to form a gel. Heat

treatments at various temperatures control the formation of glasses or

polycrystalline samples.

b. Molecular route

This route is based on the hydrolysis and polycondensation of organic or

inorganic metal ion precursors. The specific reactions pertaining to the

hydrolysis and condensation steps vary according to the precursor employed in

the synthesis. The general steps involved in the sol-gel process mainly pertain

to the use of an alkoxide precursor? such as Si(OR). and are as follows:

1.

Sol formation

A precursor such as SiCl, forms a stable solution of Si(OR),; when

added to an alcohol in the absence of water:
SiCls + ROH - Si(OR), + 4HCI (1.2)
In the presence of water, hydrolysis is initiated and the ratio of Si/H,0O
governs the number of alkoxy groups that can be substituted:
Si(OR)4 + nH,0 = Si(OR)4.n(OH), + NROH (1.2)
Variation of the number of available water molecules strongly
influences the condition of the gel. The degree of OH" substituted on

the parent Si group controls whether the gel will be composed of

chains, rings or branched, three-dimensional agglomerates.
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Gelation

A polycondensation or polyesterification reaction results in the

formation of an alcohol bridged network:

COR OR OR OR
OR—8i—OR <4 HO—Si—OR —= OR—SIi—0—Si—0OR <4 ROH

OR OR OR OR

This condensation reaction allows for the formation of a large three-
dimensional network that forms over time governed by the
temperature, pH and rate of solvent removal. The gel may be cast into

a mould to obtain a desired shape.
Syneresis

The gel is aged. Polycondensation reactions continue to remove liquid
from the pores. The resulting effect is strengthening of the gel into a

solid.
Drying

Water and other liquids are removed from the pore network by thermal
evaporation or under supercritical conditions. This forms either a

xerogel or aerogel respectively.
Dehydration

High temperature gel calcination is performed to remove unwanted
groups such as surface-bound M-OH. This procedure prevents

rehydration and allows the gel to be chemically stable.
Densification

This is the last procedure in the treatment of formed gels. Heating the
gel at high temperatures breaks down the pore network and causes the

gel density to increase.

Sol-gel processing has been used in the synthesis of nano-oxide materials from

various starting materials. The control of particle size is achieved through the

combined efforts of precursor concentration variation, reactant feed rate, pH control

and calcination temperatures®. Although it has been reported™, the sol-gel synthesis
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technique is not popular for the formation of mixed metal oxides. Since metal ions
play an active role in comprising the gel network, it is possible to achieve a degree of
control of particle size and shape but limits the ability to form mixed metal oxide
nanoparticles. Sol-gel syntheses allow for the formation of homogeneous
intermediates and pure sample formation. A disadvantage of oxide preparation by sol-
gel synthesis is that high temperature heat treatments are necessary to cause surface

dehydroxylation to occur'?.

Much work has been done in the formation of shaped titania nanoparticles using the
sol-gel method™® " 18:19.20.2L "ggimoto et al.*® ~?° have shown that varying reaction
parameters led to the formation of anatase nanoparticles with controlled sizes and
shapes. Amines were used as shape controllers to cap and protect developing anatase
particles and inhibit their transformation into rutile. Solution pH was adjusted using
HCIO, or NaOH and it was found that nanoparticles change from cuboidal to
ellipsoidal above a pH of 11 when triethanolamine was employed in the synthesis.
Figure 1.2 shows the effect of various amines on the formation of ellipsoidal particles
with different aspect ratios at the same pH. Shape controllers work by adsorbing to
specific crystal planes on the developing crystal and this in turn adjusts the growth

rate of these planes® %,

05 mol dm”’ TMD €)0.05 mol dm” DETA (d) 0.05 mol dm” TETA

=z \

(el) 005 mol dm™ DEA (e2) 0.20 mod dm™ DEA

Figure 1.2: Shape and size dependence of anatase nanoparticles on various

amine-based shape controllers at constant pH. (a) ethylenediamine, (b)
trimethylenediamine, (c) diethylenetriamine, (d) triethylenetetramine, (e)

diethylamine, (f) trimethylamine, and (g) triethylamine”".
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1.1.3 Sol Synthesis
As mentioned previously, a disadvantage of oxide formation by sol-gel synthesis is

surface bound hydroxyl groups that must be removed by chemical or heat
treatments™. These hydroxyls affect the properties of some materials such as titanium
dioxide: hydroxylated titania provides a weaker reducing surface than dehydroxylated
titania surfaces?’. Surface-bound water and hydroxyl groups also affect sintering
rates'?. According to Niederberger et al., sol-gel synthesis struggles to produce phase
pure oxide materials with high crystallinity>®. One method to address these issues is in
the form of the sol synthesis. This method is based on the non-hydrolytic equivalent
of the sol-gel method for the fabrication of metal oxides®*. It typically involves the
addition of a metal halide to an oxygen donor molecule. This may be in the form of a
metal alkoxide or organic ether etc®. Reactions typically proceed in the following

manner:

TiX4 + Ti(OR)s > 2TiO, + 4RX (1.3)
TiX4 + 2ROR > TiO, + 4RX (1.4)

A condensation reaction between the halide and oxygen containing species allows for
the formation of Ti-O-Ti bridges with the elimination of alkyl halides. Trentler et al.
have demonstrated control over average particle size by reactant variation®*. The sol
synthesis has proven useful for the formation of phase pure anatase of uniform size
and shape with little agglomeration at synthesis temperatures as low as 40 °C as
shown in figure 1.3%. Niederberger et al. have also demonstrated the ability to tailor
particle size within the range of 4 — 8 nm in increments of 0.5 nm using the sol
method by decreasing the concentration of the titanium tetrachloride precursor?.
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Figure 1.3: TEM micrograph showing exclusive anatase formation. (b)

Represents a higher magnification image of (a)*".
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1.1.4 Combustion Synthesis
Formation of solids with controlled structures, compositions and properties by the

ceramic route affords the inherent difficulty of requiring atomic and ionic species to
diffuse through reactants and products®. For the diffusion process to occur, multiple
mechanical procedures must be performed at elevated temperatures for a duration of
time®. Combustion synthesis is a synthetic technique that eliminates diffusion control

problems?®.

Combustion synthesis may be defined as an exothermic redox reaction where a fuel is
oxidised in the presence of an oxidising agent®™ ?°. As stated by Rajeshwar and de
Tacconi?”: “Combustion synthesis is essentially a controlled explosion carried out in a
synthetic context”. Oxygen serves as a good oxidising agent due to its high
electronegativity and atmospheric abundance?’. Although combustion synthesis was
initially used by humans to produce carbon black for cave paintings, the first literature
entry for the use of combustion synthesis for the formation of a ceramic refractory
material dates back to 1825 when zirconium metal was heated to produce the oxide
form®®. Nonetheless, the Pechini method — a close cousin of combustion synthesis?’ —
is regarded as the first real use of combustion synthesis” %°. Combustion synthesis or
Self-Propagating High-Temperature Synthesis (SHS), as it has been defined in the
literature, is a simple, swift, low cost, non-capital-intensive and energy efficient
manner for the preparation of high purity materials and nanomaterials with unique
properties to withstand extreme conditions® 2% 27 2829 %0 Thjs method may also be
used for the formation of metastable phases?®. SHS was developed by Merzhanov,
Borovinsky and Skhiro at the Institute for Chemical Physics of the former Union of
Soviet Socialist Republics (USSR) Academy of Sciences in the late 1960’s and early
1970’s after discovering that solid combustion products had formed from solid
reactants®® ? %, According to Lackner et al., the future of nanomaterial synthesis will
be developed around SHS?.

Although ubiquitously referred to as SHS in the solid state, the combustion process

may be defined according to the state of matter of the reactants involved®® *;

a. Gas phase combustion synthesis: is known as flame synthesis and is

responsible for the formation of non-agglomerated nanomaterials.

b. Liquid phase combustion synthesis: is known as solution combustion synthesis

(SCS) and occurs from a metal salt in agueous solution in the presence of an
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organic fuel. A high degree of homogeneity is achieved through molecular
mixing®. Solid state synthesis tends to produce particles that are more coarse

compared with those formed from liquid phase combustion®.

c. Solid phase combustion synthesis: is known as gasless combustion or solid
flame synthesis and may occur as either SHS reactions or Volume Combustion
Synthesis (VCS). In the former, combustion propagates through the reaction
mixture whereas in the latter, combustion occurs simultaneously throughout

the volume of the material or as explosions.

This sub-section will continue to describe gel combustion synthesis — a branch of
liquid phase combustion — as synthesis of nanoparticles throughout this study was

based on this type of combustion reaction.

Gel combustion synthesis is based on the paradigm that once a reaction has been
initiated under the action of heating, a self-sustaining exothermic reaction occurs that
produces a powder as a final product®” . It involves dissolving metal salts with an
organic complexing agent followed by solvent evaporation. The resultant
homogenous gel is heated to ignition to remove the organic matter®®. Due to the
mechanism of operation, gel combustion characteristically allows for the formation of
fine, homogeneous powders, of high purity.** The final product usually represents a

froth-like voluminous powder® ** ¢

as seen in figure 1.4.

Figure 1.4: Formation of voluminous (left) LisTisO1, and (right) ZrO; by solution

combustion® **,

As evidenced in table 1.2, gel combustion produces a wide array of different metal
containing oxide nanomaterials. It serves as an excellent alternative to traditional sol-
gel processing as it makes use of cheaper, environmentally benign precursors, is

energy and time efficient, and allows for doping by ionic substituiton? 2" %031,
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Table 1.2: Various oxides formed using gel combustion synthesis™.

Material Fuel” Particle size  Application
AlO; 0] 4 pm Abrasive
MAIL-Oy AM + U/CH/ODH/GLI  15-28 nm Catalyst support
(M=MneZn)
M/MgAl;Oy. U 10 nm Catalyst
M = Fe-Co/Ni
Cot2/AlL04 0] 0.2-0.3 wm  Pigment
Eut3/Y3Al505 U 60-90 nm Red phosphorus
Cej_ ThyMgAl;) O CH 10-20 pwm Green phosphorus
M/ALLO5, M = P, 0] 7-10 nm Catalyst
Pd. Ag
Pd/ALLO; U 10-18 nm  Catalyst
CeO>-Zr0- ODH 18 nm Oxigen storage
GLI 100 jum Capasitor
M/CeO2, M = P, ODH 1-2 nm Catalyst
Pd. Ag
Ce|_Pt,0- CH 4-6nm H>-03 combina-
tion catalvst
Ni-YSZ. (Ni.Co/ 0] ~40 nm Combustion cell

Fe/Cu) -Y5Z

anode (SOFC)

LaSrFe(; CH/ODH 20-30 nm SOFC cathode
LaCrO5 U 20 nm Interconnection
for SOFC
LiCoy sM; 504 ] S5—10 pm Lithium battery
MFe-04BaFe;20¢ ODH 60-100nm  Magnetic oxide
BaTiOy GLI/AC 15-25 nm Dielectric material
Pb(Zr.T1)O; AC 60 nm Piezoelectric
material
Zn0 U <100 nm Varistor

U urea, CH carbohydrazides, ODH oxalildihidrazida, GLI glycine, AC citric acid, AM metal

acetale

lonic substitution is a powerful consequence of combustion synthesis for solar energy
and environmental remediation applications as it allows for desired products to be
chemically modified in situ by varying the metal ion and precursor chemistry®’. The
disadvantages are formation of a precipitate before complete gelation has occurred
and evaporation or decomposition of the reaction components before the polymer has
been completely degraded®. These disadvantages are mainly reaction component

specific and can be circumvented by careful selection of different precursor materials.
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Other, more general disadvantages of using gel combustion synthesis include a
lengthy precursor preparation time (several days to weeks), a low yield and the

inability of some metals to form complexes with combustible ligands®.

Although gel combustion is fairly robust with respect to parameter variation, the
mechanism of combustion is complex and depending on the system, not always fully
understood>’. To assess feasibility of a combustion reaction to synthesise a desired
product, thermodynamic analysis such as calculation of the adiabatic temperature,
must be performed®. A reaction will only be self-propagating in the solid state if the
adiabatic temperature is achieved®. This is not a requirement for liquid phase

combustion hence reaction and flame temperatures may be significantly lower*®.

Parameters such as type of metal precursor anion?’, type of metal precursor?’, use of
metal or non-metal based dopant?’, type of fuel, type of flame, air-fuel-oxidiser ratio,
excess oxidiser, generated gasses, ignition temperature, atmospheric conditions, fuel
solubility, and the amount of water contained in the gel have the ability to influence

the combustion process™.

A study conducted by Nagaveni et al. demonstrated the effect of different fuels on the
particle size and photocatalytic activity of formed titania®. In the study, glycine (G),
hexamethylenetetramine (H), and oxalyldihydrazide (O) were employed as fuels with
a titanyl nitrate precursor. It was shown by PXRD and TEM that titania particle size
increased in the order: G < H < O. Particle size displayed an inversely proportional

relationship to the initial rate of phenol decomposition.

The type of fuel/oxidant mixture used in the synthesis affects the reaction enthalpy
and temperature and this in turn affects the crystallite size, surface area and degree of
agglomeration of formed products®” *'. Gas evolution during combustion dissipates
generated heat thereby lowering reaction temperature and inhibiting sintering. The
evolution of gas is also responsible for breaking large clusters and creating pores
between particles. This has the effect of decreasing particle size and limiting the
amount of agglomeration. It has been shown that the mixture mass to combustion-

container ratio is critical to allow or deny the combustion process to occur®”.

Atmospheric composition and temperature affect the combustion process and result in
incomplete combustion products, metastable phases or a mixture of two or more

phases®™.
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1.1.5 Resin-Gel Synthesis
Resin-gel synthesis (chronological ordering of the technique demands that the

nomenclature exist as Gel-resin synthesis, however, by the English language rule of
ablaut reduplication, the technique is correctly called Resin-gel synthesis) is a
relatively unknown hypothermal combustion synthesis technique based on the Pechini
method for the fabrication of mixed metal oxide nanoparticles®. This technique is
based on thermodynamic control in the sense that the system is allowed to attain
equilibrium and is then disrupted to form nanoparticles. As stated previously, resin-
gel synthesis has the potential to become a powerful tool for the fabrication of multi-
mode mixed metal oxide nanoparticles with various stoichiometries. This method
involves forming a solution of metal ions by addition of a metal compound precursor
in an appropriate solvent. A titanium tetrachloride precursor in water will form the

following hydroxylated species:

Cl OH
ClI—Ti—Cl 4+ 4H,0 — HO—Ti—OH + 4HCI
Cl {’_|}H

A long chain coordinating polymer (such as polyethylene glycol) is then added to this
solution®. The mixture is stirred and heated until a homogeneous gel is formed®. A
hard resin is formed by removing excess solvent through evaporation> *. It is
assumed that the polymer chains coordinate to and immobilise the metal ions
therefore preventing segregation and precipitation®®. Following polymer degradation
resulting from sample ignition, the metal ions are forced closer together to form oxide

nanoparticles®®. A facile representation of this process is given in figure 1.5.

/\/\ \/\Jl\/ | —
NWV\ - PEG chain

Metal ion

Nanoparticle cluster

Figure 1.5: Schematic representation of ignition induced polymer degradation

leading to nanoparticle formation using resin-gel synthesis.
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Resin-gel synthesis and the Pechini method have the capability of forming mixed
metal oxide nanoparticles®. It differs from the Pechini method in that it eliminates the
need for a complexing agent such as citric acid. Since the polymer is added directly to
the metal ion solution, no polyesterification occurs making this synthesis more robust
than the Pechini method®. Using the Pechini method, modest control over particle
morphology is achieved by varying the ratio of the alpha-hydroxycarboxylic acid to
polyhydroxy alcohol®. Because of the number of variables in resin-gel synthesis,
adjusting parameters such as polymer chain length has the potential to control the size
of formed nanoparticles. In addition, changing the type and length of polymer chains
used in the synthesis will serve to adjust the fuel to metal ion ratio resulting in a
change in the combustion properties®’. As discussed previously, this affects particle

size, shape, purity, morphology, and phase composition?” .

The resin-gel method has successfully prepared phase pure mixed metal oxides of the
form CuxTiyO, with various stoichiometries in the 5 — 45 nm range®. Phase pure
material was obtained by adjusting the solvent to polymer ratio and calcining between
300 — 900 °C°. Post synthesis calcination was performed at lower temperatures for
shorter periods of time as compared with other synthetic procedures®. The use of
ethanol as a solvent promoted the formation of smaller crystallites compared with

water. This is likely due in part to the higher dielectric constant of ethanol®.

The chemistry governing nanoparticle formation is currently unknown. Critical to
harnessing the power of this technique is to understand the mechanism of nanoparticle
formation. The effect of various reaction parameters such as choice of solvent and
coordinating polymer, polymer chain length, the inclusion of a coordinating organic
acid, heating rates, synthesis temperatures, ignition temperatures and choice of metal
ion precursor must be investigated in order to begin understanding the mechanism.
Once understood, these tuneable parameters will allow the resin-gel method to
become a juggernaut in the field of mixed metal oxide synthesis. Although not
reported, this technique may theoretically be used for the synthesis of nitrides and
carbides provided suitable solvents and polymers are used, and the source of oxygen
responsible for oxide formation is diagnosed (i.e.: atmospheric or reaction component
based).
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1.1.6 Hydrothermal Synthesis
Hydrothermal synthesis is a useful tool for the fabrication of nanostructured materials

3. 4 Due to the number of

in the field of electronics, catalysis and ceramics
publications and variations in conditions such as temperature and pressure, it is
difficult to provide an exact, all-encompassing definition of the hydrothermal process.
An attempt to include the traditional definition and the latest variations of the process
parameters has been made by Byrappa and Yoshimura*: “Any heterogenecous
chemical reaction in the presence of a solvent (whether aqueous or nonagueous)
above room temperature and at pressure greater than 1 atm in a closed system”. This
definition is considered to be most correct according to Wang et al*’. Strictly, the
hydrothermal process is one that occurs in water as the term solvothermal has been
used to describe hydrothermal-like reactions using a solvent other than water’.
Although it has become a well-known and well-studied technique for the fabrication

of oxide nanoparticles, this method has its origins in the field of geology.

In the mid 1800°s Sir Roderick Murchison, a Scottish geologist, coined the term
hydrothermal to describe the method by which water at elevated temperature and
pressure causes changes in the earth’s crust resulting in the formation of various rocks
and minerals*’. The primary application of the hydrothermal method by geologists
was to simulate natural hydrothermal phenomena in a laboratory*?. In 1845 Emil von
Schéfhautl made the first laboratory based use of the hydrothermal method when he
successfully grew quartz crystals from precipitated silicic acid in a steam digester*’.
The first successful commercial application of the hydrothermal method was to use
NaOH to leach bauxite and obtain Al,0s*. The aluminium oxide could then be
processed into the metallic form. Karl Josef Bayer pioneered this method in 1892 and
it is still in use today*'. In addition, the hydrothermal method is used to extract metal
from, as stated by Byrappa and Yoshimura®:: ilmenite, wolframite, cassiterite,
laterites, uranium ores, sulphides of gold, copper, nickel, zinc, arsenic, antimony, etc.

Since the mid 1970’s Japanese researchers began a series of experiments to determine
other uses for the hydrothermal synthesis technique than for hydrometallurgical and
single crystal growth®’. This is largely due to the discovery of ceramics that can be
synthesised under mild conditions of temperature and pressure*?. Figure 1.6 shows the
increase in quantity of published material on the use of hydrothermal synthesis and

figure 1.7 illustrates the interdisciplinary nature of the hydrothermal technique.
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The traditional synthesis procedure is usually conducted in a Teflon lined steel
autoclave under conditions of controlled temperatures and pressures™ 3 40 4%,
Reaction conditions can be tuned to obtain subcritical or supercritical water®,
Surpassing the critical temperature and pressure of water (374 °C and 22.1 MPa
respectively) changes properties such as density, solubility and the dielectric
constant**. The dielectric constant for water is 78 at room temperature**. This allows
for the dissolution of polar inorganic salts. Increasing temperature and decreasing
pressure serves to decrease the dielectric constant favouring dissolution of organic
compounds*. A dielectric constant below 10 magnifies the effect of the dielectric
constant on the reaction rate according to electrostatic theory**. Since solubility is
lowered, super saturation occurs in accordance with nucleation theory*. These
combined effects allow water to form an advantageous medium for particle
formation®*. Supercritical solvents have the effect of promoting the formation of multi
metal oxides™. Tables 1.3 and 1.4 provide a subset of formed oxides from batch and

flow hydrothermal syntheses above supercritical conditions.

The hydrothermal synthesis has the advantage of forming products with high degrees
of crystallinity, in addition to affording control over particle size, shape,
morphology® and crystal phase*: *. This is because crystallised powders are
precipitated directly from solution which serves to control the rate and uniformity of
nucleation, growth and aging®®. Particles formed under hydrothermal conditions are
intrinsically pure due to the process of crystal growth that tends to reject impurities*.
All ceramics (powders, fibres, single crystals, monolithic ceramic bodies, metal
coatings and polymers) can be produced by the hydrothermal method*. Other
advantages of the hydrothermal technique include high particle surface area or the
formation of dense sintered powders, a continuous reaction with short reaction times
requiring no milling or calcination and lower energy requirements®*. The
disadvantages are that moderate temperatures (100 — 400 °C)** and pressures (3 — 44
MPa)* may perturb the desired crystal structure*'. Some products require high purity
seed particles to initiate nucleation*. Surface treatments are necessary to remove
unreacted reaction matrix components*’. It differs from the resin-gel method in its
inability to form non-stoichiometric multi mixed metal oxide nanoparticles, requires
the use of specialised equipment in terms of an autoclave and requires longer

synthesis times under mild conditions to obtain a high yield.
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Table 1.3: Oxides formed using the hydrothermal batch reaction method above

supercritical conditions*.

Starting Materials Conditions Products Particle size (nm)
Ti(OC3H;), 100-400 °C, 24 h TiO, 20-115
Ti(OCsHy), KOH 0806 14MPa - om0y, 12.5-20.1
o 200400 °C, K4NbsOy,
Nb,0s, KOH >, KNbO 7-19
Nb,0s. KOH 400 °C, 24 MPa, KNbO; 15.2-42.1
2-24h
Ti(OC;H;).. 300400 °C, 3-25 MPa, o
Nb,O-. KOH nt KTiNbOs 1000-3000
. 400 °C, 25 MPa,
Ta,0s, KOH e, KTaO; 1000-10000
Zn(NOs),, o Several pm in
Mn(NOs)z Si10, 400 0 (;: fi I;*[E’m Z1n5S104:Mn length
KOH 22 (rod-like)
Fe(N03):9H,0, ~(Fe1.xInx)203
1 a 3
In(NOA)sSEO 400°C,30 MPa, 4h (FersInnOs 0-40
FeSO,7H,0, LioH 1217388 "C. =33 5MPa.  pipepoy, 1000-2000
10 min—-1 h
feﬂ‘om’ 250 °C, 10 min CeO, 5-20
ignosulfate

V305, Y(NO3)s, 5 o
KOH 200-380 °C. 1-10 h YVO, 50-200
Co(NO3)6H,0.
Fe(NO3):9H0, 390 °C,pH 12 <6 h CoFe)04 5
(Li. Na.K)OH
Fe(NO;);:9H,0 394 °C, 5-30 d Fe,0; 16-36
Y(NO;3):6H,0,
Al(NO;);:9H,0, 400 °C. 30 MPa, Y3A1015 <3000 in
Eu(NO;):6H,0, 2h pH7-11 (YAG):Eu length(rod-like)
KOH
Ce(NOs)36H0, 390 °C, pH 7-9
NaOH 2h CeOn 38

300 °C, 25 MPa ErOOH, 600012000
En0s3, NaOH 222h Er,OCO;(OH), (rod-like)
MgClL6H,0, 400-450 °C, 25-32 MPa

L g £l ] o - . - S

K4P,07, HCl 5-120 min Mes sHa(PO,)s 20-500
Cu(NO3)23H,0, -
AI(NO3):9H,0. 4[’01 Océ SO MPa, CuAlO» 20005000
HCOOH, NaOH —oY
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Table 1.4 (1): Oxides formed using the hydrothermal flow reaction method above

supercritical conditions*.

Starting Materials Conditions Products Particle size (nm)

L 350420 °C, KTisO13, 10 (width),
Ti0; sol, KOH 30 MPa, 2-3 s TiOs 5001000 (length)
ZrO(NO:s),, 400 °C, 30 MPa,

ZrO(Ac) 1.8 20 687
350400 °C,
' - 3
AI(NO3); 2540 MPa. 264 < v-AlOOH 63-473
400-500 °C, v-AlOOH,
AI(NO ' | ' 3.9-6.4
(NOs); 25-35 MPa. 0.063-3 s y-AlLO;

. 300420 °C. 30 MPa, .
Ba(OH),, Ti0, sol 0.1-40 s BaTiO; 13484

) 300420 °C, Tetragonal/
Ba(OH), TiOysol 1, 10 MPa, 07515  Cubic BaTiO:; 10-100

i 400 °C, 30 MPa, Tetragonal/ 5
Ba(OH),, TiO; sol Tms—2s Cubic BaTiO3 9-32
Ca(NOs)a,
St(NO3)a, 300400 °C, ‘ . 5
Fe(NO3)s, 30 MPa. 10 Cap gSrp 21 T115FexO3. 20-27
Ti0s sol
ZrO(NO:s),, 300—400 °C, 30 MPa, )
Y(NO3)s 0.17-0.35 s Y52 4-0
Zn(CH;CO»),, 400 °C., 245atm, _ j
H)0; 8.9-16.3 s 0 9320
Fe(NO3)s,

, 5_675K, 25 MP:
Co(NO3),, 47 6?'123 . MPa, CoFe;04 13-23
NaOH
Al(NO:3)s
Y(NOs)s 400 °C, 30 MPa, )
Tb(NO);. 254 (Y27Tbg 3)AlsO12 14-152
KOH
Zn(NO3)»6H;O 390 °C, 30MPa, 22 s ZnO <10000 (whisker)
Zn(NO;),6H,0, 390 °C, 30MPa, _
* t q

LiOH 07 s ZnO 16-57
Zn(NO3),6H,0, 400 °C, 30MPa, 38 (width),
LiOH 0.03 s ZoO(nanorod) 230 (length)
Ba(OiPr),, 330380 °C, 16 MPa, . .

. . ) i il 5_3
Ti(OiPr)s, EtOH 119-166 s Cubie BaTiO: 1536
(Ba.Sr)(OiPr),, 380 °C, 26 MPa, . . _
Ti(OiPr), EtOH 119-166 s Cubic BaTiOs -0
Mn(NO:),6H;0, 400420 °C, 30 MPa, . )

. : ' LiMn,0 <100
LiOH. LINO; 1040 s 1
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Table 1.4 (2): Oxides formed using the hydrothermal flow reaction method above

supercritical conditions*.

Starting Materials Conditions Products Particle Size (nm)
, 350380 °C. Cubic/Tetragonal InoOs. ~
$nCl, InCls 30 MPa Sn0,, ITO =10
Al(AcAc)/AI(NOs);,  260-385 °C, . _ )

Y acetate/ Y(NO3)3 24 MPa Cubie V2AL01 130
AI(NO3);, Y(NO3)s, 400 °C, . ,
e Cubic (Y.Eu)Al;O <100
Eu(NO;);, KOH 28 MPa ubic (Y.Eu)AlsOr2
La(NO3)s, 400°C, Rhombohedral <430
Ni(NO;),, KOH 24 MPa Lap+1N1iyOsp4q
Zr(CH;COO0)y/ 300450 °C, Tetragonal/ <10
Zr(CH;CH,0) 1045 MPa monoclinic ZrO, )
, 385415 °C, ; -
SnCly 30 MPa Tetragonal’ SnO; <10
400 °C, v-AlOOH, .
AI(NO;);, KOH 30-40 MPa v-ALO; ~20
487648 K,

NOs)s. ' - <23
Fe(NOs);, PVA 51.7-23 MPa o-FexO3 2
FeSOy, HPOy, LIOH  573-658 K Orthorhombie <130

4, HiPOy, LiFePO: <

o 400 °C, Tetragonal .
Ti0; sol, Ba(OH), 30 MPa BaTiOs <20
ZrO(NO;3)2, Ba(OH)/

5 5°C, .
Ba(NO;z)2/Ba(CH3;CO»)a, 450485 7C Cubic BaZrO; <100
30 MPa
NaOH
Fe(NO3)3, Ni(NOsz), 400 °C Rhombohedral/Cubae,
Cu(NO3)a, Zn(NO;3),, 30 ]'vIP‘a Tetragonal <22
KOH (Ni, Cu.Zn)Fes04
Cajp.sMgx(POys)s(OH)/
Ca(NOs). Mg(NOs)s, 400 °C, o ]%‘;{ (ﬁ‘;ﬁé )H]' 50
(NH;),;HPO, 30 MPa Ay PEEEAR )
(PO4)r2x

ZrO(NOs)a, Ce(NO;z)s,  Supereritical Cubic/Tetragonal 716
NH4OH Conditions CexZr1 xOn
Co(NO3)2, KOH, 90-310 °C Hexagonal, Cubic
Ni(NO5),/ 241 Mps NI(OH):Co:Ni; (OH), <100
Ni(CH;C0,),H,0, - ’ NiCo,0,
Zn(NO;),, KOH, 400 °C, _
hexylamine 30 MPa Hexagonal ZnO 2150600 (rod)
Ce(NOs)s, 250 °C, . _
Hexanoic acid 25 MPa Cubic CeO, 60
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The physical chemistry describing crystal growth under hydrothermal conditions
consists of understanding the physico-chemical and hydrodynamic principles, phase
formations, solutions, solubility, phase equilibria, thermodynamics and kinetics of the
reaction system*'. Understanding the physical chemistry processes occurring in the
aqueous solution is critical to manipulating the crystallisation process*. Since the
hydrothermal method is not the primary synthetic technique in this study, it shall only

be discussed further in its capacity to form titania nanoparticles.

The hydrothermal technique has become one of the best methods for the preparation
of titania nanoparticles due to its ability to obtain highly homogeneous, crystalline
material with good control over particle size and shape, from relatively low reaction
temperatures ( ~ 150 °C)*!. Additionally, particle agglomeration and size distribution
is limited*. Mild condition titania syntheses typically occur in small, Teflon lined
autoclaves at temperatures lower than 200 °C and pressures lower than 10 MPa*" %,
Kasuga et al. conducted the initial study on the use of hydrothermal synthesis for the
formation of anatase nanotubes from sol-gel synthesis derived fine titania powders®.
In the study, titania powder (< 45 pm) was introduced into a Teflon lined autoclave
with 20 ml of NaOH at concentrations of 2.5, 5, 10, or 20 M. The vessel was kept at
20, 60 or 110 °C for 20 hours. Formed products were washed with 0.1 M HCI and
distilled water, and separated from the solution by centrifugation. Samples prepared
with 10 M NaOH at 110 °C produced powders with a specific surface area of ~ 400
m?/g. This treatment resulted in the formation of anatase nanotubes that were ~ 100
nm long and ~ 8 nm wide. TiO, morphology can be tuned by adjusting the source of
titanium dioxide (i.e.: seed crystals or a titanium ion precursor), the concentration of
the base, reaction temperature and duration, acid washing the products®’. Tailoring
these parameters allows for the formation of nanotubes, nanoribbons, and nanowires.
Adjusting the solution pH has the effect of changing the charge state and adsorption
properties of the surfactant on the TiO, surface’®. As a result, TiO, nanosheets,

nanorods, nanotubes, and nanoflowers may be obtained™.

The use of an organic based solvent such as alcohol or toluene in place of water
promotes the formation of smaller TiO, crystals as a result of a lower dielectric
constant reducing the solubility of TiO,. Additionally, an organic solvent allows for
the formation of products that are free from foreign anions owing to the low relative

permittivity of the solvent®.
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1.2 Description of TiO,

The purpose of this study was to understand the mechanism by which resin-gel
synthesis forms nanoparticles. Therefore, a suitable material was required to serve as
a reference material on which to understand the effects of varying parameters in the
synthetic procedure. The desired material had to be well understood and well-studied.
Furthermore, the material had to be cheap to produce, environmentally benign and
non-toxic in the bulk and sub-micron phase. It is with these considerations that
titanium dioxide was selected as a suitable reference material on which to understand
the resin-gel synthesis technique. The following sub-sections will describe the origin,
discovery, crystallography, surface energetics, stability, phase transformations,
transformation mechanisms, and electronic bonding structure of nanoscale titanium
dioxide to better understand the properties of this material and how it relates to

parameter variation during resin-gel synthesis.

1.2.1 Origin and Discovery
“If you wish to make an apple pie from scratch, you must first invent the universe” —

Carl Sagan.

The chain of events that led to the origin of titanium dioxide began ~ 13.82 billion
years ago when the universe had begun according to the prevailing big bang theory®’.
Approximately 10°* seconds after the start of the big bang, the entire spatial extent of
the universe had expanded by a factor of 10*° from smaller than the size of a proton®.
A temperature of ~ 10°” K allowed for the formation of photons, leptons and quarks
but not neutrons or protons*®, After ~ 10 seconds, quarks had combined to form
protons and neutrons due to universe expansion induced cooling®. Further cooling
reduced the kinetic energy of protons and neutrons® to the extent that any collisions
allowed these particles to adhere under the action of the strong force. Hence, low
mass nuclei were formed: 2He, ®He, “He, and “Li*. Further cooling allowed electrons
to bind to nuclei under the electromagnetic force*. Gravitational condensation of
clouds of H and He atoms gave rise to high temperatures and densities within the
clouds®. Consequently, nuclear fusion reactions occurred inside stars to form the light
elements (up to Z = 26)*. The first formed stars were too hot to support the formation
of solid crystals®. Following supernovae millions of years after the big bang, the
remains cooled and condensed into minerals®. It is believed that solar flares caused

the initially formed minerals to melt and mix to form new minerals on primitive
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earth®™. Heat, pressure, tectonic activity and water would have then transformed these
minerals into different forms and resulted in the formation of new minerals®.
According to Hazen there is a co-evolutionary relationship between biological
processes and mineral diversity on earth®. The combination of these events would

have led to the formation of rutile, anatase and brookite minerals.

Menacchanine was discovered in 1791 after the English chemist, William Gregor,
analysed a sample of black sand in Menaccan, Cornwall®!. In 1975, German chemist,
Martin Heinrich Klaproth discovered the same material in Hungary™™ *2. Klaproth
realised the discovery was of a metal oxide and named the new metal titanium®* after
the Titans of Greek Mythology. Titanium dioxide was found in rocks obtained during

the Apollo 17 lunar mission and is present in the spectra of M-type stars®.

1.2.2 Crystallography
TiO, occurs naturally in three different polymorphs: rutile, anatase and brookite®.

Three synthetic, metastable phases were also discovered: TiO, (B)**, TiO, (H)>, and
TiO; (R)*®. Five high pressure forms of TiO, exist’’: columbite, baddeleyite, fluorite,
pyrite and cotunnite. These structures are obtained by applying varying amounts of
pressure on either anatase or rutile. The crystalline properties of all 11 polymorphs of
titania, grouped according to naturally occurring, metastable and high pressure phases,
are represented in tables 1.5, 1.6, and 1.7 respectively. Figures 1.8 — 1.10 illustrate the
structures of all 11 polymorphs, grouped appropriately. Owing to this study focussing
on rutile and anatase formation (and because brookite readily converts to rutile and

anatase) these two polymorphs shall be discussed further.

Figure 1.8: Unit cells of (a) rutile, (b) anatase and (c) brookite. Each octahedron

has a titanium (1V) ion at the centre and oxygen atoms at each apex>®.
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Table 1.5: Crystallography and physical properties of naturally occurring TiO,.

Rutile Anatase Brookite
Number of atoms in unit cell 2 4 8
Crystal system Tetragonal Tetragonal Orthorhombic
Space group P4,/mnm 14;/amd Pbca
a (A) 4.5937 3.785 5.456
L attice b (A) 4.5937 3.785 9.182
Parameters c(A) 2.9618 9.514 5.143
Unit Cell Volume (A) 62.5001 136.300 257.649
Plouily (g.cm'3) 4.250 3.894 4.23
Relative Abundance Most Intermediate Least
Relative Octahedron Least Most Incomparable*
Distortion
Relative Ti-Ti bond distance Shorter Longer Incomparable*
Relative Ti-O bond length Longer Shorter Incomparable*
Mohs Hardness 6.2 5.8 5.8
AH¢® (298.15 K) (kJ.mol™)  -944.0 + 0.8 -224.6 -941.8
S°(298.15 K) (J.K*.mol?)  50.62 + 0.3 49.92 N/A
Madelung Constant 2.408 2.400 N/A
Index of Refraction 2.583, 2.584,
2.609,2.900 2.488, 2.561
(Ne, Np, Ny) 2.700
References (52, 59) (52, 58, 59) (52, 58)

*Brookite forms part of a different crystal system
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Table 1.6: Crystallography of metastable phases of TiO,.

) TiO, (H) TiO; (R)
TiO, (B) . .
Hollandite-type Ramsdellite-type
S Hydrolysis  Topotactic oxidation  Topotactic oxidation
ource
of K2Ti409 of KxT|O2 (X ~ 025) of L|05T|02
Number of atoms in
4 8 4
unit cell
Crystal system Monoclinic Tetragonal Orthorhombic
Space group N/A 14/m Pbnm
a(A) 12.146 10.161 (3) 4.9022 (14)
b (A) 3.862 10.161 (3) 9.4590 (12)
Lattice
c (A) 6.451 2.970 (1) 2.9585 (14)
Parameters
] 106.8° N/A N/A
Unit Cell Volume (A) 289.7 306.640 137.18 (7)
References (54) (55) (56)

Figure 1.9: Lattice illustrations of
(@) TiO; (B), (b) TiO, (H), and (c)
TiO, (R). TiO2 (H) is illustrated

with K* counter ions® %,
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Table 1.7: Crystallography of high pressure phases of TiO..

Columbite  Baddeleyite Fluorite Pyrite Cotunnite
Source (GPa) 4-10 20 60 60 > 60
Number of atoms Not
o 4 4 1 _ 4
in unit cell Available
Crystal system  Orthorhombic  Monoclinic ~ Cubic Cubic  Orthorhombic
Space group Pbcn P2,/c Fm3m Pa3 Pnma
a(A) 4.541 4.662 Not Not 5.136
Available Auvailable
b(A) 5.493 4.969 Not Not 2.989
Available  Available
; Not Not
Lattice  ¢(A) 4.906 4.911 _ _ 5.966
Available  Available
Parameters
Not Not
B Not Available 99.4° _ . Not Available
Available  Available
Unit Cell Volume
122.374 112.2 Not Not 91.587
A) Available  Available
References (57) (57) (57) (57) (57)

(d)

Figure 1.10: Unit cells of (a) columbite, (b) baddeleyite, (c) fluorite, (d) pyrite,

and (f) cotunnite. O and Ti ions are represented by large and small spheres

respectively®’.
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TiO, is described as a covalent oxide®® ®. Rutile and anatase polymorphs may be
described as chains of corner or edge sharing TiOs octahedra®’. Each octahedron
contains a Ti*" ion at the centre coordinated to two axial and four equatorial 0%
ions®’. Each O ion is coordinated to three Ti*" ions. The polymorphs differ by the
degree of distortion and orientation of the octahedra®. Rutile can be considered as a
tetragonal version of the CaCl, orthorhombic structure®. Each octahedron shares two
edges, forming chains along [0 0 1] and octahedra chains are linked to each other by
sharing vertices™. Anatase octahedra share four edges forming zigzag chains along [2
2 11°°. In the rutile structure, each octahedron is in contact with ten neighbouring
octahedra (two edge sharing and eight corner sharing) in comparison to anatase where
each octahedron is in contact with eight neighbouring octahedra (four edge and four
corner sharing)®. The octahedral in rutile are less distorted than those in anatase®.
The octahedra of both rutile and anatase exhibit two long and four short Ti-O bonds*®.
In anatase, the Ti-Ti bond separation is longer and the Ti-O bond lengths are shorter
than rutile®. The difference in density between the two polymorphs is due to the
differences between the two lattice structures®’. It has been shown that distortions in

the lattice causes the lattice geometry to change’.

1.2.3 Surface Energetics
For relaxed surfaces, Ramamoorthy et al., found that on the basis of dangling bonds

and according to self-consistent ab initio calculations, rutile surfaces were ordered in
terms of increasing surface energy in the followingway: (110)<(100)<(011)<
(0 0 1)%. Oliver et al., used atomistic simulations based on equilibrium and pseudo-
kinetic methodologies to determine the energetics of rutile surfaces. The four
expressed surfaces in the relaxed equilibrium morphology of rutile appear in the
following order of increasing energy: {110} <{011}<{22 1} <{100}% Thus
both methods establish the rutile {1 1 0} surface as being the most stable®* ®*®*, Since
the {22 1} and {1 1 1} rutile surfaces are both first-order dipyramids of the tetragonal
system, and since the faces are present with small surface areas, the two surfaces
would appear to be similar®®. The rutile {1 1 0} surface contained five and six
coordinate species®®. Table 1.8 (adapted from reference 64) compares the surface

energy of various relaxed and unrelaxed rutile surfaces.

Lazzeri et al., used ab initio density functional theory (DFT) calculations based on the
Perdew-Burke-Ernzerhof (PBE) approximation to determine the surface energetics of
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anatase®® . Surfaces containing fourfold coordinated Ti atoms were found to be more
energetic than surfaces containing fivefold coordinated Ti atoms®™. For relaxed
anatase, surfaces were ordered in terms of increasing surface energy in the following
way: (101)<(100)<(001)<(110)* % Atomistic modelling used by Oliver at
al., showed that the two expressed surfaces in the relaxed equilibrium morphology of
anatase appear in the following order of increasing energy: {0 0 1} < {0 1 1}°®. The

anatase {0 0 1} surface contained five coordinate species®.

Table 1.8: Surface energetics of different rutile surfaces®.

{hkl} Area (A) thl (A) Eunrelaxed (J-m-z) Erelaxed (\]-m-z)

{110  19.12 3.18 2.05 1.78
{011 2430 2.50 2.06 1.85
{221a}* 4324 14 3.83 2.02
{Looy* 1352 2.25 2.40 2.08
{121} 3635 1.67 2.67 2.16
{021y 3375 0.90 2.85 2.28
{001} 2019 1.50 2.81 2.40
{1220} 5044 1.20 4.01 252
{1110} 2781 2.18 3.95 2.60
{L20b}  30.23 2.01 6.13 2.62
{122a} 5044 1.20 4.01 2.82
{I11a} 2781 2.18 3.95 2.91
{012y 4258 0.72 6.06 2.95
{2210} 4324 14 3.83 3.29
{L20a} 3023 2.01 6.13 3.66
{112} 4468 1.36 4.88 4.01

* Rows indicate energetics of surfaces expressed in the relaxed

equilibrium morphology of rutile.
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The surface energies of various relaxed and unrelaxed anatase surfaces are given in
table 1.9 (adapted from reference 64). From this table it can be seen that the surface
energy of anatase {0 0 1} is lower than the surface energy of any rutile surface (table
1.8). Figure 1.11 compares the equilibrium morphology of anatase and rutile as
determined by Oliver et al., with the equilibrium shape of a macroscopic rutile and
anatase crystal based on a Wulff construction as determined by Ramamoorthy et al.
and Lazzeri et al. respectively. Figure 1.12 shows the top and side views of the {1 1
0} and {0 1 1} surfaces of rutile and the {0 0 1} and {0 1 1} surfaces of anatase.

Table 1.9: Surface energetics of different anatase surfaces®.

{001}  14.22 2.39 1.28 1.28
{011a}* 3879 351 1.60 1.40
{100}  36.09 1.89 2.26 1.68
{112} 5844 2.33 2.05 181
{021b} 7356 0.93 2.36 1.81
{121by 8194 1.66 2.42 1.94
{120}  80.69 0.84 254 1.08
{122} 8556 0.79 4.98 2.05
{011b}  38.79 351 2.71 2.18
{110}  51.03 1.34 2.65 2.19
{012y 4594 1.48 4.76 2.42
{221} 10305 033 4.89 2.69
{111} 5298 0.64 5.75 2.87
{021a} 7356 0.93 5.91 2.97
{121a} 8194 1.66 4.96 3.05

* Rows indicate energetics of surfaces expressed in the relaxed

equilibrium morphology of anatase.
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Figure 1.11: Equilibrium shapes of (a — b) rutile and (c — d) anatase crystals
62, 65

% Ramamoorthy et al., and Lazzeri et al., generated (a) and (c) respectively
Oliver et al., generated (b) and (d) using the rutile {110},{011},{221}and {10
0} faces, and the anatase {0 0 1} and {0 1 1} faces respectively®.

(a) (b)

[110] [011]

= t . [001] E L
(T10] .- [100] S50
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(c) (d)
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]

[100] = T [015) .

Figure 1.12: Side and top views of relaxed surfaces of rutile (a) {1 1 0} and (b) {0
1 1}, and anatase (c) {0 0 1} and (d) {0 1 1} surfaces. Surface oxygen’s are yellow,

bulk oxygen’s red, second layer oxygen ions green, and titanium ions are blue®.
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1.2.4 Stability and Phase Transformations
Rutile is considered to be the most stable phase under ambient conditions in the bulk

phase®®. At the nanoscale, due to small differences in surface enthalpies, a strong
correlation exists between the size of particles and the phase that presents with
greatest stability®® ®. Zhang and Banfield analysed phase stability at the nanoscale by
considering the contribution to surface free energy, from surface enthalpy data, of all
three polymorphs®®. Their model showed that each phase of titania is most
thermodynamically stable at different particle sizes evident in figure 1.13 (a). For
particles less than 11 nm in size, anatase is the most stable phase; for particles
between 11 and 35 nm, brookite is the most stable; and for particles greater than 35
nm, rutile presents with greatest stability®®. From figure 1.13 (a) it can be seen that
anatase becomes more stable than rutile at ~ 16 nm. The transformation dependence
on particle size will be discussed later. Ranade et al. used high temperature oxide melt
drop solution calorimetry to calculate the surface enthalpies of rutile, brookite and
anatase to be 2.2 + 0.2 J/m? 1.0 +£ 0.2 J/m? and 0.4 + 0.1 J/m? respectively®’. The
uncertainty in the brookite surface enthalpy value is an estimate as it was generated
using two data points. The values obtained using this method are for samples with an
averaged number of different crystal faces. Figure 1.13 (b) shows the enthalpies of all

three polymorphs of titania relative to bulk rutile as a function of surface area.

surface area {m’g)
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Figure 1.13: Enthalpy of rutile, anatase and brookite as a function of (a) particle
size® and (b) surface area®’. The darkened line in (b) represents the energetically

stable phases®’.

According to figure 1.13 (b), rutile is the most stable phase when the surface area is
less than 592 m%mol (7 m?/g), brookite is preferred when the surface area is between
592 — 3174 m*mol (7 — 40 m?/g) and anatase is most thermodynamically stable for
surface areas greater than 3174 m%mol (40 m?/g)®’.
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Upon heating, all polymorphs undergo an irreversible transformation into rutile:
brookite to anatase to rutile, anatase to brookite to rutile, brookite to rutile and anatase
to rutile®. All transformations terminating as rutile are irreversible due to rutile
having a lower Gibbs free energy than anatase at all temperatures above 0 K and all
positive pressures®®. It must be noted that these transitions and corresponding
transition temperatures have been debated in the literature. The terms transformation
and transition have been used interchangeably throughout this section. Titania phase
transformations are dependent on thermodynamics and kinetics, and are therefore
discussed concurrently in this subsection. The anatase to brookite transformation is
not discussed further as brookite and anatase are described as having a polytypic
structural relationship with their interconversion requiring simple atom displacement

on either two or four Ti planes®® ™.

1.2.4.1 Brookite to Rutile Transformation
Ye et al. found that for a sample containing all three polymorphs, at temperatures

lower than 780 °C, grain growth for rutile, anatase and brookite was slow’.
Additionally, there was a slight decrease in the quantity of the brookite phase with a
corresponding increase in the anatase phase. The quantity of the rutile phase remained
unchanged in this temperature range. It was concluded that below 780 °C, brookite
transformed into anatase and no anatase to rutile or brookite to rutile phase
transformations occurred. Between 780 °C and 850 °C, brookite transformed into
anatase and anatase transformed into rutile. Dramatic grain growth was found above
818 °C for all phases and was attributed to phase transformations occurring within
this temperature range. According to the authors, brookite cannot transform directly
into rutile. This claim was verified from a sample containing 100% brookite heated to
induce phase transformations in a study by Bakardjieva et al. " It was also shown by
Bakardjieva et al. that larger anatase crystals rather than smaller crystals readily

transform into rutile’.

Contradictory to the studies by Ye et al. and Bakardjieva et al., Kominami et al.
revealed that brookite transformed directly into rutile upon calcination at 700 °C and
was completely transformed at 900 °C "%, Hu et al., have shown that brookite may
transform directly into rutile™. The attachment of brookite on anatase is thought to
increase the rate and lower the transition temperature of the anatase to rutile transition

by increasing the number of nucleation sites at the interface’. Brookite crystals (~ 25
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nm) occurring in monodispersed spheres (~ 125 nm) were found to be stable up to ~

500 °C, above which occurred a direct transition to rutile’.

1.2.4.2 Anatase to Rutile Transformation
Brookite synthesis is difficult as, being a metastable phase, it readily converts to either

anatase or rutile®®. Therefore, for titania synthesis, the first formed phase is generally
anatase (there are exceptions to this generalisation)®. This is due to two reasons®:
structurally, it is easier for the less constrained molecular structure of anatase to
arrange into long range ordered octahedra from short range ordered TiO..
Thermodynamically, anatase possesses lower surface energy compared with rutile and
this facilitates a greater rate of recrystallisation’®. The anatase to rutile phase
transformation is greatly dependent on the synthesis parameters®®. Anatase does not
instantaneously transform into rutile. Transformation is a reconstructive process that
depends on time and temperature®®. This reconstructive transformation causes a
volumetric decrease of ~ 8% and contraction of the c-axis®®. During the course of
transformation to rutile, the anatase (1 1 2) planes are retained as the rutile (1 1 0)
planes®. Some of the factors that affect the transition of undoped anatase to rutile
include®: particle size, shape, surface area, atmospheric conditions, sample volume,
type of sample container, heating rate, soaking time, impurities, and measurement

technique.

Rao found the temperature of transformation of anatase into rutile to be 610 + 10 °C.
Below this temperature, the transformation was immeasurably slow’’. An analysis of
Rao’s data by Banfield et al. revealed that at 510 °C, 5% transformation would occur
after more than 41 days and 95% transformation will be achieved in < 7 years’.
According to Hwu et al., anatase transformed into rutile at temperatures greater than
700 °C and was more stable than rutile for particles smaller than 50 nm™. Zhang et al.
have demonstrated that TiO, prepared by calcining Ti(OH), in air at 500 °C, exists as
pure anatase®. Heating to 550 — 680 °C caused anatase in the bulk to begin to
transform into rutile, leaving the surface unaltered as anatase. At 700 °C all bulk TiO,
was transformed into rutile leaving 44% of the surface remaining as anatase. Surface
anatase completely transformed into rutile at 800 °C. Adjusting the surface chemistry
of developing titania nanoparticles served to control morphology and impacted the
particle size at which anatase transformed into rutile®*. Rutile crystallites were found

to be larger than the average respective precursor anatase crystallites during the initial
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stages of transformation®®. Table 1.10 shows the variation in the anatase to rutile

phase transformation temperature dependent on the method of fabrication and source

of data.

Table 1.10: Variations in the anatase to rutile transformation temperature®.

Fabrication Details

Data Source

1961 610 Highly pure powder Onset temperature observed by
XRD after firing for 24 h
1965 (1190) Powders from three different Apices of DTA peaks
(1138) suppliers
(1115)
1968 610  Commercially available reagent grade Onset temperature observed by
powder XRD after extended firing (1-5
days)
1995 390 Sol-gel synthesised powder Appearance of detectable rutile
peak by XRD after 1 week
1996 675 Sol-gel synthesised powder Appearance of detectable rutile
peak by XRD after 4 min
1997 (787) Sol-gel synthesised powder Reported value: apex of DTA peak
720 Corrected value: onset of DTA
peak
1997 465 4-6 nm particles prepared through a Appearance of detectable rutile
sol-gel method peak by XRD
1999 (616) Sol-gel synthesised powder Reported value: 50%
transformation observed by XRD
2001 (680) Sol-gel synthesised powder Reported value: 50%
transformation observed by XRD
600 Onset temperature from graph
2001 600 Sol-gel synthesised powder Appearance of detectable rutile
peak by XRD
2002 (700) Sol-gel synthesised powder 50% transformation observed by
XRD
600 Appearance of detectable rutile
peak by XRD
2005 600—  Highly pure nanocrystals synthesised Appearance of detectable rutile
700 fromTiCl, Sol-Gel peak by XRD
2007  (900) Sol-gel synthesised powder Apex of broad DTA peak

* Data in parenthesis do not correspond to the onset of the transformation
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It is interesting to note that data sourced using Differential Thermal Analysis (DTA)
gave greater phase transition temperatures. This is due to the sigmoidal nature of the
DTA curve with the apex of the curve corresponding to the greatest rate of

transformation and not the onset of transformation®’.

By altering the number of vacancies in the oxygen sub-lattice®, dopants, defects and
impurities can either enhance or impede anatase transforming into rutile®® ®. The
number of oxygen vacancies is proportional to the ease of transformation as they
allow for enhanced lattice relaxation and the subsequent rearrangement of atoms upon

heating, into the rutile form®.

1.2.4.2.1 Transformation dependence on Particle Size
The work by Banfield was conducted on solid titania in a gaseous environment. Other

mechanisms may play a role in the liquid phase.

Banfield et al. showed that the anatase to rutile transformation is strongly dependent
on crystallite size®. According to the study, enhanced anatase to rutile transformation
rates were obtained when anatase existed as fine crystallites. Rapid transformation
was attributed to low activation energy (267.8 kJ.mol™). Because the initially formed
rutile crystals displayed a significant volume change compared with that of coexisting
anatase, the authors suggested that anatase grew to a critical size before transforming
into rutile. In a later study, anatase was deduced as having a smaller critical radius

than rutile’®.

Gribb and Banfield discovered that coarsening of reactant anatase and product rutile
occurred simultaneously with transformation, and smaller anatase crystallites
enhanced the rate of transformation’®. Once rutile was formed, it coarsened much
faster than anatase. Based on coarsening kinetics of anatase and rutile, the authors
were able to predict that anatase was more stable than rutile at small crystallite sizes’.
This is due to rutile theoretically having a 15% greater surface energy than anatase
resulting in the total free energy of rutile being greater than that of anatase for
crystallites in the nanometer range’®. Since the smallest detected rutile crystallite was
13 nm, the authors suggested that the smallest formed stable anatase crystallite would
also be 13 nm. The surface energy of this particle was theoretically estimated as
having 85% of the total surface energy of a similar rutile particle. Additionally, a
TEM investigation of partly transformed samples revealed that crystallites were either
completely anatase or completely rutile, with no partially transformed crystals
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observed; suggesting that once transformation was initiated within an anatase crystal,
it proceeded swiftly throughout the crystal”®. This led to the assumption that the rate
of nucleation was the rate limiting step’. For larger particles, rutile coarsened at the

expense of anatase® .

Zhang and Banfield proved by experimental and theoretical analysis that anatase
particles smaller than 14 nm are more thermodynamically stable than rutile®. The
researchers found that under standard pressure and in the temperature range of 300 —
1000 K, anatase was more stable than rutile up to a size of 8 nm when the effect of
surface stress was not considered. Including surface stress effects increased the size
up to which anatase was stable, to 14 nm. The relative stabilities were established
from a model to calculate the surface free energies of anatase and rutile based on the
surface enthalpies and surface heat capacities of each polymorph. It was also assumed
that surface stress equals surface free energy in value. The result was verified by a
structure based analysis of free energy: surface free energy is defined as the amount of
reversible work per unit area required to form a new surface®. TiO; surfaces have
ions with unsaturated coordination and hence unbalanced electric charges. More work
is required to form a new surface from a surface that has a greater number of
unsaturated charges®. If more work is required to form a new surface, the implication
is that that surface has greater surface energy and hence greater surface free energy™.
Figure 1.14 illustrates the number of unsaturated charges associated with oxygen on
different faces of anatase and rutile per unit area. From this figure it is evident that
rutile has higher unsaturated charge densities and hence higher surface free energy

than anatase.

Anatase (001)-13 -osee -1 peun & [Rutile [001] 100y (b)

[0]0] =0.13944° l_’ =133 ~066 w~199 per 1562 A% w -0 186/
T D . = P
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Figure 1.14: Unsaturated charge densities on different faces of (a) anatase and
(b) rutile®. Greater unsaturated charge density on rutile surfaces make it

unstable.
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Ding and Liu also found that smaller anatase grains transformed into rutile at lower
temperatures than larger grains®®. Temperatures employed in this study were 650 °C
or higher. Additionally, the transformation of smaller grains occurred over a greater
temperature range than for larger grains. The study showed that smaller anatase grains
transformed into larger rutile grains (and vice versa) after heat treatment. The
researchers discovered that the anatase to rutile phase transformation dramatically

enhanced grain growth.

Intuitively, smaller anatase particles would be expected to transform into larger rutile
particles as larger particles are more thermodynamically favoured than smaller
particles®”. As a result, material flows from smaller to larger crystallites on the basis

7
I 6

of larger crystallites having a lower volume potential ®. Transformation follows a two

stage process involving nucleation and growth’® 8.

Since nanocrystalline materials have a large fraction of atoms situated on the surface,
it is reasonable to deduce that nucleation occurs on crystallite surfaces®. Given that
grain size is inversely proportional to the specific surface area, decreasing grain size
serves to increase the surface area and hence the number of nucleation sites on which

transformation may occur’®

Moreover, the thermodynamic driving force of grain growth can be attributed to the
high free energy of the specific surface areas. Therefore, decreasing grain size causes
an increase in the specific surface area and consequently enhances the rate of grain

growth’® %,

The strain energy associated with nucleus formation is a size dependent parameter
that is a fundamental factor in influencing the rate of transformation’®. Due to surface
tension and surface curvature, small anatase crystallites are subjected to pressure’.
This pressure promotes the rate of transformation by reducing the strain energy
associated with the formation of a rutile nucleus’. The strain energy concerned with
the formation of a rutile nucleus was found to be significant as the molar volume of
rutile is approximately 10% less than that of anatase’. In a later study, Zhang and

Banfield modelled the effect of surface stress on phase stability®.

From a kinetics perspective®, grain growth will occur when smaller grains coalesce
into larger grains by atomic diffusion, rearrangement or movement of grain

boundaries as illustrated schematically in figure 1.15. According to this model, to
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increase grain size from smaller grains, a barrier to coalescence must be overcome.
The height of this barrier is related to the size of the smaller crystallite which is
consumed by the larger crystallite during coalescence. Therefore, smaller crystallites
will have smaller associated barriers and this will in turn facilitate easier grain

boundary movement resulting in easier grain growth.

(a) (b) (c) (d) (e)

Figure 1.15: (a—e) Process of coalescence by movement of a grain boundary.

Notice that the barrier to coalescence is associated with the smaller crystallite®.

The anatase to rutile phase transformation and grain growth are competing processes
in the sense that some small grain anatase particles will immediately transform into
rutile (thermodynamics), whereas other grains will grow rapidly (kinetics). Larger
grains will then transform into rutile at a slower rate®®. Due to the high mobility of
atoms during phase transition, atomic diffusion, rearrangement, and movement of the
grain boundary is enhanced and grain growth is favoured®. Increasing temperature
provides the system with sufficient energy for anatase to rutile transformations to take

place without concern for the incentives afforded by small crystallites™.

1.2.4.3 Direct Rutile Formation
It is possible to form rutile directly from solution without first going through an

anatase or brookite phase. This can only occur under specific synthesis conditions.
For example, in the sol-gel synthesis of TiO, starting from a titanium isopropoxide
precursor, Gopal et al. have shown that the heating rate of the sol affected the formed
polymorph in the following way®®: slow heating (0.5 °C min™) produced rutile
exclusively; intermediate heating (2 °C min™) produced a mixture of anatase and
rutile and fast heating (5 °C min™) produced anatase exclusively. All samples were

heated to a maximum temperature of < 100 °C.

To explain this observation, the authors argued that in a simple nucleation model, the
greater thermodynamic stability of rutile will result in lower activation energy for its
formation®. Therefore, the nucleation activation energy, Q, will order in the following
way: Qrutite < Qanatase < Qamorphous- AS a result, lower synthesis temperatures will favour

the formation of rutile. A schematic describing a plausible mechanism for direct rutile
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formation is illustrated in figure 1.16. This mechanism considers three crystallised
octahedra that are free in solution. A condensation reaction between two of the
octahedra will result in the sharing of a corner; a second condensation will result in
edge sharing and begin forming a chain. Cation-cation repulsion will cause the centres
of each octahedra to pull apart causing the shared edge to shorten. A condensation
reaction between the third octahedra and the developing chain will occur by sharing a
corner. A final condensation will cause the third octahedra to join the chain linearly
(forming rutile) or at right angles (forming anatase). According to the authors, the
linear formation is more thermodynamically stable as it allows the cations to exist at
greatest distances apart from each other. The right angle formation is statistically
favoured as there are two edges available for anatase formation and one edge
available for rutile formation. Therefore, faster reaction rates favour the formation of

anatase.

I|r-| @ @rﬂa cﬂ ]
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Figure 1.16: Anatase and rutile formation mechanism. (a) Free octahedra in
solution. Condensation between two octahedra results in (b) corner sharing
followed by (c) edge sharing. (d) Third octahedron joins the forming chain at a
corner. If the final condensation causes (e) linear edge sharing,
thermodynamically favoured rutile is formed or (f) right angle edge sharing,

statistically favoured anatase is formed®.

1.2.5 Transformation Mechanisms
On the analysis of the kinetics of the anatase to rutile phase transformation, Zhang and

Banfield proposed a model that combined interface nucleation and constant growth®.
The authors suggested that the rate of transformation was proportional to the number
of anatase particles in a given volume. Based on the data obtained from Gribb and
Banfield®, the rate of transformation was found to be 2" order with respect to the
number of anatase particles®®. The 2" order phase transformation indicated that, over
shorter reaction times, the net transformation rate was limited by rutile nucleation in
the contact area between two anatase particles; the nucleation rate was determined by
the probability of contact between two anatase particles. Over longer reaction times,
nuclei growth contributed to the overall rate of transformation in addition to interface
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nucleation. The steps involved in phase transformation over shorter and longer

reaction times are given in figure 1.17.

As mentioned previously, Gribb and Banfield found formed crystals to be either
anatase or rutile with no combination within a crystallite”. This may be understood in
terms of figure 1.17 in the following way: during short reaction times rutile nuclei on
the interface grow swiftly to exhaust the two in-contact anatase particles; during long
reaction times, partially formed anatase particles are not detected due to a decrease in
the number (and implied increase in particle size) of anatase particles®®. In section
1.2.4.2.1 smaller anatase particles were shown to transform into rutile more readily
than larger particles. This can be attributed to smaller particles increasing the number

of particle-particle contacts per unit volume™.

a

oo - ee) -,

g g

anatase

secTR
b

Figure 1.17: Transformation of anatase to rutile via (a) shorter and (b) longer

rutile

reaction times®®. Nuclei growth rate is represented by g. Step (i): rutile
nucleation occurs at the interface between two anatase particles in contact. Step
(i): growth of rutile nuclei is rapid from smaller anatase particles (a) but
extended for larger anatase particles (b). Step (iii): formation of a rutile particle

from the particle-particle neck occurring simultaneously with step (ii).

Different synthesis pathways tend to affect the rate of transformation®®. Given that
alternate pathways can produce aggregates with different nanocrystal packing
arrangements, it is feasible that structural elements found at the particle-particle
interface will vary. This variation can promote or hinder rutile nucleation by

interfering with the number of favourable rutile nucleation sites®.

Interface nucleation activation energy was found to be 165.6 + 1.1 (1.7) kJ/mol; the

apparent activation energy was calculated as 100.0 + 0.9 (0.9) kJ/mol; the coarsening

Page | 42



of anatase particles activation energy was 68.6 + 0.3 (0.4) kJ/mol®. The activation
energy of nuclei growth was nearly zero indicating that the rate of nuclei growth was

constant and independent of temperature®®.

Oriented attachment is an important growth mechanism for nanocrystalline particles
and may be used to explain phase transformations and growth in titania®*. Adjacent
particles undergo oriented attachment by spontaneously self-organising along
common crystallographic directions. Bonding between particles at these planar
interfaces reduces the number of unsatisfied bonds thereby lowering total energy by
reducing surface energy. Therefore, a strong driving force exists for particle
orientation. Despite synthesis occurring under hydrothermal conditions, this
mechanism can apply in any solution based synthesis due to the high mobility of
particles and probability of re-orientation®’. The mechanism may also dominate when
particles nucleate beside each other on a substrate and coalescence occurs during

growth.

Oriented attachment is capable of forming homogeneous single crystals or crystals
separated by twin boundaries (twin boundaries are formed when two crystals exist
coherently in the plane of the interface but the crystallographic axes on either side of
the interface are related by symmetry conditions not present in the untwinned
crystal)™. Twin boundaries can have atomic arrangements dissimilar to the bulk
material but similar to a polymorph®. Therefore, twin boundaries can serve as
nucleation sites for phase transformations. Anatase {1 1 2} twin surfaces can be
defined as a brookite unit cell and atomic displacements within the twin interface
serves to nucleate brookite®®. For anatase, attachment generally occurs between high
surface energy planes™. Figure 1.18 shows particles attaching at specific surfaces in

an oriented way, forming twinned and intergrown crystals®®.

Penn and Banfield found an interesting relationship between the amount of brookite
and respective particle size formed during the course of a hydrothermal treatment at a
constant temperature of 250 °C, as given in figure 1.19%. Brookite had converted to
anatase over time as evidenced by XRD analysis. There appears to be an inverse
relationship between the amount of brookite and respective particle size, implying
brookite coarsened while concurrently decreasing in content. The authors suggested a

combination of three processes to describe this behaviour®:
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(1) Oriented attachment occurred between brookite and anatase crystals allowing

brookite to coarsen by addition of material from solution or anatase

transformation.

(2) Brookite crystals trapped between oriented anatase crystals were eventually

utilised by transformation into anatase.
(3) Twin surfaces between anatase particles nucleated brookite.

a) Partlcle‘ linked by oricntcd attachment

Figure 1.18: (a) Particles self-organising to attach at specific surfaces. (b)

Formation of a twinned crystal from the mismatched interfaces. (c) Formation of

a new phase from the twin surface, intergrown in the particle®.
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Figure 1.19: Apparent inverse relationship between the amount of brookite and

respective particle size as a function of hydrothermal treatment time at 250 °C*.
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Figure 1.19 favours processes (1) and (2), however brookite is less dense than anatase
and as a result may possess lower surface energy than anatase. Therefore, at small
particle sizes — when surface energy contributes significantly to total free energy —
brookite can be more thermodynamically favoured than anatase®. When the structural
energies of brookite and anatase are similar, random thermal fluctuations may favour

brookite transformation from anatase®®.

In a separate study, Penn and Banfield found that rutile was nucleated at anatase {1 1
2} twin boundaries created by oriented attachment®. The anatase {1 1 2} twin
interface was found to be structurally similar to rutile. Rutile-like structures at twin
interfaces caused a reduction in the activation energy of transformation.
Transformation of the twin interface into rutile involved displacement of half of the Ti
octahedra and retention of the other half. Displacements were found to be 2.7 A along
anatase [1 1 0]. A chain-like transformation occurred from rutile formed at the
interface into surrounding anatase. This propagation reaction involved joint
displacement of oxygen anions and titanium cations as given in table 1.11%. Bulk
anatase transformation required 7 out of 24 Ti-O bonds per unit cell to be broken.

Table 1.11: Displacements of oxygen and titanium ions during transformation

propagation to rutile®.

Atom Displacements Bonds broken
Ti Y inherited, Y2 displaced (2.7 A || <1 1 0>) 0,8
@) distortions
Ti  alldisplaced (1.2 A]|<111>+1.3A|<110>)=18A|~<3 8
31>

O  alldisplaced (1/2A]|<111>+13A|<110>)=14A|~<2
21>

Ti all displaced (1.3 A || <1 1 0>) 4

O  alldisplaced (112 A||<111>+13A|<110>)=14A|~<2
21>

Ti all displaced (-1.2 A || <111>+1.3A|<110>) =18A| ~ 8

<331> Total = 28/ 96

Page | 45



Transformation occurred in slabs in order from the propagation leading edge (i.e.: the
first displaced Ti ions caused distortion of O ions which in turn caused a 1.8 A
displacement of the next plane of Ti ions etc., until the mechanism repeated causing
half of the Ti octahedra to be inherited in the next slab of transformed material)**.
Rutile particles were found to be either single crystals or singly twinned on (0 1 0). A
lack of observable complex twinning and symmetry-related intergrowths on rutile
crystals led the researchers to infer that nucleation occurred at a single site within a
transforming particle. The proposed mechanism is valid for both nano-scale and

macroscopic material suggesting that this mechanism is independent of particle size®.

Although not mentioned previously, nano-amorphous titania can be formed by
allowing rapid formation of titania nuclei while inhibiting re-crystallisation by
reducing reaction temperature and time®. Heating amorphous titania caused
transformation into anatase and then rutile if sufficient energy was supplied to the
system®™. Since no incubation period was observed before transformation of
amorphous titania to anatase, the transformation occurred via interface nucleation as

opposed to bulk nucleation.

Zhang and Banfield proposed a kinetic model based on the Smoluchowski coagulation
formulation, to describe the kinetics of transformation of amorphous titania into
anatase in air®. The authors showed that small amorphous titania particles (2.5 — 3
nm) were more stable than anatase and that amorphous particles readily converted to
anatase in air at relatively low temperatures (300 — 400 °C). Using molecular
dynamics simulations, the crossover particle size range for phase stability reversal
between amorphous titania and anatase was determined as being 3 — 3.5 nm. It was
assumed that interface nucleation controlled the rate of two amorphous particles
merging to form an anatase particle. Following anatase formation by interface
nucleation, amorphous particles crystallised onto formed anatase by atomic diffusion,
increasing the size of anatase particles. It was also possible for two anatase particles to
merge to form a larger anatase particle by atomic diffusion. Amorphous particles
coarsened when thermal fluctuations at the interface were not high enough to allow
for phase transformation. The larger amorphous cluster was less stable than anatase of

the same size and would readily convert to anatase as the reaction proceeded.
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1.2.6 Mesocrystalline TiO;
Mesocrystalline materials typically refer to controlled self-organisation of

nanoparticles, and are observed for many different systems®. In literature,
mesocrystals are described as three dimensional hierarchical arrangement of crystals
forming oriented superstructures®’. Dendritic in nature, TiO- rutile superstructures
align in a common crystallographic manner and are called by many names:
chrysanthemums, dandelions, sea-urchins, nanodandelions, nanourchins flower-like,
pinecone-like and star-like®: % 100. 101, 102,103,104 '1y a0 tq the variation in naming, some
studies have incorrectly reported novelty or rarity of self-assembled titania using the

105, 106
d

hydrothermal metho . This despite the hydrothermal method successfully

107, 108, 109, 58

preparing TiO;, superstructures previously . Both anatase and rutile

mesocrystals have been documented'® 09 10 1 pytile crystals comprising

97,109,103 1t js unlikely that these

superstructures are referred to as rods or wires
assemblies occur as a result of agglomeration as ultrasonic treatment was found to be

ineffective at destroying the superstructures'®%.

1.2.6.1 Rutile Mesocrystals
Using low temperature hydrothermal synthesis based on TiCl;, Hosono et al.,

discovered that synthesised TiO, films consisted of aggregated superstructures. These
superstructures were composed of highly crystalline rectangular parallelepiped rutile

crystals'®

. According to FE-SEM images, the crystals were found to be 150 — 250 nm
in width and 3 — 4 um in length growing along [0 0 1]%. Rutile crystal anisotropy
was attributed to adsorption of CI” species onto the (1 1 0) plane®. This adsorption
impeded growth along [1 1 0] while promoting growth along [0 0 1]'%. Interestingly,
nitrogen saturated solutions did not promote the formation of rutile films. This was in
contrast to oxygen saturated solutions that promoted the formation of rutile films. The
researchers deduced that film deposition was dependent on heterogeneous nucleation

driven by a slow oxidation process consuming dissolved oxygen.

Kakiuchi et al., used low temperature heterogeneous nucleation to infer that the
formation of self-assembled rutile nanorods were likely preceded by the formation of
tetratitanate species'®®. Higher temperature synthesis produced self-assembled rutile
nanorods that possessed lateral surfaces corresponding to the {1 1 0} plane’®. The
growth direction of these rutile nanorods were along the [0 0 1] axis'®. Interestingly,

the researchers found that after 24 hours of heating the reaction solution, the tops of
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109

all rods were pyramidically capped (figure 1.20)"". A contact angle of ~ 130° was

evident between the pyramid plane {1 1 1} and the lateral plane {1 1 0}'%°.

-

(110}

Figure 1.20: (a) FE-SEM image of self-assembled rutile showing pyramidal tips.
(b) TEM image of a single rutile nanorod showing orientation of the tip in

relation to the surface of the rod*®.

Hydrothermal synthesis was responsible for the fabrication of rutile nanorods that
measured 300 — 400 nm in length and 60 — 100 nm in diameter'’>. The study
conducted by Bae et al., revealed that the rods exhibited either symmetrical or
asymmetrical triangular tips depending on the concentration of NaCl used in the

synthesis™*?

. As described above, these rods grew anisotropically along [0 0 1]. Side
surfaces were assigned to (1 1 0), with triangular tips manifesting on the (1 1 1)

plane®*?,

In the microwave assisted hydrothermal synthesis of rutile mesocrystals, Zhang et al.,
proposed that rutile nanowires comprising self-assembled superstructures grow
radially (figure 1.21)”’. These nanowires were found to be single-crystalline in nature
with an approximate length and diameter of 2 um and 7.5 nm respectively97. The
researchers concluded that growth occurred along [0 O 1]. The structure was found to
contain pores arising from intra-agglomerated primary particles and inter-aggregated

secondary particles®.
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Figure 1.21: (a) Radial growth of rutile crystals comprising the superstructure.

(b) Needle-like nature of rutile, appearing as single crystals®’.

Karim et al., used low temperature dissolution re-precipitation to grow anisotropic
rutile that self-assembled after aging™*®. Rutile crystallites comprising mesocrystals
were found to be discontinuous**® — in contrast to the findings by Zhang et al”’. This
discovery was based on a correlation between mean crystallite size obtained from the

Scherrer equation and observations of crystallite size using HRTEM*®,

Yang et al., synthesised rutile mesocrystals by a sonochemical method in a TiCl,/HCI
solution'®. Multiple crystal twinning along the {1 0 1} association plane was
proposed as the reason for the formation of ‘star-like structures’. The authors
suggested that the sonochemical method likely provided an environment conducive to
twinning'®. Thermal gradients within the solution have the propensity for causing
localised stress within developing crystals. This phenomenon is beneficial for the

formation of crystal twins'®,

By monitoring the formation of rutile mesocrystals using low temperature aqueous-
phase synthesis as a function of changing TiCl, concentration, Li et al., suggested the
following mechanism to explain superstructure formation'®?: a 3D cluster (nucleus) of
critical size formed initially in solution. This cluster served to nucleate rutile
crystallites under the action of stirring. Since rutile is the preferred phase, crystallites
had a propensity for growing anisotropically along [0 0 1].

A lower added TiCl, concentration implied fewer TiIOH** ions in solution and hence a

102

low-density distribution of these ions around the developing clusters™*. Accordingly,
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the low ion distribution favoured anisotropic growth resulting in the formation of
needle-like structures (figure 1.22)'%. The distribution density of TiIOH®" increased
with increasing TiCl, concentration'®. This caused attachment of TiOH**to occur
with equal probability all around the cluster'®. Anisotropic growth in multiple
directions — nucleated from the active sites on the cluster — would then form ‘flower-
like’ structures (figure 1.22)*%2. High TiCl, concentrations increased the amount of

TiOH* surrounding the cluster'®

. As a result, the cluster aggregated and increased in
size’®. Consequently, the remaining TiOH** displayed an asymmetric distribution
around the cluster, blocking the anisotropic growth process and favouring the

formation of ‘pinecone-like’ structures (figure 1.22)102.

low concentration
Further growth

— e —> =
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concentration

TiCl+#HCl — ‘gA
@ —>
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& 10, nucleus 4 TOH™

Figure 1.22: Mechanism of rutile mesocrystal formation based on the

distribution of TiOH" in solution®.

Yi et al., have considered a mechanism of rutile mesocrystal formation that suggests
the superstructures do not possess a hollowed centre'®. Based on a hydrothermal
synthesis involving hollow, spherical SnO, templates, the authors suggested that the
Ti*" precursor moved toward the high energy interface between HCI and toluene.
Hydrolysis of the Ti** precursor nucleated TiO, on the surface of SnO,. TiO, then
grew toward the centre of the sphere, with the associated dissolution of the template,

to form ‘dandelions’.
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A separate study claimed that the rutile superstructures are hollow™*, in contrast to
the abovementioned study by Li et al. and Yi et al. The study employed the use of
potassium titanium oxalate, distilled water, H,O,, and HCI in an autoclave. Post ultra-
sonication SEM analysis revealed the apparent presence of hollow rutile

mesocrystals*** (figure 1.23).

Figure 1.23: Formation of hollow rutile mesocrystals after ultra-sonication™*.

The researchers claimed that the large titanium ion precursor provided the starting
material for the formation of organised 3D architectures®. Acidic hydrothermal
conditions promoted the exchange of [C,04]* with O,% ions™**. Decomposition led to

the release of O, to form rutile!*

. As discussed previously, an intrinsic property of
rutile is its anisotropic growth along [0 0 1] to form nanorods. H,O, decomposition
formed bubbles that served as templates for the self-assembly of rutile nanorods™**,
Interfacial energy minimisation was responsible for driving the formation of hollow

114

spheres™. This mechanism is illustrated in figure 1.24.
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Figure 1.24: Mechanism of hollow rutile mesocrystal formation**. Step A
illustrates ligand exchange. Step B shows formation of TiO, by O; elimination
from decomposition. Step C shows the formation of anisotropic rutile. Step D
illustrates the effects of bubbles as a template. Step E shows the formation of a

hollow sphere®**

1.2.6.2 Anatase Mesocrystals
Tartaj manipulated thermal destabilisation of inverse microemulsions to form

kinetically stable self-assembled nanomicellar anatase structures''!. This method

11 Anatase

resulted in the formation of anatase superstructures smaller than 100 hm
mesocrystals comprised spherical assemblies of anatase crystals (measuring
approximately 7 nm) oriented along {1 0 1} surfaces (figure 1.25)*%. This is in

contrast to the needle-like rutile crystals found in rutile superstructures.

Figure 1.25: Anatase mesocrystals composed of spherical anatase single

crystals'?.
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Yang and Zeng prepared hollow anatase TiO, mesocrystals using a simple one pot
hydrothermal process and TiF, as a starting material'>. Reaction time controlled the
formation of hollow spheres (figure 1.26)'*°. This observation led the researchers to
postulate that Ostwald ripening was an underlying mechanism governing the

hollowing process**®.

v

Figure 1.26: Anatase mesocrystals synthesised with a reaction time of (a) 2 hours
forming structures with solid cores and (b) 20 hours forming structures with
hollowed cores'*®. Scale bars = 200 nm.

Mao et al., synthesised 3D anatase mesocrystals composed of 1D nanostructures using
a one-pot process sans sacrificial template®. H,0, was added with NaOH or KOH to
Ti foil. This formed either sodium or potassium hydrogen titanate. Hydrogen titanate
was formed by neutralising the formed product with HCI. Anatase mesocrystals were
then formed by annealing the titanate product®.

Curiously, the researchers referred to their superstructures as agglomerates even
though sonication for up to one hour did not destroy the assemblies®. TEM analysis
on microtomed sections (figure 1.27) revealed that the anatase mesocrystals consisted
of 1D nanostructures, existing perpendicularly to a central hollow core®. The study
did not mention if the sections contained the central region of the superstructures, or
regions above or below the centre. It is theoretically possible to image hollowed
assemblies if microtomed sections contained non-central regions of the structures.
This is due to the effects of the cured epoxy resin that allows for the observation of

slices containing anatase with pseudo-structural integrity.
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Figure 1.27: Cross-sectional TEM image of microtomed anatase®. This image

suggests that the structure contains a hollow core®.

HRTEM imaging of anatase mesocrystals revealed that the individual 1D
nanostructures (figure 1.28a) were not as dense or uniform as for those seen in rutile
mesocrystals. Additionally, 1D anatase nanostructures possessed tips that were not
pyramidal or rounded (figure 1.28b). Lastly, the lattice spacings between the (1 0 1)
planes were measured to be 0.352 nm. These observations were confirmed in a

separate study by Zhou et al**®.

Figure 1.28: HRTEM images of anatase superstructures showing (a) complete
mesocrystal comprising non-uniform 1D nanostructures and (b) individual 1D
nanostructures with growth along [1 0 1]. Note the lack of pyramidal or rounded
tip nanostructures. Insert in (a) shows the SAED pattern with four indexed rings.

Insert in (b) shows the lattice spacing between (1 0 1) planes®.

Based on AFM measurements of surface roughness, SEM images taken at different
times during the reaction, and measurements of the temporal evolution of titanium

concentrations, the researchers were able to postulate the formation mechanism of 3D
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anatase mesocrystals as consisting of two parts: (1) growth of 1D nanostructures and
(2) self-assembly®. A redox reaction between H,O, and Ti foil caused the Ti foil
surface to roughen. The formed 2D nanosheets then rolled up under high temperature
conditions. These rolled sheets led to the formation of 1D nanostructures (nanowires).
It has been suggested that the interface between the Ti surface and peroxide afforded a
distinctive micro-environment for the rolling up of nanosheets into nanowires®.
Following growth, the 1D nanostructures began to self-assemble into 3D spheres. This
effect was likely driven by interfacial tension, van der Waals forces and hydrophilicity
of adjacent surfaces®. The suggested mechanism does not explain the existence of

hollowed spheres.

Park et al. used drop solution calorimetry in a molten sodium molybdate solvent at
702 °C to show that anatase structures with complex morphologies possessed greater
surface energies®. In contrast to the study by Tartaj, anatase superstructures formed in
this study were composed of nanowires measuring ~ 10 nm in diameter (figure
1.29)%. Non-assembled nanowires were larger than nanowires comprising 3D
assemblies®®. Based on the heat of water absorption, it was found that water molecules
were chemisorbed on the anatase surfaces at low water coverage®®. At high coverage,
additional water molecules were physisorbed®. This trend was present regardless of
crystallite morphology. The researchers found that surface enthalpies of hydrated
surfaces of anatase nanoparticles, ‘nanowires’, and ‘sea-urchin assemblies’ measured
0.51 + 0.05, 1.07 + 0.28, and 1.29 + 0.16 J m™ respectively®®. In contrast, respective
anhydrous surfaces measured®® 0.74 + 0.04, 1.24 + 0.28, and 1.41 + 0.16 J m™

Lower surface enthalpies for hydrated surfaces corresponds to the stabilisation effect

afforded by surface hydration®.

Figure 1.29: SEM images of anatase (A) nanowires and (B) mesocrystals. Inserts

show schematics of anatase nanowires and superstructures.
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1.2.7 Electronic Bonding Structure
A complete discussion on the electronic properties of titanium dioxide will involve

descriptions of electron and charge carrier mobility, resistivity, and thermoelectric
power in bulk and nano-samples accounting for anisotropy™'’. These discussions are
of paramount importance to work concerned with the application of titania as semi-
conducting materials and shall therefore, not be discussed further. The purpose of this
section is to discuss the bonding structure of titanium dioxide. The electrical

properties of anatase and rutile vary significantly™®.

As would be expected, the oxygen p-orbitals and the titanium d-orbitals each
contribute to both the bonding (HOMO) and anti-bonding orbitals (LUMO)"® as
evidenced in figure 1.30. In an octahedral-type crystal field, there are five unoccupied
d-states of the central Ti ion. These five states are split into the energetically higher
lying twofold-degenerate eg-like states possessing dxz.y2 and d,? character and the

energetically lower lying threefold-degenerate tyg-like dyy, dy; and dy, type states.'?

According to Asahi et al., a noteworthy feature in the local orbital structure diagram is
the p, orbital and the d,y states at the top of the valence and bottom of the conduction
bands respectively™?!. This feature is present in both anatase and rutile but is less
significant in rutile. This difference is attributed to rutile being denser than anatase. It
is also due to the different metal-metal bond lengths exhibited by the two polymorphs:
the larger metal-metal bond distance of 5.35 A in anatase implies that the Ti dyy
orbitals at the bottom of the conduction band must be isolated whereas the smaller
metal-metal bond distance of 2.96 A in rutile implies that the t,q orbitals at the bottom

of the conduction band need not be as isolated.

Anatase has a bandgap of 3.2 eV as opposed to the bandgap of rutile which is 3.0
eV According to Diebold, the surface electronic structure of stoichiometric
titanium dioxide is similar to that of bulk titania in the sense that there are no
observed or predicted surface states®®. Despite this, by considering a mathematical,
guantum mechanical approach to calculating the bandgap shift in quantum materials,
the bandgap of a 1.2 nm anatase particle was found to be greater than that of the bulk

by 0.15 eV (i.e.: nano-anatase had a bandgap of 3.35 eV)*%.

The total and angular momentum decomposed densities of states (DOS) for anatase

and rutile are given in figure 1.31.
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Figure 1.30: Local orbital bonding structure of titanium dioxide. (a) Atomic
levels. (b) Crystal field splitting levels. (c) Final interaction states. Solid and

dashed lines represent large and small contributions respectively?!
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Figure 1.31: Total and angular momentum decomposed densities of states for
rutile (left) and anatase (right). The contributions to the local densities of states

from Oy O, and Tisgare shown'?,
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An analysis of the DOS by Landmann et al., revealed mainly O,,-like valence band
states and Tizg-like conduction band states around the band edges for both anatase and

rutile'?

.Two sub-bands are formed from the separation of the Tisg-like bands. The
inner conduction band structure is connected to the “distorted-octahedron-type short-
range-order™. In the Oy-like valence band, rutile presents with a weak two-peak
separation. This separation is weaker for anatase. The O, band in rutile splits as a
result of the sp-like hybridisation in the planar (Y-shaped) OTis building blocks.
Bonding c-hybrid states are formed between the py and py states of the oxygen ion and
the central titanium ion'?’. These o states form the lower edge of the O,,-like valence
band. Lone pair & states are formed from p;-type states. These n states comprise the
uppermost valence band edge and are higher in energy than the splike hybrid

120

states™. Anatase differs from rutile as the (T-shaped) OTis building blocks result in

greater deviations from the ideal sp? hybrid states than for rutile'?°.

A schematic energy level diagram of the lowest unoccupied local orbital structure of a
[TiOe]® cluster with Oy, Dy and Dog Symmetry is provided in figure 1.32. D,q anatase
Is an octahedral structure that has been tetragonally distorted such that every titanium

cation is surrounded by six oxygen atoms in an elongated octahedral geometry®.
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Figure 1.32: Schematic energy levels diagram of the lowest unoccupied local
orbital structure of a [TiOg]® cluster with Oy, Dy, (rutile) and Dy anatase

symmetry'?,
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1.3 Polyethylene Glycol

The role of the polymer in a typical resin-gel synthesis experiment is to coordinate the
metal ions and force them into nanoparticle clusters under the action of intimate
atomic scale mixing. PEG was selected as the coordinating polymer for most
experiments in this study. The importance of PEG towards understanding the
mechanism of nanoparticle formation warranted a discussion of the following
subsections: description, structure, melting characteristics, solution behaviour,
interactions with biological particles and metal ions, and the synthesis of TiO, from

ethylene glycol.

1.3.1 Description and Structure

PEG is an uncharged, inert, amphiphilic, linear polymer!?* 12 126127

that is soluble in
aqueous solutions'?®. Because PEG consists of alternating parts that are hydrophilic
and hydrophobic, it is possible that PEG can behave as an internal, pseudo-block-
copolymer in solution. Miyazawa described PEG as a special case of a helical

129

polymer composed of planar zigzag chains™~. Opschoor considered PEG chains to be

kinked, irregularly shaped helical structures’®. The basic, linear structure is

represented in figure 1.33.

0
H/"-/ 1, YOH

Figure 1.33: Basic linear structure of Polyethylene glycol.

According to the most likely model proposed by Miyazawa™!, highly oriented
crystalline films of PEG contain seven repeating units and two helical turns per fibre
period of 19.25 A. The internal rotation angles for the C-C and C-O bond were found
to be 60° and 191.5° respectively*>. Polyethylene oxide (PEO) is analogous to PEG
but refers to polymers with a molecular weight of > 100000. The symmetry of PEO is
isomorphous with the D(4n/7) factor group™*?. PEO has a 7, helical form constructed
with successive trans (CCOC), gauche (OCCO), and trans (COCC) conformers with
associated bond angles of 192°, 60°, and 192° along the chain, respectively (figure

1.34)"*2. The trans-gauche-trans conformation is the most energetically stable®.
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Figure 1.34: Typical 7, helical conformation of PEO. (a) Lateral view, (b) axial

view, and (c) gauche and trans configurations™*.

Polyethylene crystals have a lamellar shape in accordance with a chain folding
conformation model, given in figure 1.35"*. According to the model, chains arrange
in sheets with a thickness of ~ 10 nm. Sheets can be larger in perpendicular

directions'®,

Figure 1.35: Schematic of a single crystal polymer exhibiting regular chain
folding into sheets on the order of 10 nm***. Random coil conformations ensue

after melting'®.
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1.3.2 Melting Characteristics
PEO goes through a helix-coil transition when melted™*. Above the upper critical

solution temperature, the homogenous state of PEO becomes stable again causing the
amorphous polymer state to form random coil conformations™. In solution, water
solubility of PEO decreases with increasing temperature®®. This behaviour is
characterised by the low critical solution temperature'®. In highly diluted solutions, at
the low critical solution temperature, hydrated coils collapse into globules'®® as

evidenced in figure 1.36.

Heating

—

Figure 1.36: Change of PEO from a hydrated coil to a collapsed globule under
the action of heating at the low critical solution temperature™. Red spheres

represent ethylene oxide; blue spheres represent water molecules'*®.

PEG exhibits congruent melting behaviour™® thus favouring compositional
homogeneity in the resin and in the final product. It was shown that the melting
temperature and heat of melting of PEG increased with increasing molecular weight
(figure 1.37)"°. PEG molecular weight affects its melting and crystallisation
behaviour in the following way: higher molecular weight PEG chains favour the
formation of a crystalline phase on account of lower segmental mobility, and
appropriate geometrical alignment of the chains™*®. PEG chains with higher molecular
weights solidify at higher temperatures than lower molecular weight chains™*. This
relationship was attributed to the formation of a multi-layered lamellar structure from
many small crystalline structures joining together as PEG was cooled to a solid, as
revealed by optical microscopy (figure 1.38)**. The growth rate of spherulites

decreased when impingement with other growing spherulties occurred.
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Figure 1.38: Optical micrographs showing the solidification process for PEG

with a molecular weight of 10000 g/mol**®. Notice how the spherulites grow to

eventually impinge on each other and decrease the growth rate.
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1.3.3 Solution Behaviour
Raman analysis revealed that the crystallinity of PEO was lost when its concentration

in aqueous and chloroform solutions reached approximately 50% by weight,
suggesting that solutions of PEG retain some crystalline characteristics as a helix*®.
Crystallinity retention in solution may be attributed to PEG’s hydrogen-bond acceptor
character. Additionally, size compatibility of ethylene glycol monomers in a network
of hydrogen-bonded water causes a higher-order interchain structure of PEG in
solution™®’. Simulations showed the existence of a helix in solution and experimental
data showed that the helix had a greater diameter in solution than in the crystal
form™. Complex formation between PEG and water occurred as a result of hydrogen
bonding between water molecules and oxygen atoms along the chain'*?. Hydrogen
bonding was altered by hydrophobic interactions between water clusters and
hydrophobic groups of the polymer™2. The hydrogen bonded complex consisted of
three water molecules per monomer unit that was destroyed when the solution

temperature was increased above the melting point of PEG*®,

Graham et al., found that PEO displayed dramatic syneresis between 0 and 100 °C but
retained approximately three water molecules per ether oxygen above 100 °C**. The
association of PEO with three moles of water per monomer unit was found to be
exothermic and this negative enthalpy change provided the driving force for the
formation of tri-hydrated complexes™®. Additionally, the researchers concluded that
water promoted significant ordering on admixture with the polymer to which it was
bound™®. Water acts as an anti-plasticizer, increasing the glass transition temperature
as the number of moles of water to ether group are increased'®. Above 373 K, PEO
was found to exist as a highly hydrated complex as opposed to an anhydrous

polymer®®,

The interaction of PEG with water depends on the chain length**. It was found that
low molecular weight polymers (< 600) form tetra-hydrate complexes compared to
higher molecular weight polymers that formed tri- and hexa-hydrate complexes'“.
Other studies revealed the formation of mono-, tri-, tetra-, and hexa-hydrate
complexes™® **1. For PEG 5700, monohydrate complexes were shown to form when
up to two moles of water were present in solution; tri-hydrate complexes were stable
up to forty-two moles of water in solution™*. Tri-hydrates of PEG 440 and PEG 560

decomposed after five moles of water were added to the solution™*®. This is contrast to
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PEG 950 that retained its tri-hydrate complexes after further dilution®*. The
dependence of complex formation in water with chain length can be explained
qualitatively in terms of the size and number of loops in a helix required to form a
stable structure™®. Two to four loops are required to generate a helical structure
containing sufficient water to form a tri-hydrate complex™. It is theoretically possible
to have mono- and tri-hydrated complexes coexisting in a linear PEG chain'*?. The
currently accepted theory of tri-hydrate complex formation is that the ether oxygen
atom in the polymer attaches to a water molecule through a hydrogen bond, then takes

142

up a further two water molecules™“. A postulated plausible structure corresponding to

the tri-hydrated complex is given in figure 1.39. This structure maintains a helix of

seven repeating units per fibre period presenting a hydrophobic surface to the bulk
|142.

water and an interior hydrophilic channe

Figure 1.39: (a) End and (b) side view of a PEG tri-hydrate complex model**.

The inner hydration results from the formation of a net due to: hydrogen bonding
between ethoxy groups within the helix and one hydrogen atom from water, and
hydrogen bonds between inner water molecules™®. Solution concentration,
temperature, chain-length, and chain-termination influence the type of formed net'*.
Helix formation in solution has been proposed as the driving force for aggregation'*,

Interfacial water around the chain does not play a significant role when PEG is

142

introduced in solution™“. Any effects caused by interfacial water are suppressed by

hydrogen bonding between the ether oxygen and water molecules*2.

Money found that a complex relationship existed between PEG concentration and
average relative molecular weight on the osmotic pressure of aqueous solutions*.
Long chain polymers did not behave as a number of individual units causing osmotic
pressure results to vary significantly for high molecular weight PEG'**. Based on PEG
6000, it has been suggested that the configuration of PEG changes with changing
concentration in the following way: at higher concentrations, the configuration is

folding; at lower concentrations, the configuration is extended**. Since PEG 6000

Page | 64



exists as rigid, helical segments in aqueous solutions, a substantial amount of
hydrogen bonding occurs on the exposed oxygen along the disordered helix. It is
possible that disorder and water binding increases with increasing PEG concentrations

causing suppression of the thermodynamic activity of water'*.

It is possible for PEG chains to fold upon themselves in solution*®. This occurs with
the assistance of inner water molecules linked to oxygen bridges that create a
hydrophobic body with carbon on the outside of the helix™*. Hydrophilic ~OH groups
on either side of the chain give the folded polymer amphiphilic characteristics™®,

Steuter et al., suggested that the total mass or total number of molecular subunits may
be a more important controlling factor of water potential than the total number of
polymer chains'®’. Higher molecular weight polymers have longer but fewer chains
per gram of polymer. It is also possible that a long-chain polymer can coil back on
itself'>”. The entropy change associated with coiling would be dependent on chain
flexibility™’. Excess solvent is absorbed by PEG in solution until equilibrium is
reached between interaction of the solvent with polymer chain segments and the
forces resulting from expansion of the network structure*?’. PEG concentration is also
directly proportional to the probability of polymer-polymer interactions, that serve to
increase entropy™’. It has been reported that some ethylene oxide adducts form
micellar structures in aqueous solutions. Micelles formed as a result of hydrogen
bonding between ethylene oxide subunits and H,O molecules'?’. PEG concentration

was found to be directly proportional to the number of formed micelles'?’.

1.3.4 PEG - biological particle Interactions
PEG is used as a carrier in various pharmaceutical formulations, foods, and

cosmetics'?*. Since it possess low immunogenicity and antigenicity properties, and

145, 137

has a low order of toxicity , PEG has been extensively studied for the

conjugation of biologically active molecules such as liposomes and proteins®* 12837,
To this end, interactions of the PEG chain architecture with contained biological
molecules are important to the efficacy of the polymer as a carrier. Additionally, the
surface structure of PEG chains at cellular receptor interfaces is important'*. PEG
protection of liposomes has been documented?®. The accepted mechanism of
operation is that liposomes coated with PEG sterically hinders interactions between
blood components and the liposome surface'?®. PEG is useful in the biomedical field

owing to the high mobility associated with conformational flexibility of its chains and
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water-binding capabilities*?® *3’. These characteristics cause a steric exclusion effect
between PEG chains in water'®”. Flexibility is described as free rotation of individual
polymer units around inter-unit linkages'?®. Therefore, greater polymer flexibility
implies more independent motion of polymeric units relative to neighbouring units

and a greater number of possible conformations with the biological molecule.

PEG protection of nanoparticles operates on a similar basis, except either physical
adsorption or chemical grafting of the polymer onto the particles is necessary'?®. The
endocytic process involves the adherence of a particle onto the surface of the polymer
formed membrane*’. Particles enter the polymer through invagination of the fluid
bilayer causing complete wrapping of the particles'®’. This causes membrane coated
particles to become completely detached from the outer membrane*’. For particles
that are larger than the membrane thickness, membranes wrap around and engulf

particles'*®

. Wrapping will only occur around particles if the interaction energy
between the membrane and particle is greater than the energy cost of membrane
bending™®, *°. Successful wrapping depends on the interaction range of the particle-
membrane adhesion potential, nanoparticle shape, size, elasticity, and surface

properties, and the change of shape of membranes during wrapping**® **°.

Some of the many other uses in the biomedical sphere include tissue engineering
scaffolding, drug delivery, and surface functionalization. Concepts of PEG-biological-
molecule interaction, focussing on particle protection and wrapping, will be applied to
the PEG-metal ion system employed in this study with the understanding that metal
ions were added to the polymer before any wrapping processes were induced.
Therefore, the mechanism of particle-polymer interaction will not be an exact mirror

of that occurring in biological systems.

1.3.5 PEG-metal ion Interactions
When PEG acts as a phase transfer catalyst, factors such as molecular weight, chain

terminating group, and characteristics of the associated cations and anions influence

its activity™

. Many catalytic centres exist per PEG molecule for alkoxylation
reactions™”. Single crystal complexes are formed between low molecular weight PEG
and metal cations in acetonitrile, methanol, and their mixtures™. Using a combination
of X-ray crystal structure and NMR analyses, ultra-low molecular weight PEG (i.e.: 3
— 4 repeating units per chain) was found to complex metal ions in a stoichiometric

manner (PEG : Sr** = 2 : 1). Higher molecular weight polymers (9 — 10 repeating
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units per chain) were found to helically wrap the Sr** ion®. The latter gave the
complex a hydrophobic exterior, dehydrating the metal ion™!. PEG also has the
ability to complex several metal ions of different sizes™.

Rogers et al., prepared a series of various lanthanide containing PEG complexes with

a variety of different chain lengths®

. The results showed that the primary
coordination sphere was dominated by steric effects within the complexes'. The
choice of anion affected the coordination sphere and changed the mode of polymer
wrapping. This caused structural changes to the PEG chains that encircled the metal
ions'?. PEG chain length was found to affect coordination number®®? Hydrogen
bonding in the metal/polyether complexes influenced crystallisation and contributed
to the formation of surpramolecular structures™?. Bonding complexity was increased

when water was present in the inner or outer coordination spheres*>?

. A separate study
revealed that Li* was contained inside a helical arrangement of PEG consisting of six

repeating units per chain>".

Based on investigations of morphology and conductivity, a double helical model was
proposed for the interaction between PEO and alkali metal complexes'*®. PEO-alkali-
metal-complexes form with a stoichiometry of 1 mol of cations for every four mols of
ethylene oxide units'®®. The unit cell compositions requires either two chains, each
with with four ethylene oxide units or four chains, each with two ethylene oxide
units™. Based on the geometry of the fully extended conformation, it is not possible

to have the latter orientation>®

. A double helix conformation provided a cylindrical
structure such that the anions occupied spaces between cylinders'®®. Cations were

encapsulated within the tubes.

1.3.6 TiO; Synthesis from Ethylene Glycol
The interaction of ethylene glycol with Ti has been documented™*. Raja et al., found

that varying water content in an ethylene glycol electrolyte had a profound effect on
the TiO, nanotubular arrays formed form anodisation of Ti. An accurate account of
the mechanism governing this phenomenon was not made*®.

An ethylene glycol-mediated TiO, synthesis has been reported™>

. According to Lee
and Lee, ethylene glycol serves as a polymerisation agent, capturing metal ions via a
polymerisation-complexation mechanism*®°. This causes a decrease in the mobility of
metal ions, preventing precipitation and agglomeration of the cation species'®.

Constraining the system involves mechanical, steric entrapment and not just chemical
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chelation™®. Ethylene glycol forms a homogenous polymeric network with the metal
ions and is an easier and cheaper synthesis route for nanoparticle formation than sol-
gel synthesis'*. In accordance with this method, prepared gels needed to be calcined

155

in order to obtain powder samples™°. After calcination at 800 °C, powder diffraction

revealed that samples synthesised from a 1 : 1 weight ratio of metal ions to ethylene

glycol consisted of both anatase and rutile*>

. Any higher ratios of ethylene glycol
(i.e:1:3,1:5 1:7)formed rutile exclusively™>. The researchers postulated that
insufficient ethylene glycol caused the distribution of cations to lack homogeneity

155

owing to a deficiency of steric entrapment™. TEM analysis revealed large

agglomerated particles, however there was no evidence of dandelion formation>®.

Ethylene glycol is an attractive medium for the formation of metal oxides due to its
relatively high boiling point'™®. According to Li et al., metal oxide morphology
variation was possible by varying the metal salt in ethylene glycol™®. Anatase
nanorods and rutile dandelions (chrysanthemums) were evidenced from the synthesis
of titanium butoxide in ethylene glycol after the initially synthesised products were
heated at 400 °C in air or under vacuum respectively™®. Interestingly, from SEM
imaging alone, the researchers were able to deduce that the dandelion rods connected
to a single root at the centre of the dandelion. Additionally, the researchers suggested
that the rutile tended to transform into chrysanthemums owing to the presence of
alkoxide generated carbon in the crystal. These deductions were made without any
powder diffraction or high resolution transmission electron microscopy analyses.

Initial polyol mediated metal oxide syntheses formed amorphous powders with post-
reaction calcination procedures resulting in aggregation and crystal growth®’.
Tripathy et al., confirmed that the as-prepared titanium dioxide particles from the
polyol technique using a titanium iso-propoxide precursor in acetone and ethylene
glycol, were amorphous®’. Polyol syntheses appear to require the assistance of
vacuum conditions™® **’. The accepted mechanism of particle formation is that

157
|5

acetone acts as the oil phase stabilised by ethylene glycol™’. The water-in-oil

emulsion serves as a micro-reactor controlling particle size distribution™’.

The polyol synthesis method has also been employed for the formation of highly
dispersed, homogenous TiO,-SnO, nanoparticles of different compositions by

weight™®,
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1.4 Characterisation Techniques

Many techniques are available for the characterisation of different properties of
various materials. The two techniques paramount to this study were powder X-ray
diffraction and (high resolution) transmission electron microscopy. These techniques
are vital to elucidating atomic scale structure and hence form the backbone of all
materials research. In this study, the chosen characterisation techniques were used to
obtain particle size, composition and orientation information. These techniques shall
be discussed in greater detail focusing on the principles, mode of operation and the
information that can be obtained from the correct use of the chosen technique. A
discussion on the components of each instrument is given in appendix A. A brief
discussion on the principles of thermogravimetric analysis is also included.

1.4.1 Powder X-ray diffraction
According to Dinnebier and Billinge, single crystal analysis is the most frequently

used technique for the determination of crystal structures™®. Single crystal analysis is
a non-destructive technique limited to providing specific information not concerned
with bulk material. Is it also not always possible to fabricate high quality single

crystals of certain materials synthesised under specific conditions.

The PXRD method remained a qualitative and semi-quantitative phase analysis and
macroscopic stress measurement technique for nearly 50 years owing to the intrinsic
problem possessed by this technique™®. The problem of peak overlap results from
projecting a three-dimensional reciprocal space lattice onto a one-dimensional 26
axis™®. Despite this intrinsic issue, it is nevertheless possible to extract a plethora of
structural and quantitative information from a one-dimensional projection such as™*
180 Jattice dynamics, local structure, imperfections, dislocations, crystal structure,
micro-strain, domain size, preferred orientation, qualitative and quantitative phase
analysis. Although materials with any elemental composition may be studied using
PXRD, the technique is better suited to heavier elements as these elements provide for
better diffraction intensities'®. Electrons produce greater diffraction intensities
compared with X-rays and this shortcoming is highlighted for lighter elements*®. The
intensity of the diffracted beam also decreases for nanomaterial analyses. This is due
to a decrease in the number of diffraction centres'®. Finite size crystallite analyses
causes an intensity distribution over a small angular range producing a peak

broadening effect®".
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1.4.1.1 Principles of PXRD
In a typical diffraction experiment, an incident wave of radiation — that has a

wavelength comparable to the spacing between atoms of the lattice — is directed into a
material where it interacts, diffracts and scatters. Different types and positions of
atoms emit scattered waves and cause interference along different directions'®%. There
Is a distinct geometric relationship between the waves that exhibit constructive
interference and crystal structure of the material*®%. Diffraction patterns are composed
of all the waves that interfered constructively. The use of X-rays for crystal diffraction
is credited to Max von Laue (awarded the Nobel Prize in physics in 1914)'% w. L
Bragg, and W. H. Bragg (jointly awarded the Nobel Prize in physics in 1915)"®, X-
ray diffraction consists of measuring the intensity of the X-rays scattered by electrons
associated with atoms'®. The Fraunhofer approximation is used to calculate the

detected intensities®®*.

Structural elucidation from a PXRD pattern is possible due to the Bragg equation.
This equation describes the principle of X-ray diffraction by sets of lattice planes. The
Bragg approach is to consider X-rays as visible light that is reflected of lattice
planes’® 1% Some X-rays are reflected of a plane such that the angle of incidence
equals the angle of reflection whereas others are transmitted through the sample to be
reflected by different planes'®. Reflected waves from planes lying further into the
material must travel a greater distance than those reflected from planes located closer
to the material surface,'® as evidence in figure 1.40. For constructive interference to
occur, the additional distance, BAE, covered by the second beam in figure 1.40, must
equal to a whole number multiple, n, of the wavelength A'®!. The relationship between
the interplanar d-spacing, d, and the incident angle (Bragg angle), 9, is related to the
distance BA by:

BA = AE =d sin 0 (1.5)
And
BAE = 2d sin 0 (1.6)
But
BAE = n) (1.7)
Therefore
2d sin 0 = n\ (1.8)
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Equation (1.8) is the Bragg equation®®. It should be noted that the above derivation
stems from a conceptual argument as realistically, X-rays are diffracted from
electrons bound to discrete atoms as opposed to reflected of planes. The result of this
simplified, conceptual approach is the same as would be obtained from a thorough

mathematical treatment*,

fronts of
eqnal
phase

d sinB d sinB

Figure 1.40: Interference of a wave scattering from two different planes of a

crystal separated by a distance, d. The dashed lines run parallel to the crests or
troughs of the incident and diffracted wavefronts. BAE represents the additional

distance that must be covered by the second wave before and after reflection™®.

Figure 1.40 shows a simplified two-wave, two-plane interaction. In a real powder,
polycrystalline sample, many beams are scattered by many planes of many
crystallites. If preferred orientation is mitigated and the crystallites are randomly
distributed within the sample, a cone of diffraction should be expected when using
monochromatic radiation in accordance with the Debye-Scherrer method as seen in
figure 1.41. A two-dimensional detector will reveal these cones as diffraction
circles'®. Diffractometers set up with Bragg-Brentano geometry make either
horizontal or vertical one-dimensional cuts through the rings to produce line
diffraction patterns consisting of peaks wherever the cut intersected with part of the
circle®®. Therefore, it is imperative that the powder sample consists of fine grains as a
coarse sample will produce anisotropic intensities in the diffraction pattern'®. A
complete discussion on the intensities of powder diffraction peaks shall not be

discussed for brevity, but is discussed thoroughly in the literature®® 1%

Page | 71



S R-?”?cz_ S il
——— —eam M= Primary beam
- == i T == o
“ - , s "’
; ~
g &
hkl
A hkli
ey AN =7
/Gcgedb‘ N\ y 4
—~2apy, )
~] Al ( Prima 'beam
B T ;@4 f ry'L
\ 1 N ~ II
L / b =

ki

Figure 1.41: Comparison of scattered beams after interacting with (top) a single
crystal and (bottom) a powder consisting of many randomly oriented

crystallites™®.

1.4.1.2 Data Analysis
Powder diffraction was used in this study to obtain two different pieces of information

from generated powder patterns: 1) relative amounts of each phase (rutile and anatase)
present in each sample and 2) crystallite size of each phase present in each sample.
Generated powder patterns were compared with previously obtained powder patterns
from the JCPDS database (Appendix A)>®. Bespoke software based on the Spurr and
Myers equation, and instrumentally corrected Scherrer equation (including baseline
and intensity corrections with K = 0.91) was employed to determine the relative
amounts of each phase and crystallite size in each sample respectively. The source
code for the peak fitting routine and particle size calculations can be found

elsewhere®®. A discussion on the application of these equations follows.

1.4.1.2.1 Spurr and Myers equation
The Spurr and Myers equation enables determination of the relative amounts of

anatase and rutile in a mixed sample. It is based on the relationship between the
weight ratio and intensity ratio for a given sample containing a mixture of allotropes:
the scattering intensity of each component in a mixture of allotropes is proportional to

its weight fraction™®®.

Xp = 1 (1.9

1+1.26{—R
A
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Equation 1.9 is the Spurr and Myers equation where Xa is the weight fraction of
anatase in a sample; Iz and I are the maximum intensities of the rutile (1 1 0) and
anatase (1 0 1) peaks respectively. This equation may be rearranged to obtain the
weight fraction of rutile in a sample as given in equation 1.10:

1

Xp = (1.10)

1+0.79{—A
R

Where Xk is the weight fraction of rutile; Ir and I, are the same as described above. It
has been recommended by Spurr and Myers that equation 1.9 changes to equation

1.11 when | approaches zero.

1

Xp= ———1° (1.11)
1+1.47 ¢
A
By inference, when Ig approaches zero equation 1.10 becomes:
1
Xg = —— - (1.12)
1+0.68 {2
R

The standard error in Xaor Xg is 3 —4 %.

1.4.1.2.2 Scherrer Equation
Many factors contribute to peak broadening in a diffraction pattern. These factors may

be grouped as either instrumental or specimen broadening. Specimen broadening
occurs as a result of temperature factors, different types of crystal macro- and micro-
strain, and crystallite size'®’. Crystallite strain and size affect diffraction peaks in the

following way:

Macroscopic strains change the interplanar d-spacing and cause a shift in the average
position of the diffraction peak. Microscopic strains such as non-uniform lattice
distortions, dislocations, and grain surface relaxations, produce a distribution of d-
spacings causing peak broadening®®. A distribution of strains in a polycrystalline
sample as a result of variable compression and tension, changes the lattice parameters
of individual crystallites slightly*®2. This has the effect of changing the peak position

and causes peak broadening*®2.

Diffraction peak widths are also affected by crystallite size'®*. Larger crystallites have

many crystallographic planes contributing to diffraction compared to smaller
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crystallites'®. Therefore, small errors in phase in larger crystallites will eventually
result in destructive interference (owing to the probability of a beam diffracting from
a crystallographic plane causing destructive interference)*®. Since there are fewer
crystallographic planes available for diffraction in small crystallites, small phase
errors do not result in destructive interference but rather contribute to peak

broadening®.

The Scherrer equation is used to calculate crystal grain size by measuring peak
broadening in a diffraction pattern. Crystallite size is inversely related to the full
width at half maximum (FWHM) height of a particular peak such that narrower peaks

correspond to larger crystallite sizes.

K
~ Bcosd

(1.13)

Equation 1.13 is the uncorrected Scherrer equation where L is the average crystallite
size, A is the wavelength of X-radiation used, B is the peak width of the peak profile at
half maximum height in radians, 0 is the peak position and K is the Scherrer
constant'®, The value of K used in each calculation depends on the shape of different
crystallites (K = 0.94 was used in this experiment).

Crystallites that grow anisotropically produce anisotropic peak broadening. Therefore,
a non-spherical crystallite will cause sharp diffraction peaks corresponding to the
direction of preferred growth and broad diffraction peaks corresponding to all other
directions as proven in a study by Zhang et al. In the study, the researchers found that
the (0 0 4) Bragg peak corresponding to 30 nm anatase nanorods was narrower and
displayed stronger peak intensity compared with the (0 0 4) peak corresponding to 16
nm anatase nanorods'®®. This was due to the nanorods exhibiting preferential growth
along the c-axis'®. The (0 0 4) Bragg peak corresponding to spherical particles
displayed the greatest width and poorest intensity of all three particle types. Other

peaks remained similar in shape and intensity™®.

It is therefore necessary to use different values of K in equation 1.13 for different
particle shapes. This was not done in this study as it was previously shown that the
change in particle size was smaller than an error of 1 nm associated with equation
1.13.

Page | 74



1.4.2 Transmission Electron Microscopy
The optical microscope suffers from the inherent problem of limited resolution due to

the wavelength of visible light. In 1932, Knoll and Ruska proposed the idea of an
electron microscope’™. This, seven years after de Broglie posited the wave-like
characteristics of the electron and five years after Davisson and Germer, and Thomson
and Reid demonstrated the wave nature of electrons experimentally'’®. Over the
decades with ever improving TEM’s, this instrument has become central to the
complete microstructural characterisation of materials and devices'®. As stated by
Williams and Carter, referring to the TEM'"%: “No other scientific instrument exists
which can offer such a broad range of characterisation techniques with such high
spatial and analytical resolution, coupled with a completely quantitative
understanding of the various techniques”.

The primary advantage that electrons possess over X-rays is that they can be easily

focussed*®?

. While X-ray diffraction serves as a more powerful technique for bulk
material quantification, TEM affords the ability to image (spatial imaging) and select
a single crystallite for a diffraction experiment (diffraction imaging)*®%. Additionally,
spectroscopic studies (analytical electron microscopy — AEM) — based on the
principle of a generated electron in the beam causing electronic excitations within the
atoms of the sample — are also possible*®. These include techniques such as energy
dispersive spectroscopy (EDS) and electron energy loss spectroscopy (EELS). It is
therefore possible to obtain spectroscopic, crystallographic, and imaging information
from a single small area within the specimen. Depending on the type of TEM
available, it may be possible to obtain all of this information during a single analysis

session.

As with all analysis techniques, the TEM is not without its disadvantages. The major
issue with TEM generated images is that it is a two-dimensional image of a three-
dimensional specimen. Provided that the entire specimen is electron transparent, the
depth of field in a TEM allows for the top and bottom surfaces of the specimen to be
in focus simultaneously. Depth of field coupled with two-dimensional projection can
result in TEM images possessing artefacts. Samples can only be analysed in a vacuum
therefore limiting sample analysis in ambient or natural environment conditions. The
limitations placed on specimen thinness ensure that any single specimen is usually not

representative of the sample. Only a small amount of the specimen can be analysed at
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a time making TEM a time consuming technique (relative to powder diffractometry).
In 2009, it was estimated that no more than 1 cm?® of material had been analysed by all
TEM’s ever'"°. High throughput sample analysis is not yet practical due to the need to
manually align the microscope before all specimen analyses, further increasing the
time required for analysis per sample. Additionally, specimens must be sufficiently
thin to allow electrons to pass through — this places limitations on the specimen types
that can be imaged using TEM. The capital and running costs of a TEM increase the
cost of per-sample analysis.

Specimen damage is a key disadvantage in the present study as partially synthesized
specimens containing polymers were analysed. Polymers are sensitive to ionising
radiation and are prone to beam damage making TEM a destructive technique.
Incident electrons can cause scission in the main chain, changing the basic structure of
the polymer. It can also cause side groups to be removed from the parent chain. This
causes cross-linking between different polymer chains. The available method to

mitigate this issue in this study was to operate under low dose conditions.

This section shall discuss conventional and phase contrast imaging in the transmission
electron microscope and high-resolution transmission electron microscope. These
have been employed in this work to study the structural relationships between
polymorphs post-synthesis and during incomplete syntheses on the nanoscale. Other
transmission electron microscopy instruments/techniques such as scanning
transmission electron microscopy (STEM), analytical electron microscopy (AEM),
convergent-beam electron diffraction (CBED), Z-contrast imaging, Lorentz
microscopy, in-situ techniques, and holography will not be discussed. Much of this
section has been adapted from Transmission Electron Microscopy: A Textbook for

170

Materials Science by D. B. Williams and C. Barry Carter-™ and Transmission

Electron Microscopy and Diffractometry by B. Fultz and J. M. Howe'®,

1.4.2.1 The need for Electrons
The resolution of microscopes is on the order of the wavelength of light used as a
171

probe™"". The Rayleigh criterion (equation 1.14) states that the smallest detail that may
be resolved in a light microscope is approximately equal to half the wavelength of

light used*".

0.61A
§=
1 cos f3

(1.14)
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Where o is the resolution limit, A is the wavelength of radiation, p is the refractive
index of the viewing material and B is the semi-angle of collection of the magnifying
glass. Therefore, it is not possible to use light based microscopes to image features on
the nano-scale. The de Broglie relation (equation 1.15) shows a relationship between

the linear momentum, p, of a particle and its wavelength, A (h is Planck’s constant)'".

A =— (1.15)

From equation 1.15 it can be seen that particles with higher linear momenta possess
shorter wavelengths. Once accelerated through a potential difference, V, the energy
gained by the electrons is eV where e is the magnitude of its charge. Following

acceleration, all the acquired energy is in the form of kinetic energy'’

. Accounting
for the energy equivalency, equation 1.15 can be expressed as equation 1.16, where

M. is the mass of an electron.

h

A= ——
(2m,eV) /2

(1.16)
Equation 1.16 is a non-relativistic expression that shows by increasing the
accelerating voltage, the wavelength of electrons can be decreased. Therefore, the
resolution of a microscope can be improved by increasing the energy of the radiation
source. For electron energies greater than 100 keV, relativistic effects must be

considered as given in equation 1.17.

h
A = (1.17)

eV 1
2m.eV (1 + ) /2
[ e zmeCZ ]

Electrons possessing 100 keV energy spiral through the TEM column relativistically
at ~ 1.6 x 108 m/s such that there is never more than one electron interacting with
the specimen at any given time. Electron properties as a function of increasing

accelerating voltage are given in table 1.12.

The principles of X-ray and electron scattering are different. In X-ray diffraction, the
negatively charged electron cloud of the specimen interacts with the electromagnetic
field of the incident X-rays. Specimen electrons then oscillate with the period of the
applied X-ray beam. As is typical of accelerated charged particles, the electrons

subsequently emit their own electromagnetic field that is consistent in wavelength and
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phase with the incident X-radiation. The ensuing field propagates radially from all
scattering sources. In electron scattering, electrons interact with the local
electromagnetic fields of the specimen as they are scattered by both the nuclei and
electron cloud in the material. There is no field-to-field exchange as is the case for X-
ray scattering. This makes electron scattering a more complex process than X-ray

scattering.

Table 1.12: Electron properties as a function of increasing accelerating

voltage®™.
Accelerating Non-relativistic Relativistic Velocity
wavelength wavelength
Voltage (kV) (nm) (nm)
(X 108m/s)
100 0.00386 0.00370 1.196 1.644
120 0.00352 0.00335 1.253 1.759
200 0.00273 0.00251 1.391 2.086
300 0.00223 0.00197 1.587 2.330
400 0.00193 0.00164 1.783 2.484
1000 0.00122 0.00087 2.957 2.823

1.4.2.2 Principles of TEM
An electron gun emits a beam of electrons with a well-defined de Broglie wavelength.

Magnetic fields in various electromagnetic lenses focus the electron beam of uniform
intensity onto the specimen. The electrons in the beam interact with matter in the
specimen, exploiting the wave-particle duality of electrons in the beam. After
interacting with the specimen, transmitted electrons have a non-uniform distribution.
The specimen can be imaged with spatial distribution observed as contrast in the
images; angular distribution of scattering can be observed as diffraction patterns from
the specimen. A restricting aperture allows for electrons that have gone through a
specific type of interaction to be selected to reach the detector. The type of
information obtained is dependent on the type of electron beam interaction monitored
(figure 1.42).

Central to obtaining any information from a TEM, are electrostatic interactions that
cause electron scattering. Electrons can be forward-scattered or back-scattered
depending on the thickness of the specimen. Forward-scattering can be grouped

according to electron energy loss (i.e.: elastic or inelastic) and electron wave phase

Page | 78



shifts (i.e.: coherent or incoherent). Different types of scattering occur depending on
the angle at which transmitted electrons are scattered. The characteristics of the
scattering event are governed by the incident electron energy, atomic weight of the
scattering atom, the specimen thickness, density, crystallinity, and angle of the
specimen to the incident beam. The probability of an incident electron interacting with
an atom within the specimen is given by the interaction cross section and intuitively, a
larger cross section increases the chances of scattering. Interestingly, higher incident
electron energies decrease the interaction cross section.

Incident

: , Secondary
high-kV beam :

electrons (SE)

Backscattered
electrons (BSE) Characteristic
X-rays
Auger Visible
electrons \ / l‘ig,'l
‘Absorbed’ Electron-hole
electrons > pairs
N — Bremsstrahlung
Specimen X-rays
Elastically Inelastically
scattered Direct scattered
electrons Beam electrons

Figure 1.42: Various signals generated from a high-energy incident beam of
electrons interacting with a thin specimen. The arrows indicate approximate

areas where the signals can be detected""”.

Imaging and diffraction are the two primary modes in a TEM. To see a diffraction
pattern, the imaging system lenses have to be adjusted such that the back focal plane
of the objective lens becomes the object plane for the intermediate lens. Additionally,
the objective aperture must be removed from the back focal plane and the selected
area diffraction aperture must be inserted into the image plane. To operate in imaging
mode, the intermediate lens is adjusted such that its object plane is the imaging plane
of the objective lens. The objective aperture must be inserted into the back focal plane
of the objective lens and the selected area diffraction aperture must be removed from

the image plane. These two operations are illustrated schematically in figure 1.43.
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Figure 1.43: The two basic operating modes of the TEM illustrated schematically
using only three lenses. The intermediate lens selects either the back focal plane
(bfp) (A) or the image plane (B) of the objective lens as its object. Note the
positions of the selected area diffraction (SAD) and objective apertures in (A)

diffraction and (B) imaging modes*™.
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1.4.2.3 High Resolution Transmission Electron Microscopy
Implicit in the name, HRTEM is capable of resolving lattice fringes in appropriate

specimens. This is achieved by exploiting phase contrast imaging in the instrument:
the phase of diffracted electron waves interfere with the phase of transmitted
waves'®. Fourier transforms are used to understand atomic resolution images
generated in the HRTEM.

HRTEM image interpretation requires matching experimentally obtained images with
computed image simulations of model structures using for example, the multislice
algorithm*®?, The multislice approach is two-fold'®%: images are simulated considering
1) beam-specimen interaction and 2) modifying the electron wavefunction based on
the effects of the instrument — primarily the effects of the objective lens. Initially, the
specimen is divided into many slices of a specific thickness. The crystal potential of
each slice is considered as a two-dimensional projected potential. Once the effect of
the first slice on the phase of the incident wavefront has been ascertained, the ensuing
wavefunction is propagated to the next slice. This procedure is repeated, slice by slice,
until the sample thickness has been achieved. Accelerating voltage is the only

microscope parameter considered in the beam-specimen calculation.

1.4.2.3.1 Data Analysis
In the present study an open source image processing program, ImageJ, was employed

to obtain image simulations based on experimentally obtained images. ImageJ makes
use of fast Fourier transforms to obtain frequency domain images. The calculation is
based on an implementation of the Fourier-related two-dimensional fast Hartley
Transform'’?. Calculated image simulations were then compared with theoretically

obtained simulations so that comments on atomic structure could be made.

1.4.3 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) involves measuring the change in mass of a

sample as a function of increasing temperature®®. The sample is heated at a constant
rate until it begins to decompose at a specific temperature. Decomposition can occur
over a range of temperatures. The change in mass can be used to make quantitative
calculations of compositional changes'®*. The temperature at which decomposition
begins and ends is not a fundamental property of the sample. Decomposition

temperatures depend on heating rate, nature of the solid, and atmosphere above the
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sample, and as a result, do not represent the equilibrium decomposition

temperature®®*. Figure 1.44 shows a PerkinElmer STA 6000 analyser.

Figure 1.44: PerkinElmer STA 6000 analyser used for TGA analysis in this
study.
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Chapter 2: Aims

he overriding aim of this work was to take steps towards understanding the

mechanism of nanoparticle formation using the resin-gel synthesis

technique. The current working theory of resin-gel synthesis describes the
process as a metal ion solution coordinating to a polymer. Evaporation of excess
solvent produces a hardened wax which is heated to combustion producing
nanoparticles. Since it is possible to form a plethora of homogeneous, non-
stoichiometric, mixed metal oxide nanoparticles, and even potentially non-oxide
materials, it is necessary to understand how the technique operates before it may be
manipulated to form nanoparticles of controlled size, shape, morphology, and
composition. Metal ion precursors tailored towards the formation of TiO, were
selected in all syntheses. Conditions that permit the formation of different TiO; -
polymorphs (or combinations of polymorphs) of various sizes are well established in
the literature. Therefore the aim was to analyse the formed products for crystalline
phases and crystallite sizes in order to gather information concerning the reaction

conditions that were present during synthesis.

To achieve the primary aim, the approach used in this work was divided broadly into
two categories: 1) parameter variation studies to deduce the effects of various reaction
components on the formed products and 2) conducting temporally controlled
intermittent resin-gel syntheses to form ‘snapshots’ of the reaction as it progressed to

completion.

Basic resin-gel synthesis involves a few necessary reaction components: solvent,
coordinating polymer, metal ion precursor, acid if necessary to aid solubility, and
heat. For the parameter variation work, all of these components were adjusted
accordingly in turn to satisfy various sub-aims. These included investigating the
effects of changing the solvent, polymer, acid, and Ti ion containing precursor.
Additionally, changing the polymer chain length and stoichiometry, and employing

different heating rates in the synthesis.

‘Snapshots’ were obtained by allowing the reaction to proceed for a given amount of

time and then freezing the process before completion. Generated samples were then

Page | 105



imaged using TEM to observe partially formed products with the aim of making

comments on the reaction mechanism causing specific structure formation.

All fully formed products were analysed quantitatively for phase composition using
PXRD. Crystallite size was also deduced from powder diffractometry. Fully
synthesised and partially synthesised products were analysed using TEM and selected

samples were analysed using HRTEM.

Cursory evaluation of initial results revealed the presence of rutile mesocrystal
formation in most rutile containing samples. Therefore, an adjunct aim of this work
was to describe the formation of rutile mesocrystals under resin-gel synthesis

conditions.
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Chapter 3: Experimental Overview

he primary purpose of this chapter is to highlight the general workflow
process used throughout this research. Experimental setups for these works
(as given in chapter 2) are mostly similar given that they follow the general

equation 3.1:

Ti* + Polymer + Solvent A TiO, (2.1)

3.1 Parameter Variation

A bulk solution of Ti" ions containing excess solvent was divided to generate an
appropriate number of samples per experiment. A polymer with varying chain lengths
was added to each solution in a volumetric equivalent or stoichiometric equivalent
manner. The mixtures were stirred using a glass rod by hand and heated to an
appropriate temperature to allow for the formation of homogeneous gels. Following
complete solvent evaporation under infrared lamps, the hardened resins were divided
equally to introduce a replicate. Resins were heated to their flash point using different
heating rates. When necessary to remove carbon residue, samples were calcined in a

muffle furnace. The various parameters and methods of variation follow.

3.1.1 Polymer Type Variation
Two types of polymer were employed in this study: polyethylene glycol (PEG) and

polyethylenimine (PEI), as given in figure 3.1.

(a) H/I:/ O\/ﬂn\OH

— I/\NHE (\H/xv,NHli

HEN’“VN\»/\H’”‘VN\J/JWNWHNHE
(b) NSNS,

— —In

Figure 2.1: (a) Oxygen containing PEG and (b) oxygen free PEI.
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3.1.2 Solvent Variation

Two solvents were employed in this study:

e cthanol

e water diluting HNO3

3.1.3 Polymer Chain Length Variation
Polyethylene glycol (PEG) was used for the polymer chain length variation studies.

Since there is only a single type of monomer present in this polymer, the number

average molecular weight (M,) and weight average molecular weight (M,,) are equal.
The monomer unit (-CH,CH,0-) has a molecular weight of 44.05 g/mol. The
approximate number of monomer units per polymer is obtained by dividing the

average molecular weight of the polymer chain by the molecular weight of a single

monomer. Table 3.1 lists all the chain lengths used in this study.

Table 2.1: Average PEG molecular weights used in this study with associated

average number of monomers per chain.

Average PEG molecular

Average number of

Average number of fibre

weight (g/mol) monomers per chain periods per chain
200 45 0.65
400 9.1 13
1000 22.7 3.2
1500 34.1 4.9
3000 68.1 9.7
4000 90.8 13.0
6000 136.2 19.8
8000 181.8 26.0
10000 227.2 32.5
12000 272.7 39.0
20000 454 .4 65.0
35000 795.3 113.6
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3.1.4 PEG quantity variation
The amount of polyethylene glycol was varied in two ways:

e volumetric variation — a volume equivalent amount of PEG was added to the

metal ion solution

e stoichiometric variation — three ratios of the number of PEG chains of
different molecular weights to metal ion precursor were selected —

(Ti* precursor : number of PEG chains):
o 1:1
o 1:05

o 1:01

3.1.5 Acid Variation
Acid was added to reactions carried out in water. The two types selected were:

e nitric acid

e citric acid

3.1.6 Heating Rate Variation
Three different heating rates were selected (the nomenclature is specific to this

investigation):

e conventional heating — resins were heated in a sand bath and ignited using a

flame once they had reached their flash point.

e forced heating — resins were heated in a sand bath from below while
concurrently being subjected to a blue flame generated using a Bunsen burner

from above until ignition had occurred.

e rapid heating — Resins were poured onto a cast iron vessel pre-heated in a

muffle furnace to 900 °C. This caused almost instantaneous resin ignition.
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3.1.7 Metal lon Precursor Variation
Seven different Ti" containing precursors were used as given in table 3.2.

Table 2.2: Various titanium ion containing precursors used in this study.

Name, Structure

linear formula

Titanium (1V) chloride, ‘|3'
Cl==Tl==0I
Ticl, &
Titanium (1V) oxysulfate, 9
T!i
TiOSO, o o
“\E/
l.'."?/ﬁ %D
Titanium (V) isopropoxide, ks
Hy
T|[OCH(CH3)2]4 HC T “CHy
o— T—a
Hye. .-.ll- ’ THy
Titanium (1V) 2-ethylhexyloxide, we, TN .,
Tl[OCHch(CgH5)(CH2)3CHg]4 — _:‘z"n —
" ,-::": - H,l:-'.: Ll": “Hy _Lx': *Hy
Titanium diisopropoxide e
bis(acetylacetonate), ﬁ u l =
[(CH3),CHO],Ti(CsH,0,), ;n. -':H\c '* Rl
Titanium (1V) bis(@mmonium o, ) ‘"'E o
lactato)dihydroxide solution, : [+ . I y T
[CHsCH(O-)CO,NH,], Ti(OH), A
Titanium (1V) — il
(triethanolaminato)isopropoxide, 4 I\-.----""l‘m:*‘
CoH1gsNO,Ti <|-'\ T
¥ M.
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3.2 Controlled Temporal Intermittent Resin-gel Synthesis
Samples were generated according to equation (3.1) using water containing HNOj3 as

the solvent and varying only the PEG chain length and stoichiometric ratio to the
amount of added metal ions. Gel homogenisation and solvent evaporation were
conducted as previously described. The conventional heating method was employed
to initiate the process of polymer degradation to ignition. At various points during the

degradation and ignition process, either:

e liquid N, was used to freeze the sample, generating an incompletely

synthesised product, or
e ametal rod was dipped into the sample to obtain a specimen

XRD analysis was then attempted on suitable specimens. TEM analysis was

performed on all specimens generated using the dipped metal rod technique.
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3.3 Characterisation and Data Analysis
For PXRD analysis all samples were ground to a fine, consistent powder using an

agate mortar and pestle.

PXRD analysis was achieved using either a Bruker D2 Phaser diffractometer or a
Siemens D5000 diffractometer. The Bruker D2 instrument employed the Bragg-
Brentano geometry with a 6-6 goniometer. Cu Ka or Co Ka radiation was used with a
Ni KB filter. A 0.6 mm slit was used with secondary SOller slits at 2.5° and a
LYNXEYE"™ linear detector.

The Siemens D5000 employed the Bragg-Brentano geometry with a 6-260 goniometer.
Cu Ko radiation was used with a scintillation counter and Soller slits at 2°. This
diffractometer possessed a forty-position sample changer containing flat-plate,
shallow-well sample holders. Due to the lack of compatible zero-background sample
holders, the present sample holders had to be completely filled with sample and then

adjusted to a uniform sample height.

Data Manager (PJF shareware programs) and XRD Analyser (PJF shareware
programs) were used to determine phase purity (mass % of each phase) and crystallite
size respectively. Data Manager and XRD Analyser are bespoke peak analysis
programs based on the Spurr and Myers, and instrumentally corrected Scherrer

equations (K = 0.91) respectively™.

TEM analysis was achieved using either an FEI Tecnai T12 TEM at 120 kV
employing a LaBg source. High resolution imaging was conducted using an FEI
Tecnai F20 at 200 kV with a field-emission gun, a JEOL JEM 2100 at 200 kV with a
LaBs source, and a JEOL 3011 at 300 kV, LaBg source with Cs = 0.6 mm and Cc =
1.1 mm, and a 1 K camera.

3.4 References

1. Vrandeci¢, N. S., Erceg, M., Jaki¢, M. & Klari¢, I. Kinetic analysis of thermal
degradation of poly(ethylene glycol) and poly(ethylene oxide)s of different

molecular weight. Thermochimica Acta 498, 71 — 80 (2010).
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Chapter 4: Preliminary Investigations

he aim of this chapter is to describe the preliminary investigations that were
conducted to determine the required reaction temperatures and conditions
for resin-gel synthesis. Other preliminary investigations included XRD
analysis of control samples. Two primary preliminary investigations were conducted.
The first investigation involved determining the temperature range for the
decomposition of PEG of various molecular weights. The second investigation
involved systematically removing O, from the system. Appendix B contains XRD

analyses of control samples.

4.1 PEG Decomposition Temperature Range
During resin-gel synthesis, the metal ion/polymer mixture must be heated to ignition.

For this to occur, the polymer within the sample must first decompose. Therefore, the
purpose of this investigation was to ascertain the heating requirements for PEG
decomposition. TGA was employed to determine the decomposition temperature
range of PEG of various molecular weights. Decomposition effected by TGA is not a
fundamental property of a material since factors such as heating rate and atmospheric
contents above the sample influence decomposition®. Therefore, the decomposition
temperature ranges obtained from this investigation will be used as a vague mark to
determine the amount of heat required for resin-gel syntheses.

Analyses were completed using a PerkinElmer STA 6000 analyser. Between 5 — 10
mg of PEG was added to a ceramic pan and placed in the instrument furnace. The
sample temperature was increased from room temperature to 900 °C at a rate of 10
°C/min under an oxidative atmosphere (air, 50 ml/min). Figure 4.1 shows the data

collected from TGA for unloaded PEG samples.
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Figure 4.1: TGA of unloaded PEG of various molecular weights.

Figure 4.1 shows that for all represented samples, the onset of decomposition
occurred > 175 °C. PEG 200 — 1500 g/mol were not included in figure 4.1 as they
existed as viscous liquids or waxes. As expected, the start of decomposition was
delayed as the molecular weight of the polymer increased. In accordance with this
result, Vradenci¢ et al., found that the melting temperature of PEG increased with
increasing molecular weight®. This result confirms that during resin-gel synthesis,
samples synthesised using longer chain polymers have to be heated for a longer
period. At < 500 °C, all samples had completely decomposed. This implies that a
calcination temperature of 500 °C is sufficient to remove all residues remaining from
ignition. Interestingly, the data suggests that higher molecular weight polymers
produce fewer residues after decomposition than lower molecular weight polymers.
Although the TGA shows a single degradation step for all samples, specific
decomposition profiles appear to be independent of polymer chain length. This
observation was made previously’ and may result from the nature of PEG that

undergoes random scission during oxidative degradation® *.

A lower molecular weight PEG (3000 g/mol) and higher molecular weight PEG
(10000 g/mol) were each loaded with a stoichiometric amount of TiCl, (Ti*" : PEG =
1:0.5). TG analysis was performed on these samples and compared with the results
obtained from unloaded PEG of the same molecular weight. These results are
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represented in figures 4.2 and 4.3 respectively. As observed from figures 4.2 and 4.3,
the degradation profile of the loaded and unloaded samples are similar. This implies
that metal loading does not significantly interfere with the degradation procedure.
Additionally, all resin-gel syntheses can be conducted in a medium that allows for

uniform heating to ca. 200 °C — which represents the onset of thermal degradation.
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Figure 4.2: TGA and 1° derivatives of unloaded and loaded PEG 3000 g/mol.
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Figure 4.3: TGA and 1* derivatives of unloaded and loaded PEG 10000 g/mol.
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4.2 Systematic O, Elimination
The purpose of this experiment was to observe changes in the products formed from

resin-gel synthesis when the source of oxygen in the system was altered. This will
allow for the determination of ideal synthesis conditions. Samples were synthesised in
accordance with equation (3.1) with the exception that reaction components
containing O, were systematically substituted for O,-free components. Additionally,
atmospheric O, was excluded from the reaction by conducting the component addition
and polymer degradation steps under N in a Schlenk line. The source of metal ions
(TiCly) was not varied. Table 4.1 shows the O, containing and O, free components

with guantities used in this study.
Table 4.1: O, containing and O, free components with quantities employed in
this study.

Polymer Solvent
Atmosphere

[quantity] [quantity]

Polyethylene glycol (PEG), Distilled H,0
o [12.0 mi] _
O containing 10000 g/mol (Aldrich), - Ambient
containing 1.0 ml
[22.7474 g] HNG,
Polyethyleneimine (PEI), CH,Cl,
O free M, ~ 10000 g/mol (99%, Merck), N2
(Aldrich), [7.5824 g] [12.0 ml]

Samples were synthesised using two different methods depending on whether the
reaction was carried out in an oxidative atmosphere or under N,. Under oxidative
conditions, 0.5 ml (0.0045 mol) TiCl, (98%, Fluka) was added to 12.0 ml of a chosen
solvent. This solution was then introduced into a calculated quantity of a chosen
polymer. After homogenising using a combination of heating and stirring, the samples
were placed approximately 30 cm under 2 commercially available 250 W infrared
spotlights for 2 weeks. Following complete solvent evaporation, the samples were
introduced into alumina-glazed crucibles in a sand bath. All samples were heated to
their flash point and ignited using a Bunsen burner.

For synthesis under N, a three-neck round bottom flask was set atop a heater/stirrer

containing a paraffin oil vessel and connected to a Schlenk line. A stopper was
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inserted into the right opening of the round bottom flask. The remaining opening
contained bespoke metal ion solution delivery glassware (made by inserting a flow
control tap into the tapered midpoint of a cylinder, with a ground glass joint on one
end, and a rubber septum covering on the other end).

A calculated quantity of a chosen polymer was added to this round bottom flask. The
system was purged for 15 minutes with N,. Thereafter, a syringe containing 0.5 ml
(0.0045 mol) TiCly, (98%, Fluka) was inserted into the septum covering the bespoke
glassware containing 12.0 ml of a chosen solvent. The flow control tap was opened to
allow the solution to mix with the polymer. Thereafter, the system was purged for an
additional 15 minutes. Following this time, the mixture was heated at a rate of 200 °C
/ hour for 1 hour and maintained for a further 3 hours (all under the flow of Ny).
Ignition did not occur under N2 The mixture was then allowed to cool overnight while
still connected to the Schlenk line (no gas was flowing over the mixture). Using both
synthesis methods, eight samples were synthesised as follows:
e sample 1 — oxygen free polymer
o PEI, H,0, oxidative atmosphere (O,)
e sample 2 — oxygen free polymer and oxygen free solvent
o PEI, CH,CI,, oxidative atmosphere (O,)
e sample 3 — oxygen free polymer and atmosphere
o PEI, H,0, inert atmosphere (N,)
e sample 4 — oxygen free solvent
o PEG, CH.Cl,, oxidative atmosphere (O,)
e sample 5 — oxygen free solvent and atmosphere
o PEG, CHCly, inert atmosphere (N2)
e sample 6 — oxygen free atmosphere
o PEG, H;0, inert atmosphere (N)
e sample 7 — oxygen free polymer, solvent, and atmosphere
o PEI, CH,Cl,, inert atmosphere (N2)
e sample 8 — complete presence of oxygen

o PEG, H,0, oxidative atmosphere (O,)
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XRD analysis of samples obtained directly after Schlenk synthesis did not reveal the
presence of titania. It is believed that polymer degradation during heating under N,
caused the polymers to become amorphous. The presence of amorphous polymers in
the samples likely masked the presence of TiO, nanoparticles — as proven with TEM

images later.

Therefore, all synthesised samples were placed in alumina crucibles and calcined in a
muffle furnace (oxidative conditions) at 500 °C for 1 hour. The white powders were
analysed using a Bruker D2 Phaser diffractometer employing Co Ka radiation

between 20° — 40° 26. TEM analysis was achieved using an FEI Tecnai T12 TEM.

Figure 4.4 contains the XRD patterns for the abovementioned 8 samples synthesised
using systematic O, elimination. The mass % of anatase and rutile with respective
crystallite size formed per sample is quantified in table 4.2. Immediately obvious from
figure 4.4 and table 4.2 is that all samples produced TiO,. Samples 1 — 7 favoured the
formation of anatase, compared to sample 8 that favoured the formation of rutile.
Despite this, samples 3 and 6 showed a significant mixture of anatase and rutile. The
largest rutile crystallites were formed from samples 3 and 6 suggesting that a mixture

of phases within a sample encouraged rutile coarsening.

Comparing samples 1, 2, 4, and 8 (all synthesised in an oxidising atmosphere), it is
clear that limiting oxygen in the system tends to form anatase. When oxygen was
included in all components, rutile was the favoured phase.

Comparing samples 3, 5, 6, and 7 (all synthesised under N,), samples synthesised
using H,O containing HNO3 as a solvent produced a mixture of both anatase and
rutile, compared with CH,Cl, that favoured anatase formation. This indicates a
dependency on the solvent more than the polymer used in an O, deprived system.

Page | 118



Rutile (110)

1200 l; !
Anatase (101) i
1000 I
%00 [ |
| |
3 i |
‘g 600 ' : | .. I.
'z JI. ) '* Sample 8
= L Sample 7
S e LA “”“"”2!““ e ’“’#""‘f‘“"” Sample 6
L W .1 rr *‘I J P T
:Gl,.u M'L.;.\:ﬂl. 13 ilHur\ ," ,{pln‘l"' H-"f.iull..j Sample 5
o B, gt " ol Sample 4
204 :'1*- a‘f.L u-‘IJ ?l rr-ﬂ'lfﬂm i "'"ﬁ" U Jw" A * Jl'ﬂ.ﬂ' Szm;lc 3
w,w o U ﬁfwtwwwmw m "Hp- R
T d "1.|; "r"l wﬂl\ -1‘-. TR AT " Sample 2
o r,,-mn 5 — Sample |

40

20

Figure 4.4: XRD of samples synthesised using systematic O, elimination.

Table 4.2: Variation in the amount and size of anatase and rutile crystallites

formed using various O, deprivation experiments.

1-PEI, H,0, O

2 - PEI, CH.CI;, O,
3-PEI, H,0O, N

4 — PEG, CH.Cl;, O,
5-PEG, CH.ClI;, N,
6 — PEG, H,O, N,

7 — PEI, CH,Cl;, N,

8 - PEG, H,0, O,

Average anatase

Average rutile

Average . .
crystallite size crystallite size
%Anatase
(nm) (nm)

96.9 £ 3.9 10.6

948 + 3.8 17.4

765+ 3.1 10.0 355
99.7+ 4.0 12.3
100.0 £ 4.0 8.8

66.7 £ 2.7 11.2 35.6
96.3 £ 3.9 16.6

92404 11.9 175
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Data obtained from samples 1 and 8 provide a comparison of the effects of an oxygen
containing with an oxygen free polymer (PEG with PEI). Under the same conditions,
PEI favoured the formation of anatase compared with PEG that favoured the
formation of rutile. This may be due to the branched nature of PEI. It is expected that
during synthesis, as PEI degrades, these branches better encapsulate the metal ions
and afford a protecting effect on nucleating anatase crystallites. This is an interesting
finding as it was believed that a coordinating polymer was necessary for the formation
of nanoparticles in resin-gel synthesis. TixNy species were not discovered suggesting

that PEI does not coordinate to metal ions.

Figures 4.5 — 4.17 represent TEM images collected for samples synthesised in this
study. For samples 3, 4, and 5 (all synthesised under N,), TEM images were obtained
after synthesis but before calcination. For sample 7, TEM images were obtained

before and after calcination.
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Figure 4.5: Sample 1 showing the formation of anatase crystallites using PEL.
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200 nm

Figure 4.6: Sample 2 produced a mixture of isotropic and anisotropic

nanoparticles.
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Figure 4.7: Closer inspection of the anisotropic crystallites found in sample 2

revealed the presence of rutile aligned along [1 1 1].
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Figure 4.8: Generated from sample 3 before calcination. Nanoparticles composed

of TiO,were present in this sample.
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Figure 4.9: Sample 3 also revealed the presence of large structures that were

most likely a form of carbon generated from PEI. This structure appears to loop
back on itself forming possible cavities for titania nucleation.
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Figure 4.10: Closer inspection of the structure (most likely a form of carbon) in

figure 4.9 revealed crystalline features.
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Figure 4.11: Sample 4 produced nearly phase pure anatase as ascertained from
XRD.
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Figure 4.12: Sample 5 produced phase pure anatase crystallites as evidenced

from XRD. In this TEM image, the TiO, crystallites appear to have well-defined
edges.
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Figure 4.13: Sample 5 produced a structure likely generated from the

degradation of PEG. Loops and folds are evident within this structure and are
likely areas for TiO, nucleation. EDS analysis reveals the structure to be
composed of carbon and oxygen — consistent with the decomposition products of
PEG. The Cu peaks in the EDS were generated from the TEM grid.

Page | 129



Sr ey

Figure 4.14: Sample 6 shows the presence of numerous well-defined crystallites.
From XRD, this sample produced a mixture of anatase and rutile. High aspect

ratio rutile nanorods were not evident from this sample.
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Figure 4.15: Sample 7 (complete O, removal) produced these hollow shell

superstructures of unknown composition measuring between 650 — 800 nm

across their diameters. Expectedly, no TiO, nanoparticles were formed.
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Figure 4.16: Calcination of sample 7 produced titania nanoparticles. This implies

that unstable Ti containing species were present in the sample before calcination.
These species subsequently reacted with atmospheric O, to form TiO,.
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Figure 4.17: Sample 8 produced nearly phase pure rutile according to XRD. This

image shows a well-defined rutile crystallite in the [1 1 1] orientation.
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The results obtained from this study showed that metal ions bind to oxygen and form
titania independent of the source of oxygen in the system. Additionally, the interplay
between the source of oxygen in the system can be used a means to control titania
polymorph formation. All samples synthesised in N, were calcined in air in order to
completely remove polymer traces. Since all samples produced TiO,, the simplicity of
synthesis in air compared with N, governed that all future syntheses occur under
normal atmospheric conditions. An additional benefit of synthesis under oxidising
conditions is that there is potential to form phase pure anatase and phase pure rutile.
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Chapter 5: Effects of Solvent and PEG
Molecular Weight on Titania Polymorph and

Crystallite Size Formation

he aim of this experiment was to investigate the effects of varying the
solvent and PEG chain length on the size and type of titania polymorph
formed. The two selected solvents were ethanol and water containing HNO3.
A previous study showed that the use of ethanol resulted in the formation of smaller
crystallites compared to water’. The rationale used by the researchers was that ethanol
has a hydrophobic nature and lower dielectric constant compared with water'. This is
an interesting result as the currently accepted theory of resin-gel synthesis does not
describe the solvent as being an important parameter in the formation of
nanoparticles. In addition, PEG chain length was varied to observe the effects of

polymer molecular weight on titania phase purity and crystallite size.

5.1 Experimental Procedure
The experimental procedure consisted of 4 parts: ethanol mediated synthesis, water

containing HNO3 mediated synthesis, heat treatments, and characterisation.

5.1.1 Ethanol Mediated Synthesis
Excess (330.0 ml) absolute ethanol (99.8%) was introduced into a beaker. 13.5 ml

(0.123 mols) TiCls (> 99%, Merck) was added to this beaker and stirred using a
Teflon coated magnetic stirrer bar. Following complete solution homogenisation
(signalled by the formation of an off-white solution), 30 ml of the solution was
transferred into 10 separate beakers. A volume equivalent amount of PEG of various
molecular weights (400, 1000, 1500, 3000, 4000, 6000, 8000, 10000, 20000, and
35000 g/mol) was added to each of the 10 beakers. This was achieved by adding the
respective PEG powders in a freely settled manner (such that no compaction was
effected) to a measuring cylinder up to the 34.4 ml mark. Thereafter, each measured
PEG powder was transferred to the solution. Each mixture was heated to 50 — 65 °C at
~ 620 mm Hg (lower atmospheric pressure resulted from this experiment being
conducted at an altitude of ca. 1750 m above sea level) and concurrently stirred using

a glass rod to allow for complete homogenisation and gel formation. Higher
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temperatures were required for the homogenisation of mixtures containing PEG of

greater molecular weights.

All gels were placed in a fume hood for 12 days to allow for the complete evaporation
of excess solvent. Following this period, a solid resin had developed in all samples

except for the sample formed from PEG 400.

5.1.2 Water containing HNO3; Mediated Synthesis
Excess distilled water (330.0 ml) was introduced into a beaker. 13.5 ml (0.123 mols)

TiCls (> 99%, Merck) was introduced into this beaker. 55% HNO3 (27 ml) was then
added to the mixture to aid solution homogeneity. A Teflon coated magnetic stirrer
bar was used to stir the solution to homogeneity. Thereafter, 30 ml of the solution was
decanted into 10 different beakers. PEG of different molecular weights was added to
each beaker as described in section 5.1.1. Samples were heated and stirred (as
described in section 5.1.1) to homogeneity. Thereafter, excess solvent was evaporated
from the samples by leaving them in a fume hood for 12 days. All resins had taken on
an orange colour after this time. This colour was due to the presence of unreacted
nitric acid, as detected by olfactory perception. Owing to the presence of unreacted
nitric acid, all resins were placed ~ 50 cm under two 200 W incandescent light bulbs
for a further 3 days. Following this time, a hardened resin had formed in samples
containing higher molecular weight PEG (> 6000 g/mol). All resins presented an off-

white colour.

5.1.3 Heat Treatments
All 20 samples were divided equally so as to introduce a replicate for the heat

treatment and analyses that follow.

A sand bath was prepared by introducing acid washed sand into an aluminium
cooking pot. The sand bath would afford uniform heating conditions to the resins
without melting or sublimating under high temperatures. Resins from each sample
were introduced into glazed alumina crucibles and then added into the sand bath
(figure 5.1). The underside of the sand bath (containing resins in crucibles) was then
heated using the blue flames from a cast iron gas ring burner fuelled by LPG (Afrox
Handigas). Once the samples had reached their flash point (the outside of the bottom
of the crucibles were 240 — 260 °C at ~ 620 mm Hg), a flaming splint was used to

induce ignition in the samples.

Page | 136



Following complete resin ignition, each sample had a black, flaky or granular
appearance. The colour was due to the presence of a carbon residue on the samples
(figure 5.1). Each sample was then divided further into 2 halves — 1 half to be
analysed prior to calcination and the other half to be analysed post-calcination.
Calcination was effected by placing samples in alumina boats and heating them to 500

°C at ~ 620 mm Hg in a muffle furnace for 1 hour.

Figure 5.1: Progression of ignition. (a) Appearance of samples a short while after
heating had commenced. (b) Sample colour change characteristic of polymer
degradation owing to increased temperatures. (c) Pyrolysis after having reached
the respective flash temperatures. (d) Black appearance of samples after ignition

before calcination.

5.1.4 Characterisation
All samples were ground to a fine, consistent powder using an agate mortar and

pestle. Samples were analysed between 10° and 90° 20 in 0.028 increments counting

for 1 second per step using a Bruker D2 Phaser Diffractometer with Cu Ka radiation.

Samples were prepared for TEM analysis using the wet-grind technique: samples
were introduced into acetone and ground using an agate mortar and pestle. The
suspension was sonicated for 15 minutes. A single drop of the suspension was
transferred to a holey carbon coated copper grid suspended by tweezers. Once the
acetone had evaporated, the grid was placed in a grid holder prior to analysis. An FEI

Tecnai T12 was used for TEM analysis.
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5.1.5 Results and Discussion
The data obtained in this study can be compared in a variety of ways. Anatase and

rutile were primarily formed in ethanol and water containing HNOj3 respectively. The

amount of each phase formed and crystallite size data were obtained pre- and post-

calcination across a range of PEG molecular weights. Therefore, 12 plots of data were

generated to comprehensively compare formed titania in different ways.

5.1.6 Ethanol Mediated Synthesis
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Figure 5.3: PXRD patterns of replicate samples synthesised using ethanol pre-

calcination.
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Figures 5.2 and 5.3 represents the PXRD patterns of all samples formed using an
ethanol solvent and PEG of various molecular weights. The anatase peak of greatest
intensity, (1 0 1), is located at 25.325° 20; the rutile peak of greatest intensity, (1 1 0),
is located at 27.968° 20. Immediately obvious from both figures is that anatase is the
preferred phase using ethanol. With good reproducibility, a small rutile peak is
observed only in the sample synthesised using PEG 35000. This suggests that longer
chain polymers influence the formed phase. Most peaks are broad implying the

presence of nano-anatase crystallites. The diffraction peaks are shifted.
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Figure 5.4: PXRD patterns of calcined samples formed from ethanol.
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Figure 5.5: PXRD patterns of replicate calcined samples formed from ethanol.

Figure 5.4 shows the PXRD patterns of samples formed from ethanol after they had
been calcined. The peaks are narrower indicating that crystallite size had increased as
a result of calcination. The rutile peak in the sample synthesised using PEG 35000 is
more pronounced, suggesting that the rutile crystallite size had increased after
calcination. Peaks at ~ 20.5° 20 and 26.5° 20 are due to presence of quartz that
entered the crucible post-synthesis, as the samples were being removed from the sand
bath. As a result, they should have no effect on the formed product. The anatase (1 0
1) peaks are well aligned in the calcined samples. This suggests that the presence of
carbon on the pre-calcined samples caused variable tension on the titania unit cell, and
by extension the d-spacing. Therefore, the strain imposed by the presence of carbon
caused a shift in the position of the anatase peaks. Figure 5.5 suggests excellent
reproducibility of the composition and crystallite size of particles formed post-

calcination.
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The average percentage of anatase formed using ethanol across a range of PEG
molecular weights is given in figure 5.6. Before calcination, anatase was exclusively
formed in all PEG molecular weights except PEG 35000. PEG 35000 produced 78.3%
anatase (and by extension 21.7% rutile).

Error bars were generated as follows: Spurr and Myers found the standard error in the
mass fraction of anatase or rutile to equate to 3 — 4 % of the amount of the respective
phase measured®. Since all experiments were conducted in duplicate, the standard
deviation of the duplicate analyses was added to the inherent 4% error of the Spurr
and Myers model to produce a final statistical error. The size of the error bars showed
good reproducibility. The largest error in the data was present for the sample
synthesised using PEG 35000 (9.3%).

Following calcination of all samples, a small amount of anatase transformed into
rutile for most samples. From PEG 400 — 8000, the greatest loss in the amount of
anatase was 4.6%. The amount of transformation was not proportional to the PEG
molecular weight as PEG 3000, 4000, and 8000 showed the least decrease in the
amount of formed anatase. Samples synthesised from larger molecular weight PEG (>
10000 g/mol) displayed the greatest amount of transformation into rutile after
calcination. The greatest errors were also present for samples formed using larger

PEG molecular weights.

Figure 5.7 shows the average anatase crystallite size obtained for samples formed
from ethanol before and after calcination. Prior to calcination, anatase crystallite size
decreased and then increased as a function of increasing PEG molecular weight. The
smallest crystallites were obtained from samples synthesised using PEG 3000 and
PEG 4000 (3.7 and 2.1 nm respectively). Interestingly, samples synthesised from PEG
3000 and PEG 4000 showed the smallest decrease in the amount of anatase after
calcination as given in figure 5.6. Crystallite sizes formed as a function of PEG
molecular weight displayed a trend for some of the samples: the crystallite sizes for
samples formed from PEG 400 and PEG 8000 were 5.0 and 5.3 nm respectively. PEG
8000 has a molecular weight 20 times greater than PEG 400. Crystallite sizes for
samples formed from PEG 300 and PEG 6000 were 3.7 and 4.1 nm respectively. PEG
6000 has a molecular weight 2 times greater than that of PEG 3000. The crystallite
sizes for samples formed from PEG 10000 and PEG 20000 were 6.2 and 6.0 nm
respectively. PEG 20000 has a molecular weight 2 times greater than PEG 10000.
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Error bars represent the standard deviation of the replicate analyses. Crystallite size
pre-calcination was in excellent agreement given by the small error bars. A curious
point of note is that the larger PEG molecular weights resulted in the formation of the

largest crystallites with the greatest errors.

After calcination, anatase crystallite size increased in all samples. The increase was
not consistent as a function of PEG molecular weight. As a result, there is no trend
between the size of anatase crystallites post-calcination and the PEG molecular
weights that were used to produce the samples. The greatest error in the data is
present for the sample formed from PEG 10000 (1.7 nm). This indicates fairly good

reproducibility across the range of samples.

No trends between the amount of anatase and respective crystallite size formed before
calcination could be obtained from figure 5.8. However, an interesting point of note is
the amount and size of anatase formed from PEG 35000. This PEG molecular weight
produced 78.3% anatase with an average size of 9.9 nm. PEG 35000 also resulted in

the formation of 21.7% rutile with an average size of 29.9 nm.

There are two possible explanations for this observation 1) Being a longer chain
polymer, PEG 35000 has a tendency of producing larger crystallites. This is justified
by the larger anatase crystallites formed pre-calcination from PEG 10000 and PEG
20000. 2) Because PEG 35000 allowed for the transformation of anatase into rutile
during synthesis, the transformation catalysed coarsening in anatase (it is not possible
to comment on whether 29.9 nm is large or small for rutile crystallites at this stage).
This is consistent with Gribb and Banfield who found that coarsening of reactant
anatase and product rutile occurred concurrently with transformation®. Additionally,
phase transformation assists with grain growth due to the high mobility of atoms

during phase transition®.

Comparing figures 5.8 and 5.9, it is clear that calcination had a greater effect on
crystallite size than on phase transformation (the amount of anatase decreased by
3.5% post-calcination compared with crystallite size that increased by 244% post-
calcination). This finding is consistent with the observations made by Banfield et al.,
of the data by Rao: at 510 °C, 5% transformation of anatase into rutile would occur

after more than 41 days®. Coarsening was a predicted outcome of calcination.
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Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix C.
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formed in ethanol post-calcination.

TEM images for the sample synthesised using PEG 4000 in ethanol is given in figure
5.10 and figure 5.11. This molecular weight PEG produced nearly phase pure anatase
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with the smallest crystallite size. The images obtained from this sample were
compared with those obtained for the calcined version the same sample (figures 5.12
— 5.14) in an attempt to directly view the effects of calcination. Comparing figures
5.12 and 5.13, it is clear that some areas of the sample exhibited particle
agglomeration whereas other parts did not. The aggregation depicted in figure 5.14

could be due to fragmented polymer chains forcing particles to aggregate in a

specified way during ignition.

Figure 5.10: (PEG 4000 in ethanol pre-calcination) Distribution of fine anatase
particles within the carbon film of the TEM grid.

Page | 145



Figure 5.11: (PEG 4000 in ethanol pre-calcination). Agglomeration of anatase

particles. The difficulty in distinguishing individual particles is likely due to the

presence of carbon on the sample, left over from the ignition of PEG.
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Figure 5.12: (PEG 4000 in ethanol post-calcination). This area shows particles

that are nicely separated, in a region of particles that have agglomerated.
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Figure 5.13: (PEG 4000 in ethanol post-calcination). Crystallites appear to have

well-defined geometric shapes. Crystallites measure between 10 — 14 nm.

Page | 148



Figure 5.14: (PEG 4000 in ethanol post-calcination). Particles appear to be

aggregating around a common point to form a spherical aggregation.
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5.1.7 Water containing HNO3; Mediated Synthesis
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Figure 5.15: PXRD patterns of samples formed from wate

pre-calcination.
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Figure 5.16: PXRD patterns of replicate samples formed from water containing
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Figures 5.15 and 5.16 show the PXRD patterns obtained for samples synthesised

using water containing HNOj as the solvent across a range of PEG molecular weights.

There is good correlation between both figures implying good reproducibility in the

experiment. Both figures show that water containing HNO3 has a tendency to form

rutile, although the PEG molecular weight does influence the formed phase. Major

anatase peaks can be seen in samples synthesised using PEG with molecular weights
of 400, 3000, 8000, and 20000 g/mol. Therefore, there seems to be no direct
correlation between PEG molecular weight and the phase purity of the sample. The

broadness of the peaks suggests the formation of nano anatase and rutile particles.

These patterns also show peak misalignment.
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Figure 5.17: PXRD patterns of calcined samples formed from water containing

HNO:s.
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Figure 5.18: PXRD patterns of replicate calcined samples formed from water
containing HNOs3.

Figures 5.17 and 5.18 show the change in the PXRD patterns of samples synthesised
using a water containing HNOj3 solvent across a range of PEG molecular weights after
calcination. The sharpness of the peaks indicates that particle coarsening had occurred
during calcination. The rutile peak in the sample synthesised from PEG 400 is better
defined suggesting that significant anatase to rutile phase transformation had occurred
during calcination. Post-calcination peaks are also better aligned compared with the
peaks from pre-calcined samples. This suggests that the presence of carbon on the
samples post-synthesis was placing strain on the titania lattice and caused a shift in
the peak position — as described for the diffraction patterns obtained for samples
synthesised in ethanol. Both sets of diffraction patterns are in good agreement with

each other implying good reproducibility.
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Figure 5.20: Average rutile crystallite size formed in water containing HNO3 pre-

and post-calcination.

Figure 5.19 compares the amount of rutile formed from water containing HNO3 across

a range of PEG molecular weights pre- and post-calcination. From figure 5.19 it can

Page | 153



be seen that water containing HNO;3; favoured the formation of rutile. The PEG
molecular weight also affected the amount of formed rutile. The least amount of rutile
(34.1%) was formed in the sample synthesised from PEG 400. PEG 3000, 8000, and
20000 resulted in the formation of 47.7%, 43.7%, and 45.7% rutile respectively. This
produced an up and down effect of the amount of rutile formed as a function of
increasing PEG molecular weight, with good reproducibility. Error bars were obtained
by summing the standard deviation of the replicate analyses with 4% of the average
amount of rutile formed. The largest error in the data set is present for the sample
synthesised using PEG 35000 (8.7%).

With the exception of the samples synthesised from PEG 3000 and PEG 35000, all
other samples had shown a slight increase in the amount of formed rutile post-
calcination. The samples formed post-calcination from PEG 3000 and PEG 35000
were within error of the pre-calcined samples. Hence the apparent decrease in the
amount of formed rutile could be due to poorer reproducibility in these replicate
samples. Formed rutile increased by 4% after calcination, across all samples. This is
not an unexpected result as it was found that at 510 °C, 5% anatase would transform
into rutile over 41 days®. The greatest contributor to the 4% overall increase in the
amount of rutile post-calcination was the sample synthesised from PEG 400. The
amount of rutile in this sample had increased to 51.0% after calcination (this
represented an increase of 33.1% compared to the pre-calcined sample). A plausible
explanation for this result is that the synthesis was only partially complete after
ignition had ended. Therefore, fragments of polymer were present in the sample
during the calcination process. The polymer fragments could have catalysed the

transformation of anatase to rutile.

According to figure 5.20, rutile crystallites in all samples coarsened during
calcination. Before calcination, the average crystallite size displayed up and down
behaviour as a function of increasing PEG molecular weight. The data displayed good
reproducibility as the largest error was obtained for the samples synthesised using
PEG 20000 (2.3 nm). The errors bars in figure 5.20 represent the standard deviation of
the replicate analyses. The smallest crystallite sizes (6.1, 6.9, and 7.2 nm) were
obtained from samples synthesised using PEG 1500, 6000, and 10000 g/mol
respectively. PEG 3000, 8000, and 20000 formed the largest rutile crystallites with
average sizes of 16.2, 18.4, and 22.3 nm respectively. With the exception of the
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sample formed from PEG 6000 and PEG 8000, all other samples displayed a
proportional increase in crystallite size after calcination as a function of increasing

PEG molecular weight.

The average crystallite size before calcination across the range of samples was 11.8
nm. After calcination, the average crystallite size across the range of samples had

increased to 22.7 nm, representing a 92.4% increase in size.

Figure 5.21 presents an interesting relationship between the amount of rutile with
associated crystallite size formed in water containing HNOj3 across a range of PEG
molecular weights before calcination. The up and down effect of the amount of rutile
formed is nearly identically inverse to the average crystallite size produced as a
function of increasing PEG molecular weight. The associated error bars are small
enough for the trend to exist at the maximum error of each data point suggesting that

this is a real, reproducible trend.
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Figure 5.21: Average amount of rutile with associated average crystallite size

formed in water containing HNO3 pre-calcination.
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Penn and Banfield discovered a similar inverse relationship between % brookite
formed and associated crystallite size as a function of hydrothermal treatment time®
(discussed in section 1.2.5). Given that the present experimental conditions are
different, the inverse relationship is likely a property of titania. Penn and Banfield
used oriented attachment to describe the behaviour of brookite. In the present
experiment, oriented attachment between anatase and rutile crystallites could have
caused rutile to coarsen by addition of material from solution. Additionally, anatase
crystals trapped between rutile crystals could have been utilised by transformation
into rutile. These two statements then explain how it is possible to have a large
amount of rutile existing as small crystallites, and a small amount of rutile existing as

large crystallites. Unfortunately, it does not explain why this should occur.

A curious observation is that rutile crystallites were smaller than 11 nm for many of
the analysed samples. Titania polymorph stability is dependent on crystallite size and
below 11 nm, titania exists as anatase as it is the most stable phase’. As was shown in
figure 5.21, when a sample contained a large amount of rutile, the rutile existed as
small crystallites. A likely mechanism, in addition to oriented attachment, is that
during the course of the reaction anatase was nucleated first. Certain PEG molecular
weights stabilised the formed, small anatase crystallites during ignition. Since the
anatase crystallites were small, transformation into rutile was inhibited. Any
transformation that did occur formed rutile crystallites that took up material from the
reaction matrix and grew to a larger size. This explains the inverse trend of crystallite
size and amount of formed rutile for the reaction completed in water containing
HNO;.

PEG with specific molecular weights were responsible for the formation of a mixture
of anatase and rutile when synthesised in water containing HNO3. These molecular
weights were 400, 3000, 8000, and 20000 g/mol. PEG chain length was found to
affect coordination to metal ions®. It is likely that during heating and ignition, these
polymer chains undergo scission at specific points (or multiples of specific points),
that allows for the formation of a fragmented polymer which folds upon itself into a

reaction chamber.

Chain scission is governed by the bond dissociation energy of C-C and C-O. For
diatomic molecules the bond dissociation energy at 298 K of C-C and C-O is 610 + 2
and 1076.5 + 0.4 KJ/mol respectively’. These values should only be considered
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relativistically as other elemental components of PEG will affect the absolute bond

dissociation energy.

Within this polymer reaction chamber, titania nucleates. If the chamber is of a size
that is favourable to the stabilisation of anatase, then samples generated from these
polymer weights are expected to have a large portion of anatase present, with small

crystallite sizes, as discussed above.
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Figure 5.22: Average amount of rutile with associated average crystallite size

formed in water containing HNO3 post-calcination.

Figure 5.22 illustrates that the inverse relationship between the amount of rutile
formed and associated crystallite size is maintained post-calcination. Comparing
figures 5.21 and 5.22, calcination had a greater effect on crystallite size than phase
transformation. Rutile quantity increased by an average of 4% after calcination across
all samples. After calcination, crystallite size increased by a total of 92.4%.
Calcination at 500 °C would be expected to increase crystallite size more than

encourage phase transformation.

Not represented in figures 5.21 and 5.22 is the average anatase crystallite size formed
from samples containing PEG that favoured anatase formation in water containing

HNO3, pre-calcination. This data is represented in table 5.2.

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix C.
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Table 5.1: Average anatase crystallite size formed in ethanol and water

containing HNO3.

% Anatase Anatase
Anatase ) )
% Anatase ) formed in crystallite
) crystallite .
PEG (g/mol) formed in . water size in water
size in
ethanol containing containing
ethanol (nm)

HNO; HNO; (nm)

400 100 + 4.0 5.0+£03 65.8 + 4.2 52+04

3000 100 + 4.0 3.7+£0.1 523+ 54 93+04

8000 100 + 4.0 53+01 56.3+ 2.6 104 £ 1.5

20000 100 + 4.0 6.0+ 1.6 543 + 2.7 11.3+0.0

Table 5.1 clearly shows that for the same molecular weight PEG, anatase crystallites
were larger in samples containing a mixture of anatase and rutile. This effect was
more pronounced for longer chain PEG (> 3000 g/mol). In the samples synthesised
using water containing HNOs3, anatase was the first formed phase. Some anatase
crystallites would have transformed into rutile whereas others would have coarsened.
Transformation and crystallite growth are competing processes, with transformation
encouraging growth. Therefore, it is likely that the high atomic mobility during
transformation of anatase to rutile caused an increase in the average crystallite size of

anatase” formed in water containing HNO3 compared with ethanol.
Table 5.2 shows that a large presence of anatase in a mixture of anatase and rutile
polymorphs caused an increase in the size of rutile crystallites.

Table 5.2: Average rutile crystallite size formed in ethanol and water containing
HNO:3.

) Rutile ] Rutile
% Rutile ) % Rutile ]
) crystallite ) crystallite
PEG (g/mol) formed in formed in

size in size in water
ethanol water
ethanol (nm) (nm)

35000 217+ 7 299+21 82.1+8.7 121+ 0.7
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The sample formed from PEG 4000 in water containing HNO3; was imaged (figures
5.23 and 5.24). This sample exhibited a large amount of small rutile crystallites when
analysed via PXRD. Even though the (1 1 0) rutile crystallite size was small relative
to the other samples synthesised using water containing HNOs3, the crystallites were
still larger than the (1 0 1) anatase crystallites formed in ethanol using PEG 4000. The
superstructure depicted in figure 5.24 is unlikely an agglomeration of particles as
similar structures were found in other areas of the sample. The formation of rutile
superstructures is novel to the resin-gel process

R P By Py
4 g "3

Figure 5.23: (PEG 4000 in water containing HNOj3 pre-calcination). The particles
display anisotropic growth, being longer than they are wider and suggesting the
formation of rutile nanorods.
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Figure 5.24: (PEG 4000 in water containing HNO3 pre-calcination). The rutile

nanorods appear to aggregate from a common point (or set of common points)
forming a superstructure. The length of the rutile nanorods is consistent with
crystallite size data obtained via PXRD analysis of the sample. Platelet like

particles were also formed.
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5.1.8 Comparison of the Effects of Ethanol and Water containing HNO3
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Figure 5.25: Amount of anatase and rutile formed in ethanol and water
containing HNOj respectively, as a function of increasing PEG molecular weight

pre-calcination.
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Figure 5.26: Amount of anatase and rutile formed in ethanol and water
containing HNOj respectively, as a function of increasing PEG molecular weight

post-calcination.
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Figures 5.25 and 5.26 compares the amounts of anatase formed in ethanol and rutile
formed in water containing HNOg3, pre- and post-calcination respectively. The average
amount of rutile formed across all PEG molecular weights was 72.2% pre-calcination.
This is in contrast to ethanol that resulted in the formation of an average of 97.8%
anatase pre-calcination. Given that the largest error in the amount of anatase formed
in the ethanol data set also originated from PEG 35000, it may be assumed that longer
PEG chains have a tendency of producing more erratic data with poorer

reproducibility.

Post-calcination, the amount of rutile increased to 75.3% across all PEG molecular
weights. The amount of anatase post-calcination across all PEG molecular weights
decreased to 94.4%.

There are two possible explanations for titania phase dependency on solvent under
resin-gel synthesis conditions: firstly, hydroxyl groups from the solvent coordinate to
the metal ions, forming hydroxyl complexed metal ions. PEG chains helically wrap
these metal-hydroxyl complexes. Using water containing HNO3, the remaining matrix
components (H" and CI-) were significantly smaller than the remaining matrix
components present in ethanol (CH3;CH, and CI). Therefore, the steric impact
afforded by the remaining matrix components present in water containing HNO3z was
significantly smaller than that for ethanol. During nanoparticle formation, larger
remaining matrix components have the effect of stabilising the nucleated phase.
Consequently, anatase crystals are stabilised by the presence of larger remaining
matrix components. Stabilising anatase has the effect of inhibiting rutile formation.
Due to small anatase crystallites (< 14 nm) possessing lower surface free energy than
rutile, anatase is the kinetic product of titania'®. Therefore, larger remaining matrix

components likely impede rutile formation by inhibiting anatase crystallite growth.

Secondly in water containing HNOs, PEG chains are stabilised by hydrogen bonds
formed between the ether oxygen of the polymer and oxygen from water. Polymer
stabilisation leads to an increase in its glass transition temperature. In ethanol, similar
hydrogen bonding is expected but to a lesser degree. The CH3CH,- component of
ethanol are significantly larger than the H groups in water. As a result, hydrogen
bonding is sterically limited in the case of ethanol. Therefore, the PEG-ethanol
structure should be less rigid and more flexible than the PEG-H,O structure. A more

flexible structure is more likely to conform to the changing conditions during
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synthesis and contribute toward stabilising newly nucleated anatase particles. A more
rigid structure is more likely to struggle to attain any conformations under changing
synthesis conditions and will be less effective at protecting and stabilising the high
energy surfaces of newly nucleated anatase particles. Therefore, PEG that helically
wraps metal ion complexes in water should have a greater tendency to form rutile.
PEG that helically wraps metal ion complexes in ethanol should have a greater

tendency to form anatase.

These two possibilities are not mutually exclusive. Both effects are expected to occur
during different parts of the synthesis. The interplay between both effects controls the

titania phase and crystallite size formed.

This model works well to explain the exclusive formation of anatase in ethanol.
However, the application of this model suggests that water containing HNO3; must
form rutile exclusively. The results obtained from this chapter show that rutile is the

favoured phase but not necessarily the only phase formed in water containing HNOs.

The formation of polymer reaction chambers of various sizes — induced by heating the
resins — can be used to explain the non-exclusive formation of rutile in water
containing HNO3;. As described previously, smaller chambers stabilise anatase,
inhibiting rutile formation. Larger chambers do not stabilise anatase and therefore
rutile transformation is encouraged. It is noteworthy that these chambers are expected
to form regardless of the solvent used in the synthesis. The steric effects of the
CH3CH,- groups in ethanol nullify the effects of larger chambers by sterically
stabilising nucleated anatase. Additionally, it is possible that the reduced extent of
hydrogen bonding between PEG and ethanol results in the formation of smaller
chambers.

It can be argued that since HNO3 is a good oxidant, the acid increased the reaction
temperature in the water containing HNO; solvent leading to the formation of
predominantly rutile. Therefore, rutile should be formed uniformly, independent of PEG
chain length. Clearly, this was not observed. Additionally, no significant differences were
observed in the TGA thermogram of loaded and unloaded PEG (figures 4.2 and 4.3)
further strengthening the argument that HNO; does not cause significant thermal

variations.
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Figure 5.27 compares the size of anatase and rutile crystallites formed in ethanol and
water containing HNO3 respectively pre-calcination, as a function of increasing PEG
molecular weight. The figure shows that rutile crystallites were larger than anatase
crystallites synthesised using the same molecular weight PEG. An interesting point of
note from figure 5.28 is that anatase crystallite size formed from PEG 8000 in ethanol
was larger than rutile crystallites formed in water containing HNO;3 for the same PEG
chain length, after calcination. Aside from that sample, rutile crystallites formed from
water containing HNO3 remained larger than anatase crystallites formed from ethanol

post-calcination.
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Figure 5.27: Anatase and rutile crystallite size formed in ethanol and water
containing HNOj respectively, as a function of increasing PEG molecular weight

pre-calcination.
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Figure 5.28: Anatase and rutile crystallite size formed in ethanol and water
containing HNOj respectively, as a function of increasing PEG molecular weight

post-calcination.

5.2 Conclusions

The use of ethanol as a solvent in the resin-gel synthesis of titanium dioxide produced
anatase exclusively for PEG with molecular weights 200 — 20000 g/mol. Anatase was
the major phase formed when PEG 35000 was used. Associated anatase crystallite
size decreased and then increased as a function of increasing PEG molecular weight.
With good reproducibility, small anatase crystallites were formed in all samples. The
largest anatase crystallites measured ~ 10 nm and were obtained from the sample
containing the polymer that produced a mixture of polymorphs (i.e.: PEG 35000).
TEM analysis of anatase crystallites revealed them to have well-defined geometric

shapes.

Rutile was the preferred phase formed from the resin-gel synthesis using water
containing HNOj3 as a solvent. Unlike for the samples synthesised using ethanol, PEG
molecular weight influenced the amount of rutile formed using water containing
HNOj3. The amount of rutile formed displayed an inversely proportional relationship
with the respective rutile crystallite size as a function of increasing PEG molecular
weight. This trend was rationalised using oriented attachment and the formation of

polymer reaction chambers during sample ignition. Rutile crystallites formed from
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water containing HNO3 were larger than anatase crystallites formed from ethanol
before calcination. TEM analysis revealed that rutile existed as nanorods aligned

radially outward from a common set of points forming rutile superstructures.

Anatase and rutile crystallites were larger in samples containing a mixture of both
polymorphs compared with phase pure samples. This effect was explained by

considering that phase transformation encouraged crystallite growth.

Calcination of all samples had a greater effect on crystallite size than on the amount of
either phase present in the sample. Upon calcination, the amount of anatase decreased
slightly corresponding to a slight increase in the amount of rutile per sample. This was
due to a calcination temperature of 500 °C that was insufficient to cause major phase

change but enough to cause sintering.

All data showed good precision. The largest errors originated from samples
synthesised using PEG 35000, indicating that longer chain polymers produced more

erratic data.

Titania phase dependency on the solvent used and PEG chain length was rationalised
using a model created by considering the interactions between the solvent, polymer
and heating of the resin: metal ion hydroxylated complexes form using both water
containing HNO3 and ethanol. The size of the matrix components remaining after the
formation of these complexes affords a degree of stabilisation to the nucleated anatase
phase. Larger matrix components (generated from ethanol) stabilise anatase better
than smaller matrix components (generated from water containing HNO3).
Additionally, steric limitations imposed by ethanol limit the degree of hydrogen
bonding between the polymer chains and solvent. Since fewer hydrogen bonds form
using ethanol, PEG chains are not as stabilised as they are in water containing HNO3.
A stabilised polymer is less likely to conform to changing conditions during heating
and ignition. Therefore, since anatase is less stabilised by the polymer in water, rutile
is expected to nucleate. Finally, reaction chambers of various sizes form during
heating and ignition. Smaller chambers stabilise anatase, compared with larger
chambers that promote rutile formation. Steric effects from ethanol invalidate the
effects of larger chambers, and hence favour the formation of anatase. This proposed

mechanism is illustrated in figure 5.29.
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Figure 5.29: Proposed mechanism reflecting effects of polymer chain length and
remaining matrix components. (a) Longer and (b) shorter polymer fragments
with associated hydroxylated metal ions form larger (c, ) and smaller (d, )
reaction chambers after scission respectively. Smaller chambers better stabilise
and cap the nucleating anatase phase. Larger remaining matrix components (c,
d) stabilise the nucleated anatase phase better than smaller remaining matrix

components (e, f).

5.3 References
1.  Dziike Mutambara, F. Resin-gel synthesis and characterisation of copper and

titanium mixed metal oxides nanoparticles. (University of the Witwatersrand,

2014).

2. Spurr, R. A. & Myers, H. Quantitative Analysis of Anatase-Rutile Mixtures

with an X-Ray Diffractometer. Analytical Chemistry 29, 760 — 762 (1957).

Page | 167



10.

Gribb, A. A. & Banfield, J. F. Particle size effects on transformation kinetics
and phase stability in nanocrystalline TiO2. American Mineralogist 82, 717 —

728 (1997).

Ding, X. & Liu, X. Correlation between anatase-to-rutile transformation and
grain growth in nanocrystalline titania powders. Journal of Materials Research

13, 2556 — 2559 (1998).

Banfield, J. F., Bischoff, B. L. & Anderson, M. A. TiO2 accessory minerals:
coarsening, and transformation Kkinetics in pure and doped synthetic

nanocrystalline materials. Chemical Geology 110, 211 — 231 (1993).

Penn, R. L. & Banfield, J. F. Oriented attachment and growth, twinning,
polytypism, and formation of metastable phases: Insights from nanocrystalline

TiO2. American Mineralogist 83, 1077 — 1082 (1998).

Zhang, H. & Banfield, J. F. Understanding Polymorphic Phase Transformation
Behavior during Growth of Nanocrystalline Aggregates: Insights from TiO2.

Journal of Physical Chemistry B 104, 3481 — 3487 (2000).

Rogers, R. D., Zhang, J. & Bauer, C. B. The effects of choice of anion (X=Cl-,
SCN-, NO- ) and polyethylene glycol (PEG) chain length on the local and
supramolecular structures of LnX, /PEG complexes. Journal of Alloys and

Compounds 249, 41 — 48 (1997).

CRC Handbook of Chemistry and Physics. (CRC Press, Boca Raton, FL, 2005).

Zhang, H. & Banfield, J. F. Thermodynamic analysis of phase stability of

nanocrystalline titania. Journal of Materials Chemistry 8, 2073 — 2076 (1998).

Page | 168



Chapter 6: Effects of an Enhanced Heating
Rate on Titania Polymorph and Crystallite

Size Formation

ollowing on from chapter 5, the primary aim of this experiment was to
investigate the effects of an enhanced heating rate on the phase purity and
associated crystallite size of anatase and rutile. The synthesis was performed
in ethanol and water containing HNO3 solvents and a range of different PEG
molecular weights, as described previously. In addition to heating samples from
below, in this experiment, samples were subjected to a heat source from above. This
was done to observe the effects of faster polymer degradation on titania nanoparticles
formed in solvents that favoured the formation of different phases. The effects of
faster polymer degradation would aid in developing the mechanism of nanoparticle

formation using resin-gel synthesis.

6.1 Experimental Procedure
This experiment consisted of 4 parts: ethanol mediated synthesis, water containing

HNO3; mediated synthesis, heat treatments, and characterisation.

6.1.1 Ethanol Mediated Synthesis
Excess (360.0 ml) absolute ethanol was introduced into a beaker. 15.0 ml (0.136

mols) TiCly (> 99%, Merck) was added to this beaker. The solution was stirred using
a Teflon coated magnetic stirrer bar. Complete solution homogenisation was indicated
by the solution taking on an off-white colour. 30 ml of the solution was decanted into
11 separate beakers. A volume equivalent amount of PEG of various molecular
weights (200, 400, 1000, 1500, 3000, 6000, 8000, 10000, 12000, 20000, and 35000
g/mol) was added to each of the 11 beakers. Each mixture was heated as appropriate
and concurrently stirred using a glass rod to ensure complete homogenisation.
Samples containing shorter PEG chains were heated to ~ 45 °C at ~ 620 mm Hg.
Longer PEG chain containing samples required higher temperatures to attain

homogeneity (~ 60 °C at ~ 620 mm Hg).
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6.1.2 Water containing HNO3; Mediated Synthesis
Excess (360.0 ml) distilled water was introduced into a beaker. 15.0 ml (0.136 mols)

TiCly (> 99%, Merck) was added to this beaker. 55% HNOj3 (30 ml) was added to the
solution to ensure complete dissolution of TiCl, in water. The solution was stirred
using a Teflon coated magnetic stirrer bar until it was homogeneous, indicated by the
consistent off-white colour. 30 ml of this solution was introduced into 11 separate
beakers. Various molecular weight PEG was added to each beaker as described in

section 5.1.1. Samples were heated and stirred to homogeneity as described above.

6.1.3 Heat Treatments
All 22 gels were placed in a fume hood ~ 30 cm under two 200 W incandescent light

bulbs for a period of 14 days. This was to ensure complete solvent evaporation from
each sample. Following this period, hard, solid resins had formed in samples
containing higher PEG molecular weights. Softer, solid resins had formed in samples
containing PEG with lower molecular weights. Following solvent evaporation, all
samples were divided equally to introduce a replicate for the impending heat

treatments.

Resins were introduced into a sand bath as described in chapter 5. The sand bath was
heated from below using blue flames fuelled by LPG (Afrox Handigas). Additionally,
samples were subjected to the blue flame from a Bunsen burner directed into the
crucible until ignition occurred. This heating method caused resins to reach their flash
point in approximately 1.5 hours. This is compared with the conventional heating

method (chapter 5) that caused the samples to ignite in approximately 4 hours.

Samples presented a black, flaky or granular appearance following the end of
pyrolysis. This colour was due to the presence of carbon residue on the samples. Each
sample was then divided in half. The first half was to be analysed directly; the second
half was to be calcined in a muffle furnace at 500 °C for 1 hour and then analysed.
Performing the analysis in this manner would allow for the observation of the effects
of calcination on the formed crystallites.

6.1.4 Characterisation
PXRD analysis was performed using a Siemens D5000 diffractometer and Cu Ka

radiation. Samples were analysed between 20° and 50° 20 in increments of 0.04
counting for 5 seconds per step. Longer count times were necessary to produce data of

similar quality as that obtained using the D2 in chapter 5. Scan times were 36 minutes
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per sample compared with 10 minutes per sample using the D2 in chapter 5. This
diffractometer possessed a forty-position sample changer containing flat-plate,
shallow-well sample holders. Due to the lack of compatible zero-background sample
holders, the present sample holders had to be completely filled with sample and then
adjusted to a uniform sample height. TEM analysis was achieved using the FEI
Tecnai T12.

6.2 Results and Discussion

Samples have been designated throughout this chapter using the following notation:
PEG n + Solvent (where ‘n’ represents the molecular weight of the polymer and
‘solvent’ represents either water containing HNO3; (H,0) or ethanol (EtOH) that was
used to generate the sample). A (2) at the end of the notation indicates the replicate
sample and an ‘O’ preceding PEG indicates a calcined sample. Not all comparative
graphs will be shown. This section shall focus on the data reflecting the effects of an

enhanced heating rate.

6.2.1 Ethanol Mediated Synthesis
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Figure 6.1: PXRD patterns of samples synthesised using ethanol pre-calcination.
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Figure 6.2: PXRD patterns of samples synthesised using ethanol post-calcination.

Figures 6.1 and 6.2 give the PXRD patterns of samples synthesised using ethanol at
an enhanced heating rate, before and after calcination. Both figures show the
exclusive formation of anatase indicating that calcination did not result in phase
transformation. The anatase (1 0 1) peaks in figure 6.1 are broad suggesting the
formation of anatase nanoparticles from ethanol. The PXRD pattern corresponding to
PEG 35000 reflects a poor signal to noise ratio, as seen in figure 6.1. During
synthesis, this sample (and replicate sample) did not go through a viscous, waxy
intermediate before ignition. Rather, these samples ignited as a solid resin. The
difference in ignition pattern may account for the poor signal to noise ratio. Peaks
appear to be slightly misaligned in figure 6.1. This suggests that the carbon residue on
the samples impacted non-uniform strain on the lattice as described for samples

synthesised using the conventional heating method in chapter 5.

In figure 6.2, the anatase (1 O 1) peak had become narrower indicating crystallite
growth as a result of sintering. Peak alignment after removal of residual carbon is
proof of the effect of non-uniform strain on the titania lattice imparted by carbon. The

sample OPEG 35000 + EtOH has a better signal to noise ratio post-calcination. Given
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the different ignition pathway undertaken by this sample, the better signal to noise
ratio post-calcination implies that incomplete synthesis had occurred post-ignition.
Fragments of unignited PEG were likely present in the sample before calcination.
Calcination had the effect of completing the sample synthesis by removing all PEG
traces. A small rutile (1 1 0) peak is observed in the sample OPEG 35000 + EtOH.
This is consistent with the findings obtained using a conventional heating method as

described in chapter 5.

No samples were synthesised from PEG 4000 in this data set. Given the similarities in
the data obtained for samples synthesised in ethanol using either conventional or
enhanced heating rates, the effects of PEG 4000 on the formed crystallites are likely

the same under both heating conditions.

The replicate PXRD patterns obtained before and after calcination are not included for
brevity. Figures 6.3 and 6.4 illustrate the precision in the data from samples and their

respective replicates.
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Figure 6.3: Average amount of anatase formed in ethanol pre- and post-

calcination.
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Figure 6.4: Average anatase crystallite size formed in ethanol pre- and post-

calcination.

Figure 6.3 shows the average amount of anatase formed in ethanol pre- and post-
calcination using an enhanced heating rate. Before calcination, anatase was the
preferred phase formed in ethanol across most PEG molecular weights. PEG 3000,
6000, and 35000 produced the least amount of anatase at 94.8%, 97.1% and 81.5%
respectively. The results obtained from PEG 3000 are surprising given the trend
observed from the other PEG molecular weights. The data reflects good precision as
the largest error was 4.9%. Error bars were obtained by adding the standard deviation
of the amount of anatase formed in the replicate analyses to 4% of the average amount

of anatase formed.

The effects of calcination were interesting. A small decrease in the amount of anatase
formed was observed for samples that contained ~ 100% anatase before calcination.
Samples synthesised from PEG 3000, 6000, and 35000 displayed an increase in the
amount of anatase formed after calcination. This observation suggests that calcination
converted amorphous titania that was present in the sample, into anatase. A likely
cause for this behaviour was the presence of PEG fragments that were not fully

removed during pyrolysis. Enhanced heating rapidly heated the polymer that was
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directly exposed to the flame, shielded the polymer in the middle of the sample and
caused a temperature gradient within the sample. These fragments likely entangled
with the nucleating anatase crystals, inhibited the nucleation process and forced the
formation of amorphous titania. Calcination at 500 °C completely removed all
polymer fragments and transformed amorphous titania into anatase. This explanation
is more plausible for PEG 35000 + EtOH as it contained a long chain polymer and the
PXRD pattern displayed a poor signal to noise ratio. It is unknown why this behaviour
was exhibited in shorter chain PEG 3000 and 6000, and not in PEG 8000, 10000,
120000, and 20000.

Figure 6.4 shows the average anatase crystallite size of samples synthesised in ethanol
pre- and post-calcination. Before calcination, similar PEG molecular weights
produced similar anatase crystallite sizes. PEG 1500 and 3000 resulted in the
formation of the largest anatase crystallites: 12.9 and 12.5 nm respectively. This is in
contrast to PEG 200 and 400 that produced the smallest anatase crystallites: 6.9 and
6.7 nm respectively. Error bars were generated from the standard deviation of the
replicate analyses. After calcination, average anatase crystallite size increased for all

samples. Crystallite size increase was not consistent across the range of samples.
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Figure 6.5: Average amount of anatase with associated crystallite size formed

from ethanol pre-calcination.

Page | 175



< |

91 -

e

®— Average %o Anatase
—o— Average Crystallite Size

= 1

Average % Anatase

Gl

Average Crystallite Size (nm)

S0 = I

T T T T T T T T T T T T T T T T
0 S0 10000 15000 20000 250000 30000 35000 40000

PEG (g/mol)

Figure 6.6: Average amount of anatase with associated crystallite size formed
from ethanol post-calcination.

Figure 6.5 shows no obvious trends relating the amount and associated crystallite size
of anatase formed. Given that PEG 35000 produced the least amount of anatase (and
by extension the most amount of rutile) of all the PEG molecular weights, it is
surprising that this polymer was not responsible for the formation of the largest
anatase crystallites. As explained in chapter 5, the anatase to rutile phase

transformation encourages crystallite growth.

Comparing the data obtained in figure 6.6, calcination had a greater effect on anatase
crystallite size than on phase transformation. The decrease in the amount of anatase
formed post-calcination is negligible across the range of samples. This is in contrast to
anatase crystallite size that increased by 112.6% across the range of samples. The
explanation for this behaviour is that 500 °C is not sufficiently hot enough to
encourage a significant amount of anatase to rutile transformation. It is enough

however, to cause sintering between crystallites®.

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix D.

A TEM image for the sample PEG 8000 + EtOH under enhanced heating conditions is

given in figure 6.7. This sample formed phase pure anatase (1 0 1) with crystallites
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measuring in the range of 9 — 11 nm. One-dimensional lattice fringes are visible on

some crystallites. TEM analysis was also performed on the calcined version of the

same sample and is represented by figure 6.8.

Figure 6.7: Well defined, seemingly elongated cubic anatase crystallites exhibited
by PEG 8000 + EtOH under enhanced heating conditions.
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Figure 6.8: (PEG 8000 + EtOH post-calcination). Anatase is visible with a degree

of agglomeration in some parts of the sample. Calcination caused particle

sintering.
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6.2.2 Conventional and Forced Heating using an Ethanol Solvent
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Figure 6.9: Comparison of average amount of anatase formed in ethanol under

Average Crystallite Size (nm)

conventional and enhanced heating methods.
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Figure 6.10: Comparison of average anatase crystallite size formed in ethanol

under conventional and enhanced heating methods.
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Figure 6.9 compares the amount of anatase formed from ethanol using two different
heating methods. Conventional heating data was obtained from the synthesis using
ethanol pre-calcination in chapter 5. The data suggests that anatase is the preferred
phase formed in ethanol regardless of the heating method employed in the synthesis.
Samples synthesised from PEG 3000 and 6000 using the enhanced heating method
deviates from the samples synthesised using the same PEG molecular weight under
conventional heating conditions. This deviation is slight and the error bars suggest
that the amount of anatase formed from these PEG molecular weights could be closer
to 100%. Similar amounts of anatase were formed in samples synthesised from PEG
35000 using both heating methods (81.5% anatase formed using enhanced heating and
78.3% anatase formed using conventional heating). This result suggests that the
transformation of anatase to rutile in samples synthesised using ethanol is not affected
by the heating method. Ethanol had a greater impact than heating rates on phase purity
when low molecular weight PEG was employed in the reaction. Phase purity was
dependent on PEG molecular weight when long chain PEG was employed in the
synthesis.

Figure 6.10 compares the average anatase crystallite size obtained for samples
synthesised in ethanol using the conventional and enhanced heating rate methods, pre-
calcination. The data for conventional heating was obtained from samples synthesised
using ethanol in chapter 5. Excluding the samples synthesised using PEG 35000,
average anatase crystallite size was larger using the enhanced heating method. This is
an expected result. Higher synthesis temperatures provide the reaction system with
sufficient energy to favour the formation of larger crystallites. This is due to larger
crystallites being more thermodynamically favoured — since they possess a lower

volume potential — than smaller crystallites.

The largest anatase crystallites formed using an enhanced heating rate were smaller
than 14 nm. Zhang and Banfield® proved through experimental and theoretical
analysis that anatase is more stable than rutile for crystallites smaller than 14 nm.
Comparing the data obtained using an enhanced heating rate in figures 6.10 and 6.11,
PEG 1500 and 3000 formed less than 100% anatase and the largest crystallites. This
result can be explained in the following way: during enhanced heating, anatase
crystallites are encouraged to grow. Once they reach a threshold value (< 14 nm),

anatase crystallites undergo oriented attachment and nucleate rutile. The combination
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of enhanced heating and PEG 1500 and 3000 probably caused the formation of a
polymer reaction chamber that was sufficiently large to encourage the nucleation of

rutile.

Figure 6.10 shows a near inverse relationship between the anatase crystallite sizes
formed using the two different heating methods as a function of increasing PEG
molecular weight. Data representing enhanced heating is not as precise as that
obtained for conventional heating. The near inverse trend is still valid despite the

discrepancy in precision.

Similar sized anatase crystallites were obtained from samples synthesised using PEG
35000 under both heating conditions. This is an interesting result as PEG 35000 was
also responsible for producing the most amount of rutile using either heating method.
As explained in chapter 5, phase transformation catalyses crystallite growth®. Given
the similarity in data, the mechanism governing the result should be the same for
samples synthesised using either heating condition. In keeping with the presiding
mechanism of the formation of polymer reaction chambers, it is possible that PEG
35000 undergoes polymer entanglement. Scission at different points along the chain
cause the formation of reaction chambers, the size of which is not sufficiently small to
stabilise the anatase phase. Therefore, phase transformation occurs. Enhanced heating
does not seem to have an effect on this process when the synthesis is performed in

ethanol.

6.2.3 Water containing HNO3; Mediated Synthesis
PXRD patterns collected from titania samples synthesised in water containing HNO3

using an enhanced heating rate before calcination are given in figure 6.11. The
patterns show that anatase was the favoured phase when low molecular weight PEG
(200 — 1500 g/mol) was employed in the synthesis. Medium molecular weight PEG
(3000 — 8000 g/mol) was responsible for the formation of a mixture of anatase and
rutile. High molecular weight PEG (10000 — 35000 g/mol) favoured the formation of
rutile. Broad peaks are an indication of the formation of nanoparticles. The patterns

are slightly misaligned.

Figure 6.12 shows that PXRD patterns of the titania samples synthesised in water
containing HNO3 at an enhanced heating rate after calcination. There appears to be no
change in the preference of formed phase by various PEG molecular weights.
Narrower peaks indicate that the calcination process caused coarsening of anatase and
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rutile crystallites. Peak alignment implies that carbon present on the samples pre-

calcination placed non-uniform strain on the lattice and was subsequently removed

during calcination.
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Figure 6.11: PXRD patterns of samples synthesised using water containing

HNO; pre-calcination.
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Figure 6.14: Average rutile crystallite size formed in water containing HNO3 pre-

and post-calcination.
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The average amount of rutile formed in water containing HNO3; pre- and post-
calcination is given in figure 6.13. The amount of rutile formed in water containing
HNO3 using the enhanced heating method is clearly dependent on the PEG molecular
weight used in the synthesis. Low molecular weight PEG (200 — 1500 g/mol)
produced an average of 1.2% rutile. Medium molecular weight PEG (3000 — 8000
g/mol) produced an average of 32.6% rutile. High molecular weight PEG (10000 —
35000 g/mol) produced an average of 99.5% rutile. The data reflects good precision.
Error bars were obtained by summing the standard deviation of the replicate analyses
with 4% of the average amount of rutile formed. As expected, the amount of rutile did
not change appreciably post-calcination. The average amount of rutile formed post-

calcination increased by 0.7%.

Figure 6.14 contains the average rutile crystallite size formed in water containing
HNO;3 using the enhanced heating method. The figure reflects crystallite size data
from PEG molecular weights that produced a significant amount of rutile (i.e.: > PEG
3000). Before calcination, the size of rutile crystallites increased, decreased and then
stabilised as a function of increasing PEG molecular weight. Lower PEG molecular
weights were responsible for the formation of the largest rutile crystallites.
Calcination had a dramatic effect on the size of rutile crystallites. Before calcination
the average rutile crystallite size across the range of PEG molecular weights was 13.1
nm. Calcination caused a 53.4% increase in the average size of rutile crystallites
across the range of PEG molecular weights. This was an expected result. Rutile
crystallite size data was more erratic post-calcination. Aside from the sample
synthesised using PEG 35000, average crystallite size increased proportionally after
calcination. The errors bars in figure 6.14 represent the standard deviation of the

replicate analyses.
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An interesting relationship between the amount of rutile and associated crystallite size
formed in water containing HNOj3 using an enhanced heating rate, before calcination,
Is represented in figure 6.16. The amount of rutile formed is inversely proportional to
the size of rutile crystallites per sample as a function of increasing PEG molecular
weight. The precision in the data is sufficient to suggest that this is a real,
reproducible relationship. This relationship was also observed for samples synthesised
in water containing HNOj3 using a conventional heating rate. A similar relationship
was observed for the amount and size of brookite crystallites formed as a function of
reaction time®. This relationship was rationalised in terms of the polymer stabilising
nucleated anatase crystallites, inhibiting transformation into rutile. Any nucleated
rutile coarsened by consuming material from the reaction matrix. This rationalisation
is warranted by the size of rutile crystallites being directly proportional to the amount

of anatase present in the sample.

Figure 6.16 shows that the relationship between the amount and size of rutile
crystallites formed in water containing HNO; using enhanced heating is maintained
post-calcination. This is mainly due to a near proportional increase in rutile crystallite
size post-calcination. Crystallites from the sample synthesised using PEG 35000 +

H.O increased disproportionately in size after calcination.

Comparing figures 6.15 and 6.16, it is clear that calcination had a greater effect on
crystallite size than on the amount of rutile transformed. This is an expected result as

discussed previously.

Not represented in figures 6.15 and 6.16 is the average anatase crystallite size formed
from samples containing PEG that favoured anatase formation in water containing

HNOjs, pre-calcination. This data is represented in table 6.1

Excluding PEG 200, for the same PEG molecular weight, ethanol produced more
anatase than water containing HNOj3. Additionally, anatase crystallites were larger in
samples synthesised using water containing HNO3, excluding PEG 200. As previously
explained phase transformation assists coarsening and is a likely explanation for this
observation. The caveat to this observation is: the size difference between anatase
crystallites synthesised using ethanol and water containing HNOj3; is not as

pronounced under enhanced heating conditions as it was for conventional heating.
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Table 6.1: Average anatase crystallite size formed in ethanol and water

containing HNO:s.

% Anatase Anatase
Anatase ) .
% Anatase ] formed in crystallite
) crystallite .
PEG (g/mol) formed in . water size in water
size in
ethanol containing containing
ethanol (nm)
HNO3 HNO3 (nm)
200 99.1+ 49 69+21 100.0 + 4.0 54+06
400 99.5+40 6.7+ 10 98.2 +57 8.6+28
1000 100 + 4.0 75403 98.7 + 5.2 125+ 04
1500 98.8 + 4.7 129+ 0.8 98.3+45 13.7+0.1
3000 948+ 4.3 125+ 21 71.7+41 125+ 04
6000 9714+ 40 98+11 62.7+ 3.0 13.7+0.1
8000 100 + 4.0 10.1 £ 0.7 66.8 + 3.0 106 £ 0.3

Another point of note is that there was no relationship between the amount of rutile
and anatase crystallite size in samples containing a mixture of polymorphs. Using
conventional heating methods, samples containing about a 50/50 mix of anatase and
rutile contained larger anatase crystallites than mixtures containing excess anatase.
This could be due to the mechanism of crystallite formation under enhanced heating
conditions. Due to higher temperatures, enhanced heating favoured the formation of
larger crystallites. Anatase is the first formed phase as it is more stable than rutile.
However, above 14 nm, anatase converts into rutile via oriented attachment®. From

table 6.1, the largest anatase crystallites formed from enhanced heating were 13.7 nm.

No significant amounts of rutile were formed in ethanol using enhanced heating.
Therefore a comparison of rutile crystallite size between the two solvents cannot be

made.

The growth of anatase crystallites after calcination in samples synthesised using water
containing HNO3; and enhanced heating is documented in table 6.2. Intriguingly,

calcination caused anatase crystallites present in phase pure samples to exhibit greater
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growth than crystallites in samples containing a mixture of phases. A possible
explanation for this observation is that after synthesis, smaller anatase crystallites
have greater growth potential than larger crystallites. Therefore, smaller crystallites
grow faster and to a larger size (up to a limit of between ~ 16 — 20 nm). Larger
crystallites would grow at a slower rate. Anatase is not expected to transform into
rutile despite crystallite size exceeding 14 nm. This is because the calcination
temperature was insufficient to promote transformation. Additionally, oriented
attachment occurs in solution or during co-nucleation of both phases on a substrate.

Calcination conforms to neither of those requirements.

Table 6.2: Increase in anatase crystallite size from samples synthesised using

water containing HNO3 and enhanced heating.

Crystallite Crystallite
% Anatase ] % Anatase _
size (nm) size (nm)
PEG (g/mol) (Pre- (Post-

. (Pre- . (Post-

calcination) . calcination) o
calcination calcination
200 100.0 £ 4.0 54+06 100.0 + 4.0 179+ 43
400 98.2+ 5.7 8.6+28 98.0 +44 212+11
1000 98.7+ 5.2 125+ 04 995+45 176 £ 0.7
1500 98.3+45 13.7+0.1 954 £ 7.7 203+19
3000 71.7+41 125+ 0.4 73.6+4.0 16.9+0.0
4000 68.6 + 4.4 11.4+0.1 63.0 £3.9 158+1.2
6000 62.7 + 3.0 13.7+0.1 655+3.1 185+16
8000 66.8 + 3.0 106 £ 0.3 68.8 + 2.8 179+ 22

TEM imaging was performed on samples synthesised from PEG 200 (figure 6.17),
PEG 1000 (figure 6.18), PEG 4000 (figure 6.19), and PEG 6000 (figure 6.20) in water
containing HNO3 using enhanced heating post-calcination. Samples synthesised from
PEG 200 and 1000 exhibited phase pure (100%) and near phase pure (98%) anatase
formation respectively. Samples synthesised from PEG 4000 and 6000 produced a
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mixture of anatase and rutile (63% and 66% anatase respectively). Interestingly,
figure 6.20 provided evidence of the existence of superstructures, and was likely
composed of rutile crystallites. These superstructures were evidenced in multiple parts
of the sample. Crystallites surrounding the superstructure could be either anatase or

rutile.

Figure 6.17: Agglomerated anatase crystallites observed from sample OPEG 200
+ H,0O. This image shows a variety of crystallites of different sizes. Some

crystallites exhibit anisotropic growth.
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Figure 6.18: Well-defined anatase crystallites formed from sample OPEG 1000 +

H,0. One-dimensional lattice fringes are visible for most crystals. Moiré fringe

artefacts are evident.
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Figure 6.19: Anatase crystallites of various sizes and shapes from OPEG 4000 +
H,0.
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Figure 6.20: An area of sample OPEG 6000 + H,O containing a mixture of rutile

and anatase crystallites.
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6.2.4 Conventional and Forced Heating using a Water containing HNOs3

Solvent
120
1004 & - e R s e
1 —a
I* T\ " =
L | |
|
80 | A
2 (
= ' .
e B0 ¥
= | "
i b
? oy o
S 40 ; i
= " /i'»i #— Enhanced Heating
] ®— Conventional Heating
204
III
IIII
0| e
N S R B B S B R A RS A S —
1] SO0 10000 15000 20000 25000 30000 35000 40000

PEG (g/maol)

Figure 6.21: Comparison of average amount of rutile formed in water containing
HNO; under conventional and enhanced heating methods.

Figure 6.21 compares the amount of rutile formed in water containing HNOj3 using
conventional and enhanced heating. Data for conventional heating was obtained from
the amount of rutile formed in water containing HNO3 pre-calcination in chapter 5.
Using conventional heating methods, rutile was formed in the presence of water
containing HNOg, regardless of the PEG molecular weight used in the synthesis. PEG
molecular weight caused the amount of rutile formed to fluctuate between ~ 45% —
100% using conventional heating. Enhanced heating did not result in the formation of
rutile in all samples. The amount of rutile formed increased as a function of increasing
PEG molecular weight, with low molecular weight PEG producing nearly phase pure
anatase. Medium molecular weight PEG produced nearly the same amount of rutile,
compared with high molecular weight PEG that produced phase pure rutile. PEG
8000, 10000, and 35000 g/mol produced similar amounts of rutile using both heating
methods. The up and down behaviour of the amount of rutile formed as a function of

increasing PEG molecular weight was not present under enhanced heating conditions.
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Rutile formation using enhanced heating is a surprising result. Gopal et al., showed
that fast heating a sol containing titanium metal ions produced anatase exclusively®.
Although the system presented in this study is resin-gel synthesis and not sol-gel
synthesis, the mechanism proposed by Gopal et al., is valid. They proposed that two
crystallised octahedra would share a corner with a third octahedra, in a simple
nucleation model. The second corner of the third octahedra can bind to the growing
chain in one of three ways. Two of those ways result in the formation of anatase; one
way results in the formation of rutile. Therefore, the kinetic product (i.e.: the product
of rapid heating) should be anatase as it is statistically favoured. In keeping with the
developing hypothesis, it is likely that water stabilises PEG chains in solution and
makes them more rigid. This has the effect of reducing the propensity of PEG to
stabilise the anatase phase. Consequently anatase converts to rutile when water

containing HNOj3 is employed as the solvent in resin-gel synthesis.

This hypothesis does not explain why long chain PEG forms rutile exclusively, and
forms decreasing amounts of rutile as the chain is shortened. The following is
proposed to explain the effects of enhanced heating on the amount of rutile formed
across a range of PEG molecular weights: rapid heating the resin causes the polymer
chains to undergo scission at a faster rate. It is possible that the faster rate of PEG
degradation causes scission at specific points along the chain, forming reaction
chambers of a specific size. Under the action of enhanced heating, small chain PEG
rapidly forms small reaction chambers (as a result of quicker degradation). Smaller
chambers inhibit the transformation of anatase to rutile by stabilising the growing
anatase phase. By contrast, the longer the PEG chain, the more likely chain
entanglement is to occur. Rapid heating would still cause scission at a faster rate, but
it is likely that the reaction chambers will be larger (owing to the presence of longer
chains and entanglement that serves to increase the size of the chambers). As a result,

anatase is not stabilised efficiently, and the growing crystallites transform into rutile.
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Figure 6.22: Comparison of average rutile crystallite size formed in water

containing HNO3 under conventional and enhanced heating methods.

Figure 6.22 compares the rutile crystallite size formed in water containing HNO3
using conventional and enhanced heating, as a function of increasing PEG molecular
weight. Data for conventional heating was obtained from rutile crystallite size formed
in water containing HNOj pre-calcination, in chapter 5. Rutile crystallite size
exhibited up and down behaviour when synthesised using conventional heating. This
is in contrast to enhanced heating that produced similar sized rutile crystallites for
similar PEG molecular weights. Using enhanced heating, the smallest rutile
crystallites were formed in samples containing long chain PEG. PEG 3000, 8000, and
10000 g/mol resulted in the formation of similarly sized rutile crystallites using both
heating methods. Greater data precision was obtained for samples synthesised using

enhanced heating.

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix D.
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6.3 Conclusions

Using enhanced heating, samples synthesised using ethanol produced nearly phase
pure material for PEG molecular weights 200 — 20000 g/mol. Anatase was the major
phase formed when PEG 35000 g/mol was used. Associated anatase crystallites were
small, with the largest crystallites measuring ~ 13 nm. Small increases in the amount
of anatase formed post-calcination were attributed to incomplete synthesis during
ignition. This was due to the polymer directly exposed to the flame shielding the
polymer in the middle of the sample. Calcination at 500 °C caused any amorphous
titania present in the sample to convert into anatase. Despite this, calcination had a
greater effect on crystallite size than on phase transformation. TEM analysis of
samples synthesised in ethanol revealed the presence of small crystallites with well-

defined geometric shapes.

When ethanol was employed as the solvent, almost phase pure anatase was produced
regardless of the type of heating method (conventional or forced) used. Therefore,
ethanol inclusion was a greater determinant of phase formation than heating method.
This was evidenced by the fact that ethanol produced nearly phase pure anatase using
both conventional and enhanced heating methods. Average anatase crystallite size was
larger for crystallites synthesised using enhanced heating. This is expected as higher
temperatures caused enhanced sintering and crystallite growth. Crystallite size data
obtained using conventional heating displayed an inverse relationship to that of
enhanced heating. PEG 35000 resulted in the formation of similarly sized anatase
crystallites and similar amounts of anatase using both heating methods. This is likely
due to polymer entanglement and the formation of larger polymer chambers that

encouraged the transformation of anatase to rutile.

When water containing HNO3; was used as the solvent, calcination caused anatase
crystallites present in phase pure samples to exhibit greater growth than crystallites in

samples containing a mixture of phases.

TEM imaging of samples synthesised in water containing HNOj3 revealed similar
looking anatase crystallites as those formed in ethanol. Titania superstructures were

also observed in a sample containing a mixture of phases.

The amount of rutile formed using water containing HNO3 and enhanced heating was
dependent on the PEG molecular weight. Low molecular weight PEG produced
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almost zero rutile, medium weight PEG produced ~ 33% rutile. High molecular
weight PEG produced nearly phase pure rutile. Calcination had little effect on phase
transformation. Average rutile crystallite size coarsened significantly post-calcination.
The amount of rutile formed was inversely proportional to its respective crystallite
size. Rutile crystallite size was proportional to the amount of anatase contained within

the sample.

The steric stabilisation effects of the remaining matrix components from the solution
on nucleated anatase were documented in chapter 5. Additionally, PEG structural
integrity differentiation afforded by the solution on account of hydrogen bonding was
described. Heating was hypothesised as forming polymer reaction chambers. Given
that PEG of different chain lengths was added to metal ions in a volumetric manner,
the total volume of polymer added to each solution was the same. Therefore, it is
possible that enhanced heating caused polymer chains to cleave at better defined
points, forming chambers with a smaller size distribution. Accordingly, small chain
PEG formed smaller chambers in contrast to longer chain PEG that formed larger
chambers. The stabilisation effects of polymer chambers of various sizes were

described in chapter 5.
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Chapter 7: Effects of Citric Acid on Titania

Polymorph and Crystallite Size Formation

hapters 5 and 6 focussed on the role of the solvent in titania phase
discrimination and crystallite size variation. The data obtained from these
chapters suggested that the solvent was an active reaction component.
Polymer chains coordinated to hydroxylated metal ion species formed between metal
ions and solvent components. To strengthen these conjectures, citric acid (figure 7.1)

was employed in this synthesis.

0. OH
O O - Hgo

H H
0 o~ o

Figure 7.1: Structural formula of citric acid monohydrate.

Yin et al. found that in the hydrothermal synthesis of TiO, from a TiCl, precursor,
citric acid played a pivotal role in forming phase pure anatase nanoparticles’. The
researchers concluded that interactions between citric acid and TiCl, prevented rapid
hydrolysis®. Since the crystal field splitting of the citrate anion is stronger than Cl” and
OH’, citrate should form part of the coordination complex of partially hydrolysed Ti.
The resulting effect is that formed complexes are stabilised relative to those without
citrate. These stabilised complexes favoured the formation of the less stable anatase

phase'. Additionally, citrate anion coordination inhibited crystal growth®.

The effects of citrate in a sol-hydrothermal process was reported?. Citrate was found
to favour anatase formation, dependent on the mol ratio of citrate to TiCl,. The ratio
of citrate to TiCly also affected the size and morphology of nano-TiO, particles?. A

high ratio of citrate produced a small size distribution of particles?.

Franklyn et al. found that the inclusion of citric acid in the hydrothermal synthesis of

titanium dioxide produced anatase exclusively®. When citric acid was omitted from
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the system, rutile was the favoured product. The researchers concluded that the
presence of organic acids stabilised the surface of small anatase crystals by binding
hydroxyl and proton species. Consequently, the interaction of surface capped anatase
with solution components and other nucleated anatase crystals was limited. In this

manner, anatase transformation into rutile was inhibited®.

Although the abovementioned study applied to the hydrothermal and sol-
hydrothermal syntheses, citrate modified Ti* coordination complexes should still form
under resin-gel synthesis conditions. Additionally, anatase surface capping,
protection, and stabilisation by citric acid should apply for the present resin-gel
system — at least during the solution and gelation stages. Therefore, the aim of this
experiment was to observe the effects of citric acid on the amount of each titania
phase formed and its respective crystallite size. If similar results were obtained (to
previous studies), the solvent component stabilisation hypothesis developed in chapter

5 will be strengthened.

7.1 Experimental Procedure

For this experiment, Ti* ions were added stoichiometrically to PEG of various
molecular weights in a (1 : 1) ratio. The implications for stoichiometric addition are
discussed in chapter 8. Two batch solutions of metal ions were created — that were
further divided. Two batch solutions were synthesised as a practical consideration
toward the mass of PEG required when high molecular weight PEG was used. Since
the ratio of Ti* : PEG remained constant at (1 : 1) for all samples, the absolute amount
of TiCl, added is irrelevant. The experiment consisted of 3 parts: addition of Ti* ions
to PEG in a (1 : 1) ratio, heat treatments, and characterisation. Water containing citric
acid was used as the solitary solvent for all experiments. Concentrated nitric acid was

not used in this synthesis.

7.1.1 Addition of Ti" ions to PEG in a (1 : 1) Ratio
For the first batch solution 4.0 ml (0.036 mols) TiCls (> 99%, Merck) was added into

excess distilled water (96.0 ml) containing 5.2 g citric acid monohydrate. The solution
was stirred to homogeneity using a Teflon coated magnetic stirrer bar. Thereafter, the
solution was decanted equally into four separate beakers, such that each beaker
contained 1.0 ml (0.0091 mols) TiCl,. Stoichiometric amounts of PEG 1000, 1500,
3000, and 4000 g/mol (as given in table 7.1) were added to each beaker respectively.

Page | 200



The second batch solution was synthesised by adding 0.75 ml (0.0068 mols) TiCl, (>
99%, Merck) into excess distilled water (18.0 ml) containing 0.975 g of citric acid.
After homogeneity was achieved, the solution was divided equally into three beakers
such that each beaker contained 0.25 ml (0.0023 mols) TiCl,. Stoichiometric amounts
of PEG 10000, 12000, and 20000 g/mol (as given in table 7.1) were added into each

beaker respectively.

Table 7.1: Quantities of Ti ions and PEG added to achieve a (1 : 1) stoichiometry.

Quantity of  PEG molecular  Quantity of

Batch ] ) Quantity of
TiCl, added weight used PEG (mols)
number ) PEG added ()

(mols) (g/mol) required
0.0091 1000 0.0091 9.0989
0.0091 1500 0.0091 13.6484

1
0.0091 3000 0.0091 27.2968
0.0091 4000 0.0091 36.3958
0.0023 10000 0.0023 22.7474

2 0.0023 12000 0.0023 27.2968
0.0023 20000 0.0023 45.4948

7.1.2 Heat Treatments
All mixtures were heated (PEG 1000 — 50 °C, PEG 1500 — 52°C, PEG 3000 — 55 °C,

PEG 4000 — 57 °C, PEG 10000 — 60 °C, PEG 12000 — 62 °C, PEG 20000 - 65 °C)
and simultaneously stirred using a glass rod by hand to attain complete
homogenisation. Afterwards, all 7 gels were placed ~ 30 cm under two 200 W
infrared lamps for 14 days to allow for solvent evaporation. The dehydrated resins

were divided equally to introduce a replicate for the heat treatment.

Resins were placed in alumina glazed crucibles and then placed into a sand bath.
Conventional heating to ignition was achieved as described in chapter 5. Due to the
samples presenting with a black appearance, all samples were divided into 2 halves —
one half to be analysed before calcination and the other half to be analysed after
calcination. Calcination was effected in a muffle furnace at 500 °C (at ~ 620 mm Hg)

for 1 hour.
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7.1.3 Characterisation
PXRD data was obtained using a Bruker D2 Phaser diffractometer. The setup of the

D2 Phaser has been described in chapter 5. Samples were analysed between 20° and
50° 260 in 0.04 increments counting for 1 second per step. HRTEM analysis was
achieved using a JEOL 3011.

7.2 Results and Discussion

7.2.1 Effects of Citric Acid
Figure 7.2 contains the PXRD patterns recorded from samples synthesised using citric

acid, pre-calcination. The patterns confirm that all samples contain anatase.
Interestingly, the signal to noise ratio of the anatase (1 0 1) peak decreased as the PEG
chain length increased. This, combined with slight peak misalignment, suggests that
carbon residue or polymer fragments reduced X-ray penetration into the samples.
Another possibility is that the large quantity of polymer present favoured the
formation of amorphous titanium dioxide. Peak width increased as PEG molecular
weight increased. This phenomenon could be due to polymer fragments contained in
samples containing long chain polymers protecting crystallites and inhibiting

coarsening.
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Figure 7.2: PXRD patterns of samples pre-calcination.

Page | 202



Figure 7.3 contains the PXRD patterns corresponding to the replicate samples
synthesised using citric acid. Comparisons between figures 7.1 and 7.2 suggest that

the synthesis produced samples displaying good reproducibility.
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Figure 7.3: PXRD patterns of replicate samples pre-calcination.

From figure 7.4 it can be seen that calcination did not nucleate rutile. This was an
expected result. The improved signal to noise ratio observed for patterns contained in
figure 7.4 can be attributed to calcination successfully removing residual carbon and
polymer fragments from samples. However, the improved signal to noise ratio for the
samples synthesised using PEG 20000 g/mol is not as pronounced as for the other
samples. This may be due to the calcination temperature and time being insufficient to
remove all traces of residual polymer fragments. In the interest of consistency, and not
to impact crystallite size, calcination times and temperatures were kept constant for all
samples. Better peak alignment is further confirmation of the success of calcination.
Narrower anatase peaks are indicative of crystallite coarsening. The data generated

from all samples shows good reproducibility with their respective replicates.

Figure 7.5 illustrates good reproducibility between the original and replicate data sets
after calcination. A statistical account of the correlation between data generated from

the original and replicate data sets will be provided later.
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Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix E.
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Figure 7.4: PXRD patterns of calcined samples.
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Figure 7.5: PXRD patterns of replicate calcined samples.
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Figure 7.6 shows the change in mass percentage of anatase formed as a function of
increasing PEG molecular weight. Evidently, intermediate and long chain PEG (3000
— 20000 g/mol) produce phase pure anatase. Shorter chain PEG (1000 — 1500 g/mol)
are biased toward almost exclusive anatase formation (98.5% and 99.2 % anatase
formed from PEG 1000 g/mol and 1500 g/mol respectively). The average amount of
anatase formed across all samples was 99.6%. The near phase pure production of
anatase across all samples concludes that rutile transformation was inhibited when

citric acid was employed in the reaction.

The largest error in the data was obtained for the sample synthesised using PEG 1500
g/mol (4.8%). Given that errors were generated by summing 4% of the average
amount of anatase formed to the standard deviation of the replicate analyses, the data
reflects excellent precision. Additionally, it suggests that PEG 1000 and 1500 g/mol
could have produced phase pure anatase. It is unlikely that the amount of anatase
decreased to ~ 94% — 96% as suggested by the error bars, as no rutile peaks were
evident in the PXRD patterns. Moreover, it is not possible for a sample to contain
more than 100% anatase — as suggested by the error bars. Positive and negative error

bars were introduced into the data set by the analysis software.

The amount of anatase formed post-calcination did not change proportionally with the
respective pre-calcination data. Aside from the samples synthesised using PEG 1500
and 20000 g/mol, all other samples showed a slight decrease in the amount of anatase
formed as a result of calcination. Based on previously obtained results in this study,
this was an expected finding. The overall decrease in the amount of anatase formed

across all samples post-calcination was 0.4%.

Samples synthesised using PEG 1500 g/mol exhibited a small increase in the amount
of anatase formed after calcination (0.3%). The increase in anatase formed post-
calcination was likely due to the statistical error inherent in the data. Based on
previously obtained data, long chain PEG such as PEG 20000 g/mol was expected to
form more anatase post-calcination than pre-calcination. Given that the PXRD
patterns corresponding to the pre-calcined PEG 20000 g/mol samples revealed a
poorer signal to noise ratio, it was inferred that amorphous material may be present in
the sample. As the amount of anatase remained the same pre- and post-calcination, the

long chain polymer did not form amorphous titania. Instead, the weak signal to noise
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ratio can be attributed to PEG 20000 g/mol polymer impeding X-ray penetration into

the titania crystals.
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Figure 7.6: Average amount of anatase formed pre- and post-calcination.

Figure 7.7 shows the change in anatase crystallite size obtained as a function of
increasing PEG molecular weight for samples synthesised using citric acid. Excluding
the data obtained from the samples synthesised using PEG 3000 g/mol, all other
samples produced anatase crystallites that measured < 10 nm. Accordingly, the
average anatase crystallite size formed across all samples measured 8.7 nm. Samples
synthesised using PEG 4000 — 20000 g/mol produced anatase crystallites that differed
by 3 nm in size. PEG 3000 g/mol resulted in the formation of anatase crystallites that
measured 16.7 nm compared with PEG 20000 g/mol that produced the smallest
anatase crystallites (4.6 nm). Crystallite size data obtained from PEG 3000 g/mol is
interesting as anatase crystallites measuring < 14 nm are more stable than rutile®. It is
possible that the polymer and citric acid stabilised and protected anatase crystallites

inhibiting rutile transformation.
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Figure 7.7: Average anatase crystallite size formed pre- and post-calcination.

Expectedly, anatase crystallite size increased after calcination. Although this increase
was not proportional, the average crystallite size across all samples post-calcination
measured 18.5 nm. This represented an increase of 112%. Post-calcination crystallite
size data appeared to be more erratic than data obtained pre-calcination. However, the
data was sufficiently precise for the trends to occur at the maximum of each error.

Error bars were generated from the standard deviation of the replicate synthesis.

Figure 7.8 shows no definitive relationship between the amount of anatase formed and
its respective crystallite size. Despite near phase pure anatase forming in all samples,
crystallite size fluctuated. Excluding the sample synthesised using PEG 3000 g/mol,
anatase crystallite size appeared to decrease disproportionally as the PEG chain length
increased. This behaviour may be explained by considering that long chain polymers
undergo chain entanglement. Given that the ratio of Ti* to PEG was (1 : 1), the
volume of polymer present in samples synthesised using long chain polymers could
have served to stabilise the anatase phase and inhibit its transformation into rutile.
This stabilisation effect was likely intensified by the presence of citric acid. Rutile
transformation is inhibited by favouring the formation of the more energetically

stable, small crystal anatase®.
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Because calcination caused an increase in crystallite size and almost no change in the
amount of anatase formed, the relationship between the amount of anatase formed and

its respective crystallite size was maintained post-calcination (figure 7.9).
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Figure 7.8: Average amount of anatase with associated crystallite size formed

pre-calcination.
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post-calcination.
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An HRTEM image corresponding to the sample synthesised from PEG 1000 g/mol

follows (figure 7.10). All crystals imaged in this study had a similar appearance.
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Figure 7.10: (PEG 1000 g/mol). Anatase crystallites measuring between 9 — 12
nm. The line profile of the large crystal on the right of the image confirms the
presence of anatase as the lattice spacing measures 0.35 nm. This is consistent for

anatase in the (1 0 1) orientation’.
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7.2.2 Comparison of the Effects of Citric Acid
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Figure 7.11: Variation in the amount of anatase formed in different experiments.

The results from this study suggest that citric acid favoured anatase formation.
However, since this study was conducted using an equivalent stoichiometric amount
of polymer, the effects of this type of polymer addition on the formed phase must be
taken into account. To this end, figure 7.11 is presented. Figure 7.11 compares the
amount of anatase formed as a function of increasing PEG molecular weight using
different types of polymer addition. Data for (Volumetric, Water) and (Volumetric,
Ethanol) PEG addition was obtained from chapter 5. Data for ((1 : 1), Water) PEG
addition was obtained from chapter 8. Though it is unusual to present data that is only
to be discussed in the next chapter, it is necessary to included it here so that the effects
of stoichiometric PEG addition can be identified and the effects of citric acid isolated.
A detailed discussion on stoichiometric PEG addition will follow in chapter 8. Only
samples that were synthesised using the same PEG molecular weights across different

experiments were included in figure 7.11.

Clearly, in the absence of citric acid, stoichiometric and volumetric addition of PEG
in water containing HNO3 caused the amount of anatase formed to fluctuate as a

function of increasing PEG molecular weight. The largest mass percentage of anatase
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formed using volumetric addition in water containing HNO3 equalled 54.5% and was
generated from the sample synthesised using PEG 3000 g/mol. PEG 1500 g/mol
generated the largest mass percentage of anatase using stoichiometric addition in
water containing HNO;3; (92.6%). The average amount of anatase formed using the
volumetric and stoichiometric addition of PEG in water containing HNO3 across all
samples represented in figure 7.11 equalled 19.3% and 33.8% respectively. This was
in contrast to the average amount of anatase formed across all samples using citric
acid (99.2%). Evidently, volumetric and stoichiometric PEG additions in water

containing HNO3 were biased toward rutile formation.

The bias toward rutile formation using volumetric addition of PEG in water

containing HNOj3 was attributed to three factors:

1) Maintenance of PEG structural integrity through non-sterically inhibited
hydrogen bonds between water and PEG chains — this reduced PEG

conformation during heating.

2) Poor stabilisation of the nucleated anatase phase by small matrix components
remaining after the formation of hydroxylated species — encouraging rutile

nucleation.

3) Conventional heating induced chain cleavage at a range of different points

along the PEG chains forming reaction chambers of various sizes.

The bias toward rutile formation using (1 : 1) stoichiometric addition of PEG in water
containing  HNO; was explained by considering the modification to the
abovementioned third factor by the amount of polymer added. Since the amount of
polymer added increased with increasing PEG chain length, reaction chamber stability
varied with chain length. Smaller, more stable chambers stabilised anatase. Slightly
larger, yet stable chambers allowed rutile to nucleate. As the reaction chambers
increased in size with increasing PEG chain length, they became unstable and formed
many smaller chambers. The volume of long chain PEG provided sufficient steric
stabilisation for the nucleated anatase phase.

The results obtained using citric acid best approximate those obtained using
volumetric addition of PEG in ethanol. Near phase pure anatase was formed
independent of the PEG chain length used in the synthesis involving ethanol. The
result was rationalised by considering the steric protection effect of anatase
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crystallites afforded by larger remaining reaction components in ethanol than in water.
Additionally, the structural integrity of PEG chains were reduced on account of

greater steric hindrance impeding hydrogen bonding.

In this study, reaction chambers dependent on chain length likely formed as described
above for the (1 : 1) stoichiometric synthesis. However, the system produced nearly
phase pure anatase regardless of the PEG chain length used. Therefore, it can be
concluded that the amount of polymer added in this study had little bearing on the
amount of anatase formed. Anatase production was mainly dependent on the presence
of citric acid. Since TiCl, was added to water containing citric acid, metal-hydroxyl
complexes likely formed between Ti* ions and the OH groups from citric acid. The
large remaining matrix components sterically stabilised the nucleated anatase phase
and inhibited its transformation into rutile. The citric acid structure suggests that it can
better support the structural integrity of PEG chains via hydrogen bonding. This
serves to render the PEG chains less likely to conform to the changing conditions
during heating and hence favour rutile formation. However, since anatase was the
major phase formed, crystallite capping and protection is a greater determinant of

phase formation than PEG structure stabilisation.
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Figure 7.12: Variation anatase crystallite size formed in different experiments.
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Figure 7.12 contains anatase crystallite size data produced from different experiments,
and was constructed as described for figure 7.11. Data reflects samples post-
calcination. The variation between the various systems suggests that the quantity of
polymer in the reaction matrix has a significant bearing on crystallite size. For the
citric acid and ((1 : 1), water) synthesis, crystallite size data appeared to be correlated
for long chain polymers. This can be rationalised considering that the citric acid
synthesis also employed the use of PEG in a (1 : 1) ratio. Absolute crystallite size was
determined by the reaction components and conditions.

7.3 Conclusions
All samples synthesised using citric acid in water produced either phase pure or near

phase pure anatase, independent of the polymer chain length used in the reaction.

PXRD patterns revealed a decrease in signal to noise ratio of pre-calcined samples
synthesised using long chain PEG. This phenomenon was explained by considering
that ignition was inadequate at removing all polymer fragments when long chain
polymers were used. Calcination served to remove all polymer traces and hence

increased the signal to noise ratio of all peaks.

The quantity of PEG used in this experiment had little or no bearing on the amount of
anatase produced. Anatase formation was dependent on the presence of citric acid.
The quantity and chain length of the polymer used in the reaction determined the

anatase crystallite size formed.

As previously concluded by Franklyn et al., citric acid protects and stabilises the
anatase surface, inhibiting its transformation into rutile®. Additionally, anatase
crystallites smaller than 14 nm are more thermodynamically stable than rutile
crystallites®. Most anatase crystallites formed pre-calcination in this study were
smaller than 10 nm. Therefore, rutile transformation is likely inhibited by the
protecting action of citric acid reducing the propensity of anatase crystallites to

coarsen.

This experiment has strengthened the hypothesis that polymer chains coordinate to
metal-hydroxyl complexes formed between the metal ion precursor and solvent
components. Additionally, the mechanism of rein-gel nanoparticle formation is
modified to place greater emphasis on the protection of crystallites than on the

stabilisation of the PEG structure via hydrogen bonding.
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Chapter 8: Effects of Polyethylene Glycol
Molecular Weight and Stoichiometry on
Titania Polymorph and Crystallite Size

Formation

he effects of polyethylene glycol (PEG) molecular weight and stoichiometry

on the formed phase and crystallite size of titanium dioxide were

investigated in this study. Stoichiometric effects were established by varying
the ratio of polymer chains to TiCl,. Two ratios were selected, Ti* : PEG = (1: 1) and
(1 : 0.5), and monitored across a range of polymer molecular weights ranging from
200 — 20000 g/mol. PEG 4000, 6000, and 12000 g/mol were selected for synthesis in
aTi": PEG ratio of (1:0.1).

The polymer molecular weight was used to determine the stoichiometric equivalent
amount of PEG to be added. Therefore, the mass of PEG added to satisfy
stoichiometry increased with increasing molecular weight. Thus, the ratio of metal
ions to the number of PEG chains of different molecular weights remained the same.
This is in contrast to the volumetric addition of PEG method (chapters 5 and 6).
Equivalent volumetric addition of PEG required a decrease in the number of PEG

chains added in an inversely proportional way, to the PEG molecular weight.

8.1 Experimental Procedure

Due to the variation in PEG chain length, (from 200 — 20000 g/mol), three batch
solutions of metal ions were created — that would be further divided. This was in an
attempt to optimise the amount of PEG used for a replicate synthesis and minimise
wastage while concurrently maintaining the chosen Ti* : PEG ratio. The experiment
consisted of 5 parts with water containing HNO3 used as the solitary solvent for all

experiments:
e addition of Tiionsto PEG ina (1 : 1) ratio
e addition of Tiionsto PEG ina (1: 0.5) ratio

e addition of Tiionsto PEG ina (1:0.1) ratio
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e heat treatments

e characterisation

8.1.1 Addition of Tiionsto PEG ina (1: 1) Ratio
Three batch solutions were synthesised. For the first batch solution 7.0 ml (0.064

mols) TiCl, (> 99%, Merck) was added into excess distilled water (168.0 ml)
containing 14.0 ml of 55% HNO3;. Homogeneity was achieved by stirring using a
Teflon coated magnetic stirrer bar. The solution was decanted equally into two
separate beakers, such that each beaker contained 3.5 ml (0.032 mols) TiCl,
Stoichiometric amounts of PEG 200 and 400 g/mol (as given in table 8.1) were added
to each beaker respectively.

The second batch solution was synthesised by adding 2.0 ml (0.018 mols) TiCl, (>
99%, Merck) into excess distilled water (48.0 ml) containing 4.0 ml of 55% HNO3,
The solution was stirred to homogeneity using a Teflon coated magnetic stirrer bar.
Thereafter, the solution was divided equally into 4 beakers such that each beaker
contained 0.5 ml (0.0045 mols) TiCl,. Stoichiometric amounts of PEG 1500, 3000,
4000, and 6000 g/mol (as given in table 8.1) were added into each beaker
respectively.

The final batch solution was synthesised as follows: 0.75 ml (0.0068 mols) TiCl, (>
99%, Merck) was introduced into 18.0 ml distilled H,O containing 1.5 ml of 55%
HNO;. After attaining homogeneity, the solution was divided equally into 3 separate
beakers such that each beaker contained 0.25 ml (0.0023 mols) TiCl,. Stoichiometric
amount of PEG 10000, 12000, and 20000 g/mol (as given in table 8.1) were added to

each beaker respectively.
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Table 8.1: Quantities of Ti ions and PEG added to achieve a (1 : 1) stoichiometry.

Quantity of PEG molecular  Quantity of

Batch Mass of PEG
I TiCl, added weight used PEG (.mols) added (g)

(mols) (g/mol) required
0.032 200 0.032 6.3692

' 0.032 400 0.032 12.7389
0.0045 1500 0.0045 6.8242
0.0045 3000 0.0045 13.6484

i 0.0045 4000 0.0045 18.1979
0.0045 6000 0.0045 27.2969
0.0023 10000 0.0023 22.7474

3 0.0023 12000 0.0023 27.2968
0.0023 20000 0.0023 45.4948

8.1.2 Addition of Tiions to PEG in a (1 : 0.5) Ratio
For the first batch solution, 7.0 ml (0.064 mols) TiCl, (> 99%, Merck) was introduced

into excess distilled water (168.0 ml) containing 14.0 ml of 55% HNO3_ After stirring
induced homogeneity was achieved, the solution was decanted equally into 2 beakers
such that each beaker contained 3.5 ml of (0.032 mols) TiCl,. Stoichiometric amounts
of PEG 200 and 400 g/mol (as given in table 8.2) were added into each beaker

respectively.

The second batch solution was synthesised as follows: 4.0 ml (0.036 mols) TiCl, (>
99%, Merck) was added to excess distilled water (96.0 ml) containing 8.0 ml of 55%
HNOj3. The solution was made homogeneous as described above. Thereafter, the
solution was decanted equally into 4 separate beakers, such that each beaker contained
1.0 ml (0.0091 mols) TiCl,. Stoichiometric amounts of PEG 1500, 3000, 4000, and

6000 g/mol (as given in table 8.2) were added into each beaker respectively.

The last batch solution was synthesised as follows: 1.5 ml (0.014 mols) TiCl, was
introduced into excess distilled water (36.0 ml) containing 3.0 ml of 55% HNO3. The
solution was homogenised as described above, and then divided equally into 3 beakers
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such that each beaker contained 0.5 ml (0.0045 mols) TiCl,. Stoichiometric amounts
of PEG 10000, 12000, and 20000 g/mol (as given in table 8.2) were added into each

beaker respectively.

Table 8.2: Quantities of Ti ions and PEG added to achieve a (1 : 0.5)

stoichiometry.

Quantity of  PEG molecular  Quantity of

Batch Mass of PEG
I TiCl, added weight used PEG (-mols) added (g)

(mols) (g/mol) required
0.032 200 0.016 3.1846

' 0.032 400 0.016 6.3692
0.0091 1500 0.0046 6.8242
0.0091 3000 0.0046 13.6484

i 0.0091 4000 0.0046 18.1979
0.0091 6000 0.0046 27.2969
0.0045 10000 0.0023 22.7474

3 0.0045 12000 0.0023 27.2969
0.0045 20000 0.0023 45.4948

8.1.3 Addition of Tiionsto PEG ina (1:0.1) Ratio
A single batch solution was synthesised by adding 15.0 ml (0.136 mols) TiCl, (>

99%, Merck) to excess distilled H,O (120.0 ml) containing 10.0 ml of 55% HNOs3.
The resulting solution was stirred until homogenous. Thereafter, the solution was
divided equally into 3 separate beakers such that each beaker contained 5.0 ml (0.045
mols) TiCl,. Stoichiometric amounts of PEG 4000, 6000, and 12000 g/mol (as given

in table 8.3) were added to each beaker respectively.
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Table 8.3: Quantities of Ti ions and PEG added to achieve a (1 : 0.1)

stoichiometry.

PEG
uantity of uantity of
Batch Q Y molecular N y Mass of PEG
TiCl, added ) PEG (mols)
number weight used ) added (g)
(mols) required
(9/mol)
0.045 4000 0.0045 18.1979
1 0.045 6000 0.0045 27.2969
0.045 12000 0.0045 54.5938

8.1.4 Heat Treatments
All mixtures were heated as necessary and stirred using a glass rod until homogenous.

Mixtures synthesised using a Ti* : PEG = (1 : 1) ratio required higher temperatures to
enable complete homogenisation to occur. Thereafter, all 21 gels were placed in a
fume hood ~ 30 cm under two 200 W infrared light bulbs for a fortnight. Following
complete solvent evaporation from all gels, the hardened resins were divided equally.
This division allowed for the introduction of replicate samples for the imminent heat

treatment.

A sand bath was chosen to effect uniform heat transfer. The sand bath was created as
described previously (chapters 5). Resins were placed into alumina glazed crucibles
that were then placed into the sand bath. The conventional heating method (described
in chapter 5) was employed to heat the samples, with the exception that a Bunsen

burner was used to ignite the samples after they had reached their flash point.

Following complete pyrolysis, samples presented a black, flaky or granular
appearance, due to the presence of carbon residue. All samples were divided into 2
halves — one half to be analysed before calcination and the other half to be analysed
after calcination. Calcination was effected in a muffle furnace at 500 °C (at ~ 620 mm
Hg) for 1 hour.

8.1.5 Characterisation
PXRD data was obtained using either the Bruker D2 Phaser or the Siemens D5000
diffractometer. The setup of the D2 Phaser has been described in chapter 5, with the

exception that Co Ka radiation (A = 1.7903 A) was used. Samples were analysed
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between 20° and 60° 26 in 0.023 increments counting for 1 second per step. The setup
of the Siemens D5000 has been described in chapter 6. Two HRTEMSs were employed
in this study: a field emission FEI Tecnai F20 and a JEOL 3011.

8.2 Results and Discussion

8.2.1 Addition of Tiionsto PEG ina (1 :1) Ratio
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Figure 8.1: PXRD patterns of samples synthesised in a (1 : 1) ratio pre-

calcination.
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Figure 8.2: PXRD patterns of replicate samples synthesised in a (1 : 1) ratio pre-
calcination.
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Figures 8.1 and 8.2 show the diffraction patterns collected for all samples synthesised
ina (1:1)ratio. An interesting observation from the patterns is that nearly all samples
contain mostly anatase or rutile. Samples synthesised from PEG 12000 g/mol appear
to be the only samples to contain a significant mixture of both phases.

Peak intensity decreased as PEG molecular weight increased to the point that no
distinct peaks are discernible from samples synthesised using PEG 20000 g/mol. A
plausible reason for this observation is that the large quantities of longer chain
polymers were not fully removed during the pyrolysis process. It is also possible that
longer chain polymers left behind large amounts of carbon residue on the surface of
TiO, crystallites. This could have inhibited X-ray penetration and hence no peaks

were observed in the pattern.

Misalignment of peaks suggests that carbon may be straining the titania lattice by
imparting non-uniform strain. Peak broadness is an indication of the formation of
nano anatase and rutile. Initial observations of the original data set with its replicate

suggest good data reproducibility.

Calcination served to improve the signal to noise ratio of all peaks, as evidenced in
figures 8.3 and 8.4. This effect could be caused by the presence of polymer fragments
in the sample after ignition. Calcination had the effect of removing residual carbon
and hence improving the signal to noise ratio. Sharper peaks in these figures indicated
crystallite growth. After calcination, samples synthesised from PEG 200, 3000,
10000, 12000, and 20000 g/mol appear to contain a more significant mixture of
anatase and rutile. This observation suggests that large amounts of PEG in the sample
prior to ignition resulted in the formation of amorphous TiO,. Calcination caused the
amorphous particles to crystallise into anatase. It is unknown why this effect was not

observed in samples synthesised from PEG 4000 and 6000 g/mol.

Post-calcination peak intensity was low for samples synthesised from longer chain
PEG. This is likely due to the calcination time being insufficient to completely
remove all traces of carbon prior to analysis. For the sake of consistency and to not
impact the post-calcination crystallite size, all calcination times and temperatures
were kept consistent for all samples. The data generated from all samples shows good

reproducibility with their respective replicates.
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Figure 8.3: PXRD patterns of calcined samples synthesised in a (1 : 1) ratio.

Anatase (101) Rutile (110)

S000
L EE— I'Iu+_-_\,._w_m_-'n‘vue=w_._p‘a._~__._rm_.
ll I| ,r
4000 - ] | A
:?Il'j':"‘ _IUI—'/II.I‘:"\—\JUF\_I—'\-\_RP-)\-__F“'\-\_\,—_
j et i AN ! PEG 20000
= b : ——— PEG 12000
;L s -"‘”"“"*“”*"IEL*“ M rrmsiniprtaspose st St st | ——— PEG 10000
) | — PEG 6000
: i ——— PEG 4000
2000 - [} PEG 3000
=
_"""“"““"Jl' ', ——— PEG 1500
8 QiR A |——PEG4O
1000 4 | [——PEG200
|I|
\. |
| ! 1 v I N 1 | ! I
20 25 in 15 40 45 50
20

Figure 8.4: PXRD patterns of replicate calcined samples synthesised ina (1 : 1)
ratio.
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Figure 8.5 depicts the change in the amount of rutile formed as a function of
increasing PEG molecular weight, synthesised in a (1 : 1) ratio, before and after
calcination. No comparison for samples synthesised from PEG 20000 g/mol could be
made as no peak was discernible from the pattern corresponding to these samples pre-

calcination.

Before calcination, PEG 400 and 1500 g/mol resulted in the formation of the least
amount of rutile (5.3% and 9.9% respectively). PEG 12000 g/mol produced 40.6%
rutile by mass. The average amount of rutile produced across all samples before
calcination was 61.1%, suggesting that rutile was the favoured phase. This was not an
unexpected result as chapters 5 and 6 showed that water containing HNO3 favoured
the formation of rutile. The effects of stoichiometric addition of PEG with volumetric
addition of PEG will be discussed later. As PEG molecular weight increased, the

amount of rutile decreased, then increased, and finally decreased.

After calcination, the amount of rutile changed as a function of increasing PEG
molecular weight in a similar manner to that witnessed pre-calcination. The content of
rutile in samples synthesised from short chain PEG (200, 400, and 1500 g/mol)
appears to have decreased after calcination. The data generated from these samples
are sufficiently erratic to suggest that the amount of rutile synthesised after calcination

could be greater than that synthesised before calcination.

The precision in the data obtained from samples generated from longer chain PEG
shows an expected increase in the amount of rutile formed after calcination. After
calcination, the average amount of rutile formed across all samples equalled 64.3%.
This represents a 5.2% overall increase in the amount of rutile formed after
calcination. PEG 20000 g/mol resulted in the formation of 52.5% =+ 4.9% rutile after
calcination. The overall increase in the amount of rutile formed post-calcination can
be used to extrapolate a plausible value for the amount of rutile formed from PEG
20000 g/mol pre-calcination. Due to the nature of longer chain PEG, the data
generated from these polymers are often erratic (as seen in chapters 5 and 6),
therefore, the extrapolated value should be considered carefully, before being
accepted as a true representation. Using this extrapolation technique, 49.9% of rutile
was formed from PEG 20000 g/mol pre-calcination. Error bars were generated by
adding 4% of the average amount of anatase formed to the standard deviation of the

replicate analyses.
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post-calcination.
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Figure 8.6 shows the change in average rutile crystallite size as a function of
increasing PEG molecular weight, pre- and post-calcination, synthesised in a (1 : 1)
ratio. This figure does not contain any data pertaining to the size of rutile crystallites
synthesised from PEG 400, 1500 or 20000 g/mol. Due to the small amount of rutile
formed in PEG 400 and 1500 g/mol, accurate dimensional analyses of rutile
crystallites could not be made. As described above, no data is available for samples
generated from PEG 20000 g/mol.

Before calcination, PEG 3000, 4000, and 6000 g/mol resulted in the formation of the
smallest rutile crystallites: 7.2 nm, 6.7 nm, and 6.8 nm respectively. PEG 200, 10000
and 20000 g/mol produced the largest rutile crystallites: 10.7 nm, 9.1 nm, and 10.2 nm
respectively. The average rutile crystallite size produced across all samples measured
6.3 nm. The greatest error in the data was present for samples synthesised using PEG
200 g/mol: 0.9 nm. Error bars represent the standard deviation of the replicate

synthesis.

After calcination, rutile crystallite size had increased in all samples. The average
crystallite size across all samples measured 17.1 nm. This represented a crystallite
size increase of 171% after calcination. It was previously shown (chapters 5 and 6)
that calcination had a greater effect on crystallite size than phase transformation and
hence this is an expected result. This is due to the calcination temperature (500 °C)
being insufficient to encourage significant transformation®. Interestingly, crystallites
formed from PEG 12000 g/mol post-calcination showed the most significant increase
in size. PEG 20000 g/mol generated rutile crystallites that measured 18.4 nm after
calcination. By extrapolation (as explained above), the average rutile crystallites
obtained from PEG 20000 g/mol pre-calcination should measure 6.8 nm. This value

should be considered carefully due to the erratic nature of long chain polymers.

The greatest error in the data was present for the samples synthesised from PEG 4000,
6000, and 12000 g/mol: 0.1 nm. Error bars were generated from the standard

deviation of the replicate synthesis.
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Figure 8.7 illustrates the inverse relationship between the amount of rutile formed and
its respective crystallite size. As discussed previously, oriented attachment® and
polymer reaction chambers may be responsible for this inverse relationship. This
explanation is further strengthened by the fact that most rutile crystallites were
smaller than 11 nm. Unlike for volumetric addition of PEG to Ti" ions, stoichiometric
addition does not produce a nearly identical inverse relationship for all PEG
molecular weights. This is evidenced for samples synthesised from PEG 200 and 3000
g/mol.

Figure 8.8 shows that the imperfect inverse relationship between the amount of rutile
produced and its respective crystallite size is maintained after calcination. This is
mainly due to the near proportional increase in crystallite size post-calcination. All
error bars are small enough for the inverse trend to exist at the maximum of each
error. Therefore, the inverse relationship is a real, reproducible trend that is

maintained under the conditions of stoichiometric addition of PEG.

Not currently shown is the amount of anatase and its respective crystallite size formed
under the present synthesis conditions. Samples that contained sufficient anatase and
rutile for a direct comparison to be made have been included in table 8.4. Table 8.4

contains post-calcination data.

Table 8.4: Average amount of anatase and respective crystallite size formed in a

(1 : 1) synthesis, post-calcination.

Average Average

Average anatase Average rutile

PEG (g/mol) ) _ _
%Anatase crystallite %Rutile crystallite
size (nm) size (nm)
200 19.1+75 220+ 0.7 80.9 + 10.0 19.3+0.1
1500 92.7+ 4.6 202 +0.1 73+11 204 +11
3000 109+19 141+05 89.1 £5.0 183 +0.1
10000 117+ 2.2 10.6 £ 0.3 88.3 £5.3 175+0.1
12000 38.2+4.0 124+ 0.3 61.8 £5.0 248 +£0.1
20000 475+ 4.7 95+05 525+4)9 18.4+0.1
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As given in table 8.5, for the same PEG molecular weight, rutile crystallites are
generally larger than anatase crystallites. This effect is augmented at higher PEG
molecular weights. An exception to this observation occurs for the sample synthesised
from PEG 200 g/mol. The data suggests that low molecular weight PEG (200 and 400
g/mol) has a tendency of producing larger anatase crystallites, after calcination. This
was rationalised (in chapter 6) in terms of smaller crystallites having a greater growth
potential than larger crystallites, pre-calcination. It is likely that PEG 200 and 400
g/mol resulted in the formation of smaller anatase crystallites after pyrolysis.

Not shown in table 8.5 is the comparison of the amount of anatase and rutile
crystallite size obtained pre-calcination. PEG 12000 g/mol was the only sample that
allowed for accurate generation of crystallite size data pertaining to both phases. This
sample produced anatase (1 0 1) crystallites measuring 5.1 nm and rutile (1 1 0)
crystallites measuring 10.2 nm. Clearly rutile crystallites were twice as large as
anatase. Interestingly, following calcination, both anatase and rutile crystallites

increased in size by 143% (as evidenced in table 8.5).

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix F.

HRTEM images corresponding to samples synthesised from PEG 6000 g/mol (figures
8.9 — 8.12) in a Ti* : PEG ratio of (1 : 1) follow. PEG 6000 g/mol produced an
average of 91.8% of rutile with an average (1 1 0) crystallite size of 6.8 nm.

The imperfection observed in the lattice in figure 8.10 is likely due to imperfect
oriented attachment forming a twin boundary. Twin boundaries can serve as a

nucleation site for other polymorphs? — as described in section 1.2.5.

Figure 8.11 illustrates a superstructure with distinct sections. The darker areas within
the superstructure combined with the appearance of multiple sections imply that
several seed sites exist within the assembly. These seeds nucleate several rutile
nanorods. When the seed particles bond together, a dandelion is formed. It is not
possible, at this stage, to comment on the order of the reactions responsible for the

proposed mechanism of mesocrystal formation.

From the nanorods observed in figure 8.12, it is not possible to state whether the rods
grow outward from a single seed particle, or whether multiple crystals undergo

oriented attachment from a few seed anisotropic rutile crystals.
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Figure 8.9: (PEG 6000 g/mol in a Ti* : PEG ratio of (1 : 1)). This region of the

sample showed a mixture of crystals of different sizes. Larger crystals measure ~

25 — 30 nm. Smaller crystals measure ~ 2 — 7 nm. Also visible are large amounts
of amorphous material that is most likely carbon. The insert compares the
experimental and simulated FFT’s (experimental FFT obtained from area

delineated within the square). The selected crystal is rutile in the (0 1 0) or (1 0 0)

orientation.
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10 nm

Figure 8.10: (PEG 6000 g/mol in a Ti" : PEG ratio of (1 : 1)). Appearance of a
twinned rutile crystal in the (0 0 1) orientation. This crystal measures
approximately 10 nm across. The insert is a magnified version of the crystal
showing a lattice spacing of 0.33 nm. The arrow indicates an imperfection in the

lattice.
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Figure 8.11: (PEG 6000 g/mol in a Ti" : PEG ratio of (1 : 1)). In addition to

forming small crystals, the sample synthesised from PEG 6000 also exhibited

rutile mesocrystals. This mesocrystal measured approximately 270 nm end to
end. It also appeared to consist of 6 distinct sections (separated by lines).
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Figure 8.12: (PEG 6000 g/mol in a Ti* : PEG ratio of (1 : 1)). A magnified portion
of the rutile dandelion in figure 8.11. Rutile crystallites exhibit anisotropic
growth to form nanorods. If the nanorods are assumed to be continuous
particles, they measure approximately 50 nm from the bottom left corner of the
image to the tips of the rods. The lattice spacing measures 0.33 nm. The
amorphous content is part of the holey carbon film.

Samples synthesised using PEG 12000 g/mol in a Ti* : PEG ratio of (1 : 1) (figures
8.13 — 8.16) resulted in the formation of an average of 40.6% rutile with an average (1
1 0) crystallite size of 10.2 nm. Anatase (1 0 1) crystallites measured an average of 5.1
nm. The high energy surface observed in figure 8.13 could nucleate anatase growth or
rutile transformation — depending on post-synthesis conditions.
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The information contained within figure 8.14 was insufficient to deduce the
polymorph comprising the fragmented structure. Incomplete synthesis is likely
responsible for the formation of the incomplete titania fragment. Ultra-sonication was
shown to be unable to break superstructures®.

Figure 8.13: (PEG 12000 g/mol in a Ti* : PEG ratio of (1 : 1)). Single crystal

anatase in the (0 0 1) orientation. This crystal measures approximately 6.4 nm

across with a lattice spacing of 0.36 nm. The arrow indicates a potential high
energy surface.
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Figure 8.14: (PEG 12000 g/mol in a Ti* : PEG ratio of (1 : 1)). Appearance of a
fragment of assembled titania measuring 218 nm and 175 nm across the length

and width respectively. This assembly resembles a fragment of the

superstructure present in figure 8.11.
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Figure 8.15 is a high magnification image of figure 8.14. From this image it is clear
that the fragmented structure in figure 8.14 is composed of high aspect ratio rutile
crystals. Interestingly, despite this sample producing 59.4% anatase, there was no

evidence of anatase mesocrystals.

The structure depicted in figure 8.16 disintegrated under semi-condensed beam
conditions. The presence of undecomposed polymer in this figure confirms the weak

PXRD signal to noise ratio of samples synthesised using high molecular weight PEG.

‘1 A ¥ '
; '4.:.*-.?‘»‘!‘:..4 Tt

Figure 8.15: (PEG 12000 g/mol in a Ti* : PEG ratio of (1 : 1)). Based on the
lattice spacing of 0.33 nm, the fragment presented in figure 8.14 is likely
composed of high aspect ratio rutile crystals. The width of the discernible rutile
nanorod (highlighted with a double headed arrow) measured approximately 10
nm.
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Figure 8.16: (PEG 12000 g/mol in a Ti* : PEG ratio of (1 : 1)). The size of this
structure suggests that it is undecomposed polymer remaining in the sample
after pyrolysis. This conjecture is further supported by the observation that no

lattice fringes were obtained from this structure.
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8.2.2 Addition of Tiions to PEG in a (1 : 0.5) Ratio
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Figure 8.17: PXRD patterns of samples synthesised in a (1 : 0.5) ratio pre-

Intensity (a.u.)

2000 -

1500 —

1000

SO0

0

calcination.

Anatase (101) Rutile (110)

_FF"'-F'-FFFFF

1". f|| L"L‘nH'I.

o

| Awettgnds “-' "“.’ .hhwwwd._,ﬂ::“mwm_ﬂ“."mm
1 '. ’Jfll ‘ﬂ e L AR ”'WWM

A b g
|
1 i \ A
. . . O Nty
20 25 30 33 40 45 50
20

—— PEG 20000
—— PEG 12000
—— PEG 10000
—— PEG 6000
— PEG 4000

——PEG 1500

S PEG 200

PEG 3000

PEG 400

Figure 8.18: PXRD patterns of replicate samples synthesised in a (1 : 0.5) ratio
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Figures 8.17 and 8.18 show the PXRD patterns for all samples synthesised in a Ti" :
PEG ratio of (1 : 0.5). PEG 200 g/mol resulted in the formation of a mixture of
phases. This is in contrast to the other low molecular weight PEG (400 and 1500
g/mol) that favoured anatase formation. PEG with intermediate molecular weights
(3000 and 4000 g/mol) resulted in the formation of both phases, compared with
slightly larger PEG (6000 and 10000 g/mol) that favoured rutile formation.
Interestingly, large PEG molecular weights (12000 and 20000 g/mol) produced rutile
and anatase as a major and minor phase respectively.

It should be noted that the signal to noise ratio appears to be better than for samples
synthesised in a (1 : 1) ratio. In a (1 : 0.5) ratio, a rutile (1 1 0) peak is discernible
from the sample synthesised from PEG 20000 g/mol — in contrast to the data obtained
for the same sample using (1 : 1) synthesis conditions. Peak width and misalignment
is indicative of nanomaterial formation with carbon present on the particle surfaces
respectively. Initial observations of the original data set with its replicate suggest good

experimental reproducibility. This inference will be confirmed statistically later.

Following calcination, the signal to noise ratio of all peaks increased, as evidenced in
figures 8.19 and 8.20. This observation suggests that the presence of un-ignited
polymer post-pyrolysis impeded X-ray penetration into the titania crystallites. Any

left-over polymer was subsequently removed during calcination.

From the narrower peak shape, it can be concluded that calcination served to increase
crystallite size. Better peak alignment and the white appearance of samples post-
calcination is an indication of the success of calcination in removing carbon from the
samples. The anatase peak originating from samples synthesised using PEG 12000
and 20000 g/mol, is better defined post-calcination. This is a likely consequence of a

better signal to noise ratio.

Good experimental reproducibility is observed from a comparison of the original data

set with its replicate. Statistical confirmation of reproducibility will be given later.
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Figure 8.19 PXRD patterns of samples synthesised in a (1 : 0.5) ratio post-

calcination.
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Figure 8.20: PXRD patterns of replicate samples synthesised in a (1 : 0.5) ratio
post-calcination.
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Figure 8.21 compares the effects of calcination on the amount of rutile formed using a
Ti* : PEG ratio of (1 : 0.5) as a function of increasing PEG molecular weight. Aside
from the amount of rutile formed from PEG 200 g/mol, the overall data resembles that
obtained in figure 6.13 (chapter 6): low molecular weight PEG (400 and 1500 g/mol)
produced little rutile, intermediate molecular weight PEG (3000 and 4000 g/mol)
produced about 47% of rutile, high molecular weight PEG (6000 — 20000 g/mol) was

biased toward rutile formation.

The average amount of rutile formed pre-calcination across all samples was 59%. This
is similar to the average amount of rutile formed across all samples using (1 : 1)
synthesis conditions. Based on previously obtained results, it was expected that water

containing HNO3 favoured the formation of rutile.

Post-calcination data revealed a similar trend of the amount of rutile formed as a
function of increasing PEG molecular weight. Curiously, the amount of rutile
decreased post-calcination in samples synthesised from low molecular weight PEG.
Error bars (generated as described previously) pertaining to these samples are
sufficiently small to suggest that this is a reproducible result. This is a similar finding
to that described in chapter 6. The following is presented as an explanation for this
observation: after pyrolysis, amorphous titania is formed in samples prepared using
low molecular weight PEG. Calcination causes anatase to nucleate from the
amorphous content. The calcination temperature is insufficient to cause significant
phase change to rutile. The construction of the Spurr and Myers equation allows for
an increase in anatase content with a simultaneous decrease in rutile content.
Hypothesising amorphous titania as the cause of lower rutile content post-calcination
is predicated on the poor signal to noise ratio observed in the PXRD patterns (figures
8.17 and 8.18). An expected small increase in the amount of rutile formed post-

synthesis was observed in samples synthesised using large molecular weight PEG.

Figure 8.22 shows the effects of calcination on the average rutile crystallite size
obtained as a function of increasing PEG molecular weight synthesised in a Ti* : PEG
ratio of (1 : 0.5). Because anatase was the preferred phase in samples synthesised
from PEG 400 and 1500, it was not possible to generate rutile crystallite size data
from these samples. Before calcination, rutile crystallites decreased in size as PEG
molecular weight increased. Samples synthesised from PEG 200 g/mol exhibited the

largest rutile crystallites (~ 15 nm), compared with the smallest rutile crystallites that
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measured ~ 8 nm, generated from PEG 10000 g/mol. Average rutile crystallite size
across all samples before calcination measured ~ 10 nm. The data appears to be more

erratic for samples synthesised from lower molecular weight PEG.

Calcination had a predictable effect of increasing crystallite size in all samples. This
increase was disproportional. The average crystallite size obtained across all samples

post-calcination was 18 nm.

An interesting point of note is that post-calcination, samples synthesised from PEG
6000 g/mol resulted in the formation of the smallest crystallites (~15 nm). These
crystallites were approximately the same size as those produced from PEG 200 g/mol
pre-calcination. Under the present calcination conditions, rutile (1 1 0) crystallites
appear to coarsen to a maximum of ~ 22 nm. Crystallite size data generated from PEG
12000 g/mol produced the greatest error (4 nm). All other data points reveal good

reproducibility (errors generated as previously described for crystallite size data).

Figure 8.23 shows the inverse relationship between the amount of rutile formed and
respective crystallite size as a function of increasing PEG molecular weight
synthesised in a (1 : 0.5) ratio pre-calcination. The caveat to the inverse relationship is
the amount of rutile formed from PEG 200 g/mol. Only data from samples that
allowed for a direct comparison of amount of rutile formed and associated crystallite
size has been included (data from samples synthesised using PEG 400 and 1500 g/mol
are not included). Error bars are sufficiently small for the data to represent a real,
reproducible trend. This trend was previously observed for all previous experiments
synthesised using water containing HNO3z; and was rationalised using oriented

attachment and the formation of polymer reaction chambers.

An imperfect inverse relationship between the amount of rutile formed and its
respective crystallite size presented post-calcination, as evidenced in figure 8.24. The
imperfect inverse relationship occurred as a result of calcination having a negligible
effect on the amount of rutile formed while concurrently causing a disproportional
increase in rutile crystallite size. This effect is most prominent for the data obtained
from PEG 10000 g/mol. In order to make a direct comparison of rutile crystallite size
and amount of formed phase, data from PEG 1500 g/mol was excluded. This is
because no crystallite size data could be extracted from that sample owing to the small

amount of rutile formed.
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Figure 8.24: Average amount of rutile with associated crystallite size formed in a

(1 : 0.5) synthesis post-calcination.
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Table 8.6 compares the average amount of anatase (1 0 1) formed with respective
crystallite size from selected samples pre-calcination. As previously observed, PEG
200 g/mol resulted in the formation of the largest anatase crystallites. PEG 3000 and
4000 g/mol produced similarly sized anatase crystallites. Expectedly, for the same

PEG molecular weight, rutile crystallites were larger than anatase crystallites.

Table 8.5: Average amount of anatase and respective crystallite size formed in a

(1 : 0.5) synthesis, pre-calcination.

Average Average

Average anatase Average rutile

PEG (g/mol) _ _ _
%Anatase crystallite %Rutile crystallite
size (nm) size (nm)
200 28.8 + 34 13.8+15 712 +51 158+ 1.0
3000 479 + 4.7 95+14 521+ 49 110+14
4000 572453 99+16 428 + 4.7 116+21

Table 8.6: Average amount of anatase and respective crystallite size formed in a

(1 : 0.5) synthesis, post-calcination.

Average Average

Average anatase Average rutile

PEG (g/mol) . . .
%Anatase crystallite %Rutile crystallite
size (nm) size (nm)
200 425+40 258+138 57.5+46 209+ 0.6
400 91.8 + 3.9 277+ 20 82105 23.1+238
3000 56.8 + 2.6 18.7+ 0.5 432+ 21 221106
4000 56.1+5.6 19.2+£0.9 439 +5.1 212+11
12000 120+ 31 151 +0.5 88.0+6.1 21.0+40
20000 9.2+35 154 +1.2 90.8 £6.7 215+01
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Post-calcination anatase crystallite size data is given in table 8.7. Crystallite size
increased dramatically post-calcination. Anatase crystallites from samples synthesised
using PEG 200, 3000 and 4000 exhibited growth of 87%, 97% and 94% respectively.
This is in contrast to rutile crystallites (synthesised from the same samples) that
exhibited growth of 32%, 100% and 82% respectively. For this reason, post-
calcination, anatase crystallites synthesised using low molecular weight PEG (200
g/mol) are larger than rutile crystallites. A plausible explanation for this observation is
that smaller rutile crystallites formed pre-calcination have greater growth potential
that is manipulated during calcination. Rutile crystallites formed from longer PEG

chains (= 3000 g/mol) are larger than corresponding anatase crystallites.

Table 8.7: Comparison of anatase formation using (1 : 1) and (1 : 0.5) synthesis

conditions, pre-calcination.

1:1) (1:0.5)

Average Average

Average anatase Average anatase

PEG (g/mol) ) )
%Anatase crystallite %Anatase crystallite
size (nm) size (nm)
400 94.7 £ 8.9 59+01 843 + 3.6 84+11
1500 90.1+6.2 84 +0.8 100+ 4.0 72403

Table 8.8 compares the amount of anatase formed using different Ti* : PEG ratios as a
function of different PEG molecular weights. The data suggests that low molecular
weight PEG tends to form an abundance of anatase regardless of the synthesis ratio
used. Additionally, lesser anatase content in a sample correlates with larger anatase
crystallites. This could be due to rutile transformation encouraging anatase growth but

is more likely a consequence of the amorphous TiO, content within the samples.
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Table 8.9 compares the amount and size of anatase formed ina (1 : 1) and (0.5 : 1)
synthesis after calcination, as a function of different PEG molecular weights. The
amount of anatase formed in a (1 : 0.5) ratio increases and then decreases as a
function of increasing PEG molecular weight. A similar trend was not observed for

anatase formed ina (1 : 1) ratio.

Table 8.8: Comparison of anatase formation using (1 : 1) and (1 : 0.5) synthesis

conditions, post-calcination.

1:1) (1:0.5)

Average Average

Average anatase Average anatase

PEG (g/mol) _ _
%Anatase crystallite %Anatase crystallite
size (nm) size (nm)
200 191+ 75 220+ 0.7 425+ 4.0 258+1.38
400 98.8+5.0 202+ 11 918+ 3.9 277+ 20
1500 927+ 4.6 202 +0.1 95.0+43 144+ 0.3
3000 109+19 141+05 56.8 £ 2.6 18.7+ 0.5
12000 38.2+4.0 124+ 0.3 120+ 31 151+0.5
20000 475+ 4.7 95105 9.2+35 154+1.2

For the same PEG molecular weight, excluding PEG 1500, anatase crystallites
synthesised using a (1 : 0.5) ratio were larger than crystallites synthesised using a (1 :
1) ratio. Intriguingly, this trend is valid despite similarities and differences between
the amounts of anatase formed for a specific PEG molecular weight. This result was
unexpected due to the following: a synthesis ratio of (1 : 1) has twice the amount of
polymer than a (1 : 0.5) ratio. In keeping with the developing hypothesis regarding the
formation of polymer chambers, it is likely that twice the amount of chambers were
formed using a (1 : 1) synthesis than in a (1 : 0.5) synthesis. Since the number of
metal ions were the same in both experiments, the ratio of metal ions to polymer
chambers was two times greater under (1 : 0.5) synthesis conditions than (1 : 1)

synthesis conditions. Since the (1 : 1) polymer chambers contained fewer ions per
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chamber, they would have resulted in the formation of smaller anatase crystallites. As
noted in chapter 6, smaller anatase crystallites formed after sample ignition, resulted

in larger anatase crystallites observed after calcination.

Since the data does not agree with the above prediction of crystallite size, there must
be another factor influencing the system. It is hypothesised that the presence of large
amounts of undecomposed polymer post-ignition formed in a (1 : 1) synthesis
absorbed some of the energy supplied to the system during calcination. This heat
would otherwise be used to increase anatase crystallite size. Hence, a system that
contains less polymer [i.e.: (1 : 0.5)] is more susceptible to anatase crystallite size
increases than a system that contains more polymer [i.e.: (1 : 1)]. Undecomposed PEG
was evidenced in PXRD patterns and TEM images of samples synthesised ina (1 : 1)

ratio.

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix F.

HRTEM images obtained from samples synthesised using PEG 6000 in a (1 : 0.5)
ratio post-calcination follow (figures 8.25 and 8.26). This sample contained 99.2%

rutile with average rutile (1 1 0) crystallites measuring 15.2 nm.

The {1 1 1} orientation observed in figure 8.25 was previously described as the
pyramidal plane capping rutile nanorods®. Steps indicated in this image are indicative
of a high energy surface and is likely the position along the crystal that promotes
growth (dependent on reaction conditions). The shape variation of the crystals

presented in figures 8.25 and 8.26 is noteworthy.

Figures 8.27 and 8.28 represent the pre-calcined samples obtained from PEG 6000
g/mol using a (1 : 0.5) ratio.

Figure 8.27 shows the presence of a superstructure surrounded by carbon. Given that
this image was captured from the sample before it was calcined, it is likely that the
carbon originated from undecomposed polymer. The dark spots within the carbon are
possibly crystallite titania that would have become part of the superstructure if the

reaction had proceeded further.

The (0 0 1) axis described in figure 8.28 is the axis along which rutile exhibits
anisotropic growth®. This evidence of single crystal nanorods found in figure 8.28

lends credence to the work by Zhang et al., suggesting that rutile nanorods comprising
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mesocrystals are single crystal in nature®. Additionally, as highlighted, the nanorod
appears to be pyramidically capped as suggested by Kakiuchi et al*.

5nm

Figure 8.25: (PEG 6000 in a (1 : 0.5) ratio post-calcination). Single rutile crystal
in the (1 1 1) orientation. This crystal measured ~ 9 nm top to bottom and ~ 7 nm
across. Morphologically, it appeared to occur as a pentagon. Arrows indicate

steps along the crystal.
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Figure 8.26: (PEG 6000 in a (1 : 0.5) ratio post-calcination). Anisotropic rutile

crystal in the (0 1 0) or (1 0 0) orientation. This crystal measures approximately

15.5 nm across its length and 8.5 nm across its width.
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Figure 8.27: (PEG 6000 in a (1 : 0.5) ratio pre-calcination). This sample
produced rutile superstructures. Arrows in the image indicate carbon deposited
on the surface of the superstructure. This radius of this superstructure measured
approximately 500 nm.
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Figure 8.28: (PEG 6000 in a (1 : 0.5) ratio pre-calcination). Appearance of the
ends of the superstructure imaged in figure 8.27. The rutile nanorod in the upper
part of the image is pyramidically capped, occurs along (0 0 1) and measures
approximately 8 nm across its width. From this image it appears that the

nanorod is a continuous single crystal that extends far into the superstructure.
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8.2.3 Addition of Tiionsto PEG ina (1 :0.1) Ratio
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Figure 8.29: PXRD patterns of samples synthesised in a (1 : 0.1) ratio pre-
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Figure 8.30: PXRD patterns of replicate samples synthesised ina (1 : 0.1) ratio

pre-calcination.
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Figures 8.29 represents the PXRD patterns of samples synthesised in a (1 : 0.1) ratio
pre-calcination. Only three polymers were selected for this synthesis: PEG 4000,
6000, and 12000 g/mol. The patterns reflect that PEG 4000 and 6000 g/mol favoured
the formation of anatase. PEG 12000 g/mol resulted in the formation of both anatase
and rutile with the latter being the major phase. Peaks are generally sharper and better
aligned than previously witnessed for (1 : 1) and (1 : 0.5) syntheses. The patterns also
reflect a better signal to noise ratio than previously observed. Since these samples
contain 10 times and 5 times less polymer than those synthesised ina (1 : 1) and (1 :
0.5) ratio respectively, the improved signal to noise ratio is likely due to sample

ignition adequately removing most of the polymer from the samples.

Figure 8.30 represents the PXRD patterns collected for the replicate synthesis. There
appears to be good correlation between the data collected from the samples and their

replicates.

Figure 8.31 contains the PXRD patterns corresponding to samples synthesised in a (1
: 0.1) ratio after calcination. As expected, there is an improvement in peak alignment
and in the signal to noise ratio.

As observed from figure 8.32, data collected from samples containing PEG 4000 and
12000 g/mol reflect good reproducibility. The PXRD pattern of the replicate sample
synthesised using PEG 6000 g/mol shows a small rutile peak that is not as pronounced
in the original sample. Since the calcination temperature of 500 °C is insufficient to
cause significant conversion of anatase to rutile, it is plausible that this sample
contained an impurity that served to catalyse the transformation. The extent of

deviation between the original data and its respective replicate will be confirmed later.
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Figure 8.33: Average amount of rutile formed from a (1 : 0.1) ratio pre- and

post-calcination.

Figure 8.33 shows the effects of calcination on the amount of rutile formed in samples
synthesised using a (1 : 0.1) synthesis. Before calcination, PEG 4000 g/mol resulted in
the formation of the least amount of rutile (0.8%). In comparison, PEG 6000 g/mol
that produced 1.7% rutile and PEG 12000 g/mol formed the most amount of rutile
(75.3%). The data suggests that long chain PEG favours the formation of rutile.
However, this inference should be carefully considered given that this experiment
employed the use of only three 3 polymers, and that the amount of rutile was shown to
oscillate as a function of PEG molecular weight (chapter 5). In addition, the average
amount of rutile formed across all three polymers was 26% suggesting that a synthesis
ratio of (1 : 0.1) favours the formation of anatase. Calcination had a negligible effect
on the amount of rutile formed from all samples. Error bars are sufficiently small

suggesting excellent experimental reproducibility.

Because of the small amount of rutile formed in samples containing PEG 4000 and
6000 g/mol, no accurate crystallite size data could be obtained. Rutile (1 1 0)
crystallites formed in the sample synthesised using PEG 12000 g/mol measured 12.2
+ 0.7 nm before calcination. After calcination, the crystallites coarsened to 23.6 nm +

1.3 nm.
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Figure 8.35: Average amount of anatase with associated crystallite size formed in

a (1 :0.1) synthesis post-calcination.

Page | 256



Figure 8.34 shows the relationship between the amount of anatase formed and its
respective crystallite size formed in a (1 : 0.1) synthesis pre-calcination. In contrast to
the comparative graphs obtained for rutile, anatase does not exhibit the same inverse
relationship between the amount of formed phase and respective crystallite size.
Samples synthesised using PEG 6000 and 12000 g/mol resulted in the formation of
the largest anatase (1 0 1) crystallites (14.2 nm and 12.6 nm respectively). PEG 4000
g/mol resulted in the formation of the smallest crystallites measuring 10.2 nm. This
data suggests that anatase crystallite size distribution did not extend over a large range

using (1 : 0.1) synthesis conditions.

Curiously, anatase crystallites formed in the sample synthesised using PEG 12000
g/mol were similar in size to rutile crystallites formed in the same sample. From
previous experimentation, rutile crystallites were expected to be larger than anatase
crystallites. This effect was understood to occur as a result of transformation
encouraging growth. The similarity between the size of rutile crystallites synthesised
using PEG 12000 g/mol under (1 : 1), (1 : 0.5) and (1 : 0.1) syntheses conditions
suggests that anatase crystallites synthesised in this experiment are large.

Comparing figures 8.34 and 8.35, calcination caused anatase to coarsen more than it
caused phase transformation. Anatase crystallite size increase was nearly proportional

across the range of different PEG molecular weights. This was an expected result.

Table 8.9: Variation in anatase formation using different PEG stoichiometries.

Average Average Average

Average anatase Average anatase Average anatase
%Anatase | crystallite | %0Anatase | crystallite | %0Anatase | crystallite

size (nm) size (nm) size (nm)
4000 9.0+0.6 572+53 | 994+16 | 992+48 | 102+ 1.2
6000 82+11 54+ 26 983+57 | 142+14
12000 | 59.4+9.2 | 51+01 | 186+ 2.6 247+13 | 126+ 1.1
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Table 8.10 compares the amount and size of anatase formed using PEG 4000, 6000
and 12000 g/mol across all three PEG stoichiometries. The data suggests that medium
length PEG (4000 and 6000 g/mol) tends to form rutile as the number of PEG chains
in the system is increased. In contrast, longer chain PEG (12000 g/mol) tends to
favour the formation of anatase and rutile as the number of PEG chains in the system
is increased. This is a strange occurrence and is likely caused by a combination of
long polymer chain entanglement, system thermodynamics, entropy, and different
multiple scission points along different PEG chains.

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix F.

Figure 8.36 represents an HRTEM image corresponding to the sample synthesised

using PEG 4000 g/mol ina (1 : 0.1) ratio post-calcination.

Figure 8.36: (PEG 4000 g/mol ina (1 : 0.1) ratio post-calcination) showing well-
defined anatase crystallites. The crystal appearing in the lower right part of the
image measures ~ 20 nm top to bottom and ~ 22 nm left to right. This is
consistent with PXRD findings.
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8.2.4 Comparison of the Effects of PEG Stoichiometry
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Figure 8.37: Effects of different PEG stoichiometries on the amount of rutile

formed pre-calcination.

Figure 8.37 compares the effects of various PEG stoichiometries on the amount of
rutile formed, as a function of increasing PEG chain length, pre-calcination.
Interestingly, when the ratio of metal ions to PEG was (1 : 1) and (1 : 0.5), the amount
of rutile formed displayed a similar trend as PEG chain length increased. The amount
of rutile formed decreased, then increased and then decreased again. This effect was
more pronounced for samples synthesised using a (1 : 1) ratio than for samples
synthesised using a (1 : 0.5) ratio. In addition, the amount of rutile formed ina (1 : 1)
synthesis was greater than for a (1 : 0.5) synthesis for all samples synthesised using
PEG < 6000 g/mol. Above PEG 6000 g/mol, samples synthesised in (1 : 0.5)
conditions produced more rutile. For (1 : 1) and (1 : 0.5) syntheses, similar amounts of
rutile were formed in samples containing PEG 400 and 6000 g/mol. The subset of data
collected from the samples synthesised in a (1 : 0.1) ratio suggest that rutile is the
preferred phase when PEG chain length is increased. For (1 : 0.5) and (1 : 0.1)
syntheses, similar amounts of rutile were formed in samples containing PEG 12000

g/mol.

Based on the current hypothesis concerning the formation of polymer reaction
chambers, the following is presented in an attempt to rationalise the data contained in
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figure 8.37: during heating and prior to ignition, PEG of all molecular weights
undergo varying degrees of decomposition. For a given heating rate and metal ion
concentration, the level of decomposition is likely due to the quantity and length of
the polymer chains present in the mixture.

For small chain polymers (such as PEG 200 g/mol), chain entanglement is unlikely to
occur. PEG 200 g/mol chains likely form reaction chambers that are large enough to
produce anatase and rutile, and small enough that they do not undergo further
decomposition to form smaller chambers. Smaller chambers would impede rutile
formation, as discussed previously. For this reason, samples synthesised from PEG
200 g/mol in a (1 : 0.5) synthesis exhibit a mixture of anatase and rutile. The
increased quantity of PEG 200 g/mol in a (1 : 1) synthesis provides more fuel during
ignition. From a thermodynamics perspective, since the energy of the system has
increased, the system would move to a more energetically stable state. Thus rutile
formation is encouraged. From a chemistry perspective, increased fuel in the reaction

mixture would result in longer and hotter ignitions favouring the formation of rutile.

Longer chain PEG (such as PEG 400 and 1500 g/mol) plausibly forms larger reaction
chambers. During decomposition, longer chains are less stable than shorter chains and
therefore, break apart. The high energy dangling bonds of the large chain fragments
will move to decrease energy by bonding in such a manner to create smaller
chambers. Given that PEG 400 and 1500 g/mol are not long chain polymers, cleavage
along the chain can produce smaller chambers than those formed by PEG 200 g/mol.

As discussed previously, small polymer chambers favour the formation of anatase.

PEG chains of intermediate length (PEG 3000 — 6000 g/mol) will form reaction
chambers of intermediate size. The PEG chains will decompose under the action of
heating causing the high energy dangling bonds of the polymer fragments to stabilise
through bonding. Because the PEG fragments are larger than for those created by
smaller PEG chains, the resulting reaction chambers should be larger. Larger
chambers have the ability to nucleate anatase and rutile. This is evidenced for samples
synthesised using (1 : 0.5) synthesis conditions. It does not explain the large amount
of rutile formed using (1 : 1) synthesis conditions. It is possible that the increased
number of polymer chains used in a (1 : 1) synthesis cause polymer entanglement.
This is plausible given that the PEG chains are of intermediate length and ina (1 : 1)

synthesis, there are twice as many chains compared with a (1 : 0.5) ratio. Polymer
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entanglement will have the effect of increasing the size of formed reaction chambers.

Therefore, rutile will be the preferred phase.

Further increasing the polymer chain length (PEG 10000 — 20000 g/mol) is expected
to cause an increase in the number of large polymer chambers obtained. Therefore
rutile is expected to be present as the major phase. This is evidenced for samples
synthesised using (1 : 0.5) synthesis conditions. Samples containing long chain
polymers synthesised using (1 : 1) synthesis conditions exhibit decreasing amounts of
rutile as PEG chain length is increased. This is contradictory to the trend observed for
(1 : 0.5) synthesis conditions. However, since the number of polymer chains are
doubled in a (1 : 1) synthesis, it is possible that the sheer volume of polymer present
in the sample causes steric stabilisation of the nucleated anatase phase. Stabilisation
has the effect of inhibiting the transformation of anatase to rutile, as previously

discussed.

The data obtained from the (1 : 0.1) synthesis suggests that for smaller PEG chains, at
a (1 : 0.1) ratio, there is insufficient polymer present in the mixture to form large
reaction chambers. Small chambers stabilise the nucleated anatase phase and impede
rutile formation. Increasing the length of the polymer causes the formation of larger

reaction chambers and allows for rutile nucleation.

Lee and Lee found that increasing the ratio of ethylene glycol to metal ions tended to
produce rutile’. The researchers suggested that insufficient ethylene glycol caused an
inhomogeneous distribution of cations, leading to anatase formation’. In this
experiment, increasing the quantity of PEG (i.e.: increasing the chain length) at (1 :
0.1) and (1 : 0.5) ratios had a similar effect of producing more rutile. As explained,
the quantity of added polymer impacts steric stabilisation and therefore impacts the
formed phase. However, since this system considers polyethylene glycol and not
ethylene glycol, other factors must be considered — as discussed. The consideration of
other factors is warranted by the (1 : 1) system deviating from rutile phase formation
at long PEG chain lengths.

Volumetric addition of PEG to metal ions saw the amount of rutile formed as a
function of increasing PEG chain length oscillate between 40% and 100%.
Volumetric addition implied decreasing the number of PEG chains as the PEG chain
length was increased, such that the volume of PEG added to all solutions was
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equivalent. Thus, the system had no driving force, aside from the supplied heat, to
encourage chain cleavage at specific points. For that reason, formed reaction
chambers could be of various sizes, despite the chain length used in the reaction —

causing the amount of rutile formed to fluctuate.

18 5

.IE'I" ‘
£ 144
o
e 1
E 124 A
v [ ]
Lo ]
' ]
o 104 _
B [ »
< - _ . (1)
» . e (0.5:1)
= & (] :0.1)
T T T T T T T T T ! 1
L1 4000 BO00 | 204000 | GO 20000

PEG (g/mol)

Figure 8.38: Effects of different PEG stoichiometries on rutile crystallite size

formed pre-calcination.

Figure 8.38 shows the variation in rutile crystallite size formed using (1 : 1), (1 : 0.5)
and (1 : 0.1) syntheses, as a function of increasing PEG molecular weight. For PEG <
6000 g/mol, rutile crystallites synthesised in a (1 : 1) synthesis were smaller than
crystallites synthesised in a (1 : 0.5) synthesis. Above PEG 10000 g/mol, rutile
crystallites synthesised in a (1 : 1) synthesis were larger than in a (1 : 0.5) synthesis.
The largest rutile crystallites were formed using a (1 : 0.5) synthesis and PEG 200
g/mol; and a (1 : 0.1) synthesis, using PEG 12000 g/mol. The smallest rutile
crystallites are formed using a (1 : 0.5) synthesis and PEG 4000 g/mol. Figure 8.38
can be understood in terms of the inverse relationship between the amount of rutile
formed and its respective crystallite size for the (1 : 1) and (1 : 0.5) syntheses. The
inverse relationship was rationalised using oriented attachment and anatase crystal

stabilisation (or lack thereof) by small polymer chambers.
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8.3 Conclusions

Both (1 : 1) and (1 : 0.5) syntheses produced an average amount of rutile across all
samples of ~ 60%. This was an expected result given that water containing HNO3
was employed as the solvent for these syntheses. Rutile (1 1 0) crystallites formed in
(1:1)and (1:0.5) syntheses pre-calcination coarsened between ~ 7 — 11 nm and ~ 8
— 16 nm respectively. In samples containing a mixture of both phases, rutile
crystallites were typically larger, as expected. An imperfect inverse relationship
between the amount and size of rutile crystallites was observed for both the (1 : 1) and
(1:0.5) systems.

For the (1 : 1) system, before calcination, no peaks were observed in the PXRD
patterns generated from samples containing PEG 20000 g/mol. This was due to excess
undecomposed polymer inhibiting X-ray penetration after ignition — confirmed by
HRTEM. For all three experiments, calcination removed all polymer traces but did
not significantly contribute to phase transformation as it did to crystallite coarsening.
Post-calcination, rutile crystallites did not coarsen beyond ~ 25 nm.

HRTEM revealed the presence of anatase and rutile single crystals, and rutile
mesocrystals. Additionally, rutile nanorods forming mesocrystals were found to be

pyramidically capped and most likely single crystal in nature.

Addition of Ti** ions to PEG chains in a (1 : 1) and (1 : 0.5) ratio produced either
anatase or rutile dependent on the PEG chain length. As PEG molecular weight
increased, the amount of rutile formed in a (1 : 1) synthesis, decreased, then increased
and finally decreased. This trend was similar to the reaction performed in a (1 : 0.5)
synthesis for low and medium PEG chain length. Long chain PEG favoured rutile
formation using a (1 : 0.5) synthesis. For a (1 : 0.1) synthesis, intermediate PEG
length was found almost exclusively to favour anatase formation. Long chain PEG

produced both phases, with rutile as the major phase.

These results were explained by considering the variation in PEG decomposition,
chain entanglement, and steric entrapment afforded by high polymer concentrations.
These factors were predicated on the formation of polymer reaction chambers within
the mixture. Hence, the developing hypothesis has been modified and strengthened

based on the results of varying PEG stoichiometry and chain length.
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Chapter 9: Effects of Rapid Heating on Titania

Polymorph and Crystallite Size Formation

hapter 9 focuses on the interplay between rapid heating and PEG
stoichiometry. Thus, the primary aim of this experiment was to explore the
effects of rapid heating on the formed phase and crystallite size of titanium
dioxide. PEG-metal ion mixtures were prepared according to two Ti* to PEG
stoichiometric ratios: (1 : 1) and (1 : 0.5) — as described in chapter 8. PEG of various
molecular weights (200 — 20000 g/mol) was selected for use in the stoichiometric
syntheses. This allowed for the effects of rapid heating to be monitored as a function
of PEG stoichiometry and chain length. The results obtained will aid in better
understanding the mechanism of resin-gel synthesis particle formation under rapid

polymer degradation conditions.

Rapid heating was effected by adding homogeneous polymer mixtures to a pre-heated
vessel at 915 °C. Powdered samples were synthesised and calcined in less than 40
seconds. A short reaction time was expected, however, it does decrease the contact
time between the resins and the source of polymer degradation. Therefore, the effects
of the interplay between a high synthesis temperature and short reaction time are

noteworthy.

9.1 Experimental Procedure

The experimental procedure followed for this experiment consisted of 4 parts:
Addition of Ti ions to PEG in a (1 : 1) ratio, addition of Ti ions to PEG in a (1 : 0.5)
ratio, heat treatments, and characterisation. Resin synthesis (i.e.: parts 1 and 2) in this
experiment was conducted in exactly the same manner for PEG 1500, 3000, 6000,
10000, 12000 and 20000 g/mol as described in chapter 8. For this reason, resin

synthesis from these specified PEG molecular weights will not be described.

9.1.1 Heat Treatments
All mixtures were heated and stirred as necessary to allow for complete

homogenisation. Samples synthesised in a (1 : 1) ratio had to be heated at a higher
temperature for a longer period of time to attain homogeneity. All 12 gels were placed
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in a fume hood ~ 30 cm under two 200 W infrared light bulbs for two weeks. This
was to ensure complete solvent evaporation and resin formation. Replicate samples
were introduced by dividing each resin prior to ignition. Resins were heated
sufficiently to encourage flow prior to pyrolysis. Heating was successful in forming
molten resin-gel synthesised samples for all polymer chain lengths excluding PEG
200 and 400 g/mol. Mixtures containing PEG 200 and 400 g/mol have a tendency of
forming near solid resins that do not go through a molten intermediate when heated.
They typically ignite as a solid. For this reason, this experiment did not consider
samples synthesised from PEG 200 and 400 g/mol.

A commercially available cast iron jaffle maker (figure 9.1) was employed as the
heating vessel for this experiment. The vessel was allowed to attain thermal
equilibrium inside a muffle furnace set to 915 °C. Once the desired temperature was
acquired, the vessel was removed from the furnace and placed atop a clay brick. The
temperature at which synthesis was initiated was 900 °C < x < 915 °C on account of
the vessel cooling once removed from the furnace. Molten resin-gels were introduced
into the vessel swiftly after it was removed from the furnace. Both compartments of
the jaffle maker were used in the ignition. One compartment contained the sample,
while the other contained the respective replicate sample. The sample synthesised
using PEG 12000 g/mol ina (1 : 0.5) ratio was ignited first.

Figure 9.1: Cast iron jaffle maker employed as the heating vessel for the rapid
heat synthesis experiments. The inside surfaces of the vessel were used to heat

the resin-gels.
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Upon contact with the heated vessel, the molten resin-gel burst into flames.
Seemingly instant ignition occurred because the vessel was heated to beyond the auto-
ignition point of the mixture. Upon closer inspection, it was found that ‘droplets’ of
the resin-gel had separated from the mass and were skittering across the surface of the
vessel following initial contact. This observation was consistent with the Leidenfrost
effect’. The resin-gel sample moved to fill the area of the vessel and bubbled during
the course of its ignition. Prior to the end of ignition, there was visual evidence of
vapour escape from the sample, combined with an audible hissing sound. Ignition
occurred for < 30 seconds following which, the sample presented with a black,
appearance. Approximately 10 seconds thereafter, the sample had calcined and
presented with a distinct yellow appearance. White powders were collected once the
vessel had cooled to room temperature. These powders were either flaky or granular
in texture. This process was repeated for all resin-gels. Figure 9.2 illustrates the

ignition process from sample addition until calcination.

9.1.2 Characterisation
PXRD data was obtained using a Bruker D2 Phaser diffractometer. The setup of the

D2 Phaser was described in chapter 5, with the exception that Co Ka radiation (A =
1.7903 A) was used. Samples were analysed between 20° and 60° 20 in 0.023
increments counting for 1 second per step. A JEOL 3011 HRTEM was employed for
this investigation.
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Figure 9.2: Progression of rapid heat synthesis. (a) Initial addition of molten

resin-gel to the vessel. (b) After a few seconds, the mixture moved to fill the area
of the vessel accompanied by bubbling and sputtering. (c) Toward the end of the
ignition, vapour was emitted with an audible hissing sound. (d) A thin film of
black powder was formed post-ignition that was (e) calcined after a few seconds.
The yellow appearance of the sample gave way to white after the powder was
cooled to room temperature.
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9.2 Results and Discussion

9.2.1 Rapid heating samples prepared ina (1 : 1) ratio
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Figure 9.3: PXRD patterns of calcined samples synthesised in a (1 : 1) ratio.
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Figure 9.4: PXRD patterns of replicate calcined samples synthesised ina (1 : 1)
ratio.
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Figure 9.3 contains the diffraction patterns for samples synthesised in a (1 : 1) ratio
after rapid heat ignition. Initial comparisons of the patterns suggest that peak signal to
noise ratio decreased as PEG molecular weight increased. Weak signal to noise ratio
was observed in chapter 8 for samples synthesised in a (1 : 1) ratio using long chain
PEG. The phenomenon was rationalised by considering that pyrolysis did not
successfully remove all polymer fragments. These fragments inhibited X-ray
penetration into the crystal and therefore, reduced the peak signal to noise ratio
obtained. Calcination improved the signal to noise ratio by successfully removing all
polymer fragments and carbon from the samples. This result indicates that calcination
at 500 °C for 1 hour is more effective at removing PEG fragments and carbon
deposits from titania samples than rapid calcination on a swiftly cooling reaction

vessel.

Decreasing peak intensity does not render the experiment moot since the ratio of the
anatase (1 0 1) and rutile (1 1 0) peaks are considered per sample. Since the intensity

of both peaks decreased per sample, the ratio remained consistent.

The poor signal to noise ratio can be explained by considering that polymers typically
have lower thermal conductivity compared with metals. Thus, although the reaction
vessel was much hotter than the crucibles used in previous experiments, it is likely
that the resin-gels did not conduct all of the supplied heat. Longer chain polymers
were especially resilient to rapid heat conduction. Additionally, water present in the
mixture served as an anti-plasticizer, increasing the glass transition temperature of the
polymer chains to which it was bound®. This served to increase the endurance of the
polymer chains in a rapid, high temperature synthesis, and contributed to PEG
fragments remaining undecomposed in the collected sample. The action of water
protecting PEG is further strengthened by the observation of vapour from the mixture

prior to the end of ignition. This vapour could have originated from water.

Calculating the rate of heat transfer between the reaction vessel and resin is
complicated by the amount of metal ions bound to the PEG molecular chains. This
coupled with the multiple PEG chain lengths employed in this study, the various PEG
stoichiometries, solution additives (such as citric acid and nitric acid) and solvents
used, make correctly ascertaining and comparing rates of heat transfer a complex

study, beyond the scope of this research.
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Curiously, in this experiment analysed samples were white, suggesting that samples
did not contain carbon remnants from PEG. Accordingly, initially formed black
samples were calcined in the reaction vessel immediately following synthesis (figure
9.2e). A plausible interpretation of the physical appearance of the samples is that rapid
heat completely removed most polymer chains, while leaving others undecomposed.

PEG has a white appearance prior to decomposition.

The presence of undecomposed polymer is further supported by peak misalignment
generated from samples containing higher molecular weight PEG. In the preceding
chapters, peaks were misaligned in pre-calcined samples. Calcination served to
remove all carbon deposits causing better peak alignment. The white appearance of
the present samples coupled with peak misalignment is indicative of an entity
imparting non-uniform strain on the titania lattice. The absence of PXRD peaks
corresponding to other metals suggests that the strain is not due to metal leaching

from the jaffle maker. This will be further confirmed using HRTEM.

Except for the sample synthesised using PEG 3000 g/mol, all other samples appear to
produce both anatase and rutile, with the latter being the major phase. This is a
surprising result given that 900 °C is sufficiently hot to encourage anatase to rutile
transformations in most samples (including sol-gel synthesised powders)®. The
formation of anatase is indicative of the role of undecomposed polymer in rapid heat
synthesis.

Anatase and rutile peaks obtained from the sample synthesised using PEG 1500 g/mol
are sharp, signalling the presence of large crystallites. Peak width increases as PEG
molecular weight increases. This is indicative of the formation of smaller crystallites.
Based on the postulation of undecomposed polymer remaining in the sample, it is
possible that these coordinated polymer fragments inhibited crystallite growth. The
mechanism of inhibition could be due to polymer-metal ion complex coordination and
consequently fewer ions available to grow the developing crystallites. It could also be
due to polymer fragments protecting nucleated crystallites and shielding them from

growth.

Both of the abovementioned plausible mechanisms can be responsible for the
formation of amorphous titania. It is possible that titania nuclei develop quickly once
exposed to the reaction vessel. The poor thermal conductivity of the polymer and
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rapidly cooling vessel provide unfavourable conditions for crystallisation of anatase
and by extension rutile. In this manner, the poor signal to noise ratio may also be due

to amorphous titania present in the sample — its formation directly proportional to the
PEG chain length.

Figure 9.4 contains PXRD data from replicate samples synthesised in a (1 : 1) ratio.
Comparing figures 9.3 and 9.4, there is good agreement between the original data set
and its replicate for all samples except PEG 1500 g/mol. Samples synthesised using
PEG 1500 g/mol appear to produce varying amounts of anatase and rutile. The

variation in quantity and crystallite size will be statistically confirmed later.
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Figure 9.5: Average amount of rutile with associated crystallite size formed in a
(1 : 1) synthesis.

Figure 9.5 shows the relationship between the amount and crystallite size of rutile
formed as a function of increasing PEG chain length synthesised in a (1 : 1) ratio.
Interestingly, samples synthesised from PEG 1500 g/mol produced the least amount
of rutile (51.8%). This is in contrast to PEG 3000 g/mol that produced nearly phase
pure rutile (99.3%). Decreasing amounts of rutile were formed as PEG chain length
increased from 6000 — 20000 g/mol. Despite decreasing, rutile formation was always

> 70% for samples synthesised in this PEG chain length range. The average amount
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of rutile formed across all samples (75.3%) suggested that rutile was the preferred
phase. This was expected given that water containing HNO3 was used as the solvent

for this study.

This trend can be explained by considering that PEG 1500 g/mol is a small chain
polymer and likely forms polymer reaction chambers small enough to stabilise
anatase. PEG 3000 g/mol likely forms larger chambers favouring the transformation
of anatase to rutile. Longer chain polymers likely form the largest chambers favouring
rutile formation, however, due to the volume of polymer present in the sample ata (1 :

1) ratio, chain entanglement stabilises anatase.

The largest error in the data (6.4%) was present for the sample synthesised using PEG
1500 g/mol. This is due to both samples displaying a near 50/50 mix of anatase and
rutile (as evidenced in figures 9.3 and 9.4). Error bars were generated by adding 4%
of the average amount of anatase formed to the standard deviation of the replicate

analyses.

PEG 1500 g/mol was responsible for the formation of the largest crystallites (73.8
nm). This is in contrast to the other PEG chain lengths that resulted in the formation
of crystallites between ~ 13 — 16 nm. Average rutile crystallite size obtained from
samples synthesised using PEG 3000 — 20000 g/mol was ~ 14.5 nm. The average
rutile crystallite size produced across the range of PEG chain lengths was 24.4 nm.
Large rutile crystallites formed from PEG 1500 g/mol is surprising. The high
temperature synthesis likely caused nucleated rutile to coarsen due to a lack of
protection by the short chain PEG 1500 g/mol.

The greatest error in the data was present for the sample synthesised using PEG 1500
g/mol (7.0 nm). Error bars were generated from the standard deviation of the replicate

synthesis.

PEG 1500 g/mol produced both the smallest amount of and the largest rutile
crystallites. The remaining PEG molecular weights produced rutile as the major phase
and smaller crystallites. This is indicative of an inverse relationship between the size
and amount of rutile formed as a function of increasing PEG chain length. As
previously discussed the formation of polymer reaction chambers within the mixture
and oriented attachment between titania crystallites can lead to the observation of this

inverse trend.
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Anatase crystallite size data was obtained from samples containing PEG 1500 g/mol,
and 6000 — 20000 g/mol PEG. This data is represented in figure 9.6. From figure 9.6,
it appears that anatase crystallite size is directly proportional to the amount of anatase
formed per sample, as a function of increasing PEG molecular weight. The largest
crystallites (43.4 nm) were obtained from PEG 1500 g/mol. This sample also
produced the most amount of anatase (48.2%). PEG 6000, 10000, and 12000 g/mol
produced similar sized anatase crystallites (14.5 nm, 13.7 nm, and 13.7 nm
respectively). These samples also produced similar amounts of anatase (22.7%, 21.3%
and 24.9% respectively). Anatase crystallites did not increase in size corresponding
with an increase in the amount of anatase formed in the sample containing PEG 20000
g/mol. This suggests that the directly proportional relationship between amount and
size of anatase crystallites deviated for samples containing high molecular weight
PEG.
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Figure 9.6: Average amount of anatase with associated crystallite size formed in
a (1:1) synthesis.

A similar relationship between the amount and size of anatase crystallites was
observed in chapter 8, for samples synthesised in a (1 : 1) ratio. The result was

explained by considering that PEG of different molecular weights produced chambers
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of different sizes. It was postulated that chains of PEG 1500 g/mol will undergo
scission to form small reaction chambers stabilising the anatase phase therefore
reducing rutile transformation. Anatase crystal growth is then expected. Longer chain
PEG’s produce larger chambers that do not stabilise the anatase phase sufficiently.
Therefore, rutile is nucleated. Rutile nucleation occurs at the expense of anatase
growth. High molecular weight PEG forms more anatase than intermediate chain PEG
owing to the volume of PEG added ina (1 : 1) ratio. A large volume of PEG is likely
to undergo entanglement and stabilise anatase to an extent. Therefore, evidence of a
directly proportional relationship between the amount and size of anatase formed is
favourable to the current narrative involving the creation of polymer reaction

chambers.

Peculiarly, the largest anatase crystallites coarsened to 43.4 nm. Because PEG 1500
g/mol is a small chain polymer, it is likely that the reaction chambers formed from it,
decomposed rapidly and completely during ignition. Therefore, only a portion of the
sample was constrained into forming anatase before complete polymer degradation.
Gopal et al showed that rapid heating statistically favoured the formation of anatase’.
Given that this study employed the use of rapid heating, nucleated anatase continued

to coarsen by taking up material from the mixture.

It is interesting to note that the behaviour of anatase was similar for a (1 : 1) system
regardless of the heating method used. Therefore, polymer stoichiometry is a greater
determinant of phase and crystallite size than heating rate. This is an expected result
given the poor thermal conductivity of PEG, protection against rapid thermal
degradation of PEG afforded by water, and the rapid completion of the reaction in this
study. The caveat to the similarity between the two systems is rapid heating PEG 1500
g/mol produced approximately 50% by mass of anatase. This was in contrast to the
near phase pure anatase formed using conventional heating of a (1 : 1) system
containing PEG 1500 g/mol. This difference was justified considering that rapid
heating likely degraded small polymer chambers swiftly, inhibiting complete anatase
formation, and encouraging crystallite coarsening. The directly proportional
relationship between mass percentage and crystallite size of anatase was not observed

for any heating method in a volumetric addition of PEG to Ti" ions.

Figure 9.7 compares the average rutile (1 1 0) and anatase (1 0 1) crystallite size

synthesised in a (1 : 1) ratio as a function of increasing PEG molecular weight. The
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figure does not contain any data generated from PEG 3000 g/mol as this polymer
chain length resulted in the formation of nearly phase pure rutile. As expected, for any
given PEG chain length, rutile crystallites were larger than anatase crystallites. For
PEG molecular weight between 6000 — 20000 g/mol, rutile crystallites appear to be
proportionally larger than anatase. This is not the case for the sample synthesised
using PEG 1500 g/mol as it contains significantly larger rutile than anatase

crystallites.
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Figure 9.7: Comparison between the size of anatase and rutile crystallites formed
ina(1:1)synthesis.

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix G.

HRTEM images corresponding to the sample synthesised using PEG 3000 g/mol in a
Ti* : PEG ratio of (1 : 1) follow (figures 9.8 — 9.12).

From figure 9.8, it can be argued that since (0 0 1) is the documented anisotropic
growth axis of rutile®, steps on this axis are the likely source of crystal growth. The

longer arrows toward the top of the image show the positions of oriented attachment.
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In this experiment, oriented attachment could have occurred between 2 anatase
crystals that nucleated rutile. Oriented attachment could have also occurred between 2

rutile crystals in an attempt to reduce total energy by stabilising dangling bonds.

Figure 9.8: (PEG 3000 g/mol in a Ti* : PEG ratio of (1 : 1)). Single rutile

crystallite in the (0 0 1) orientation. The short arrows on the right indicates the

position of steps on the right side of the crystal. This crystal measures 15.69 nm
down its length and 11.87 nm across its width. Long arrows toward the top of the
image point to the position of oriented attachment. This is especially visible on
the left side of the image where the 2D lattice fringes appear to merge with the
1D fringes from another crystal.
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10 nm

Figure 9.9: (PEG 3000 g/mol in a Ti" : PEG ratio of (1 : 1)). Single rutile crystal
in the (0 1 0) or (1 0 0) orientation. Notice the inconsistent shape of this
anisotropic shaped crystal. It measures ~ 23 nm top to bottom and ~ 15 nm along
its width. The semi-amorphous ring may be attributed to residual carbon or

polymer components.
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Figure 9.10: (PEG 3000 g/mol in a Ti" : PEG ratio of (1 : 1)). Rutile mesocrystals

were evident in this sample. This superstructure appears to be slightly

fragmented along its centre. It has a diameter of ~ 500 nm.
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Figure 9.11: (PEG 3000 g/mol in a Ti* : PEG ratio of (1 : 1)). The tip of a rutile
mesocrystal measuring ~ 16 nm across its width and more than 23 nm across its
length. Rutile was confirmed by measuring the distance between peaks (0.33 nm)

generated in the line profile. The tip of this crystal is inconsistent and shows a

degree of tapering.

Page | 280



The large rutile nanorod size obtained in figure 9.12 was unusual as previously
imaged rutile nanorods comprising mesocrystals measured < 10 nm across. Rutile
coarsening in this study is likely due to rapid heating. The curved nanorod tip
observed in this figure was explained by considering that rapid heating caused the
crystal to coarsen uniformly along its tip. The mechanism of rutile mesocrystal
formation suggests that anatase transforms into rutile within the reaction chamber (as
previously described). Multiple rutile crystals serve as mesocrystal seed particles and

coarsen anisotropically along (0 0 1).

Figure 9.12: (PEG 3000 g/mol in a Ti* : PEG ratio of (1 : 1)). Well-defined rutile

nanorod imaged at the tip of a mesocrystal. This crystal was aligned along (1 1 1)
and measured ~ 18 nm across its width and over 22 nm down its length. The tip
is also curved rather than flat as previously described’. From this image, it
appears that the nanorod is made up of a single anisotropic crystal.

Page | 281



9.2.2 Addition of Tiionsto PEG ina (1 : 0.5) Ratio
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Figure 9.13: PXRD patterns of calcined samples synthesised in a (1 : 0.5).

Figure 9.13 shows the PXRD patterns collected form samples synthesised in a (1 :
0.5) ratio. The decrease in signal to noise ratio proportional to PEG molecular weight
is not as pronounced at this ratio as it was for a (1 : 1) synthesis. For the (1 : 1)
synthesis, poor PEG thermal conduction and water induced protection of PEG chains
was considered to explain the poor signal to noise ratio. A better signal to noise ratio
for samples synthesised using longer chain PEG in a (1 : 0.5) ratio is expected as there
are fewer polymer chains present in all samples. Therefore, there should be a reduced
presence of undecomposed polymer in all samples relative to those synthesised in a (1

: 1) ratio.

Peak misalignment is characteristic of non-uniform lattice strain. As discussed above,

this strain is most likely due to the presence of undecomposed polymer in the sample.

Samples synthesised from PEG 6000, 10000 and 20000 g/mol produce both anatase
and rutile as the minor and major phases respectively. This is in contrast to samples
produced from PEG 3000 g/mol that appear to contain mainly rutile. Samples
synthesised from PEG 1500 g/mol and 12000 g/mol produce both anatase and rutile as

the major and minor phases respectively.
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There appears to be good correlation between the original samples and their replicates
as given in figure 9.14. Unlike for the (1 : 1) system, PEG 1500 g/mol produced
anatase as the major phase for both the original and replicate sample. Peak

misalignment is evident in the replicate data set.
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Figure 9.14: PXRD patterns of replicate calcined samples synthesised in a (1 :
0.5) ratio.

Figure 9.15 depicts the relationship between the amount and size of rutile crystallites
formed in a (1 : 0.5) ratio, as a function of increasing PEG molecular weight. Samples
synthesised from PEG 1500 g/mol and 12000 g/mol produced the least amount of
rutile (41.1% and 35.7% respectively). This is in contrast to PEG 3000 g/mol that
produced phase pure material. The remaining samples (PEG 6000, 10000 and 20000
g/mol) favoured rutile formation. The average amount of rutile formed across all
samples (71.7%) indicated that this system was biased toward rutile formation. This
was an expected finding. Error bars were generated as previously described, and

indicate good reproducibility.

Data obtained from the samples synthesised using PEG 1500 — 10000 g/mol and PEG
20000 g/mol can be rationalised by considering that short chain polymers produce

small reaction chambers that stabilise anatase. Increasing chain length forms larger
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chambers that allow for rutile nucleation. Larger chambers are unstable and break
apart into smaller chambers. Additionally, the large volume of polymer present at
high stoichiometric ratios should stabilise anatase. Therefore, long chain polymers

produce a mixture of phases.
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Figure 9.15: Average amount of rutile with associated crystallite size formed in a
(1 : 0.5) synthesis.

The data obtained from PEG 12000 g/mol is peculiar. According to the current model,
PEG 12000 g/mol should produce a mixture of anatase and rutile with the latter as the

major phase. Evidently, this does not occur — with excellent reproducibility.

The generation of this erratic data point could be due to this present sample being the
first to be ignited in the newly acquired jaffle maker. The manufacturers’
specifications pertaining to this specific jaffle maker could not be obtained. However,
cast iron cooking equipment is typically treated by the manufacturer. This treatment is
usually a bio-adhesive, water soluble, polymer such as shellac®. Shellac is a linear,
coordinating, straight chain polyester®. During heat curing, esterification occurs
between shellac chains forming an infusible 3D structure. It is therefore possible that
this structure was present during the initial use of the jaffle maker and interacted with
the resin-gel during ignition. Other treatments include the use of polymerised
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vegetable fat™. As previously described in chapter 7, additional solvent components

can stabilise the anatase phase, inhibiting rutile formation.

Interestingly, the largest rutile crystallites (57.7 nm) were obtained from the sample
synthesised using PEG 1500 g/mol. PEG 3000, 10000, and 20000 g/mol produced
rutile crystallites in the size range of 14.5 — 17.5 nm). The average rutile crystallite
size across the range of all samples equalled 24.2 nm. Error bars (generated as

described previously) imply excellent reproducibility.

There is an imperfect inverse relationship between the amount of rutile formed and its
respective crystallite size. Crystallite size is greater in samples that contain less rutile
by mass. Although this relationship is valid for PEG 12000 g/mol, according to the
current model of polymer based reaction chamber formation, crystallites formed in
this sample were expected to be larger, given the small mass percentage of rutile
formed. However, considering that other reaction components may be stabilising
formed anatase, smaller anatase, and by extension smaller rutile crystallites are
expected. This relationship was also observed for the (1 : 1) system and rationalised
using oriented attachment and the formation of reaction chambers.

Figure 9.16 shows the relationship between the amount and size of anatase crystallites
formed as a function of increasing PEG molecular weight synthesised in a (1 : 0.5)
ratio. Note that this data set does not include PEG 3000 g/mol as this sample produced
insufficient anatase for an accurate measurement of crystallite size to be made. As
was evident for the (1 : 1) system, anatase crystal size appears to be correlated with
the mass percentage of anatase contained within a sample. This is mainly true for
samples synthesised from PEG 1500 — 6000 g/mol, and PEG 20000 g/mol.
Interestingly, anatase (1 O 1) crystallites generated from the sample containing PEG
1500 g/mol measured 30.4 nm. This is expected considering that PEG 1500 g/mol is a
short chain polymer that likely decomposed swiftly leaving nucleated anatase

crystallites unprotected against coarsening.

For the sample synthesised using PEG 12000 g/mol, anatase crystallites were small
(9.7 nm) when the mass percentage of anatase was high (64.3%). The mass
percentage of anatase formed represents an irregular result and is likely due to the

presence of a polymeric coating on the reaction vessel. As observed in chapter 7,
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coordinating solvent additives stabilise the anatase phase while simultaneously

hindering growth of anatase crystallites.
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Figure 9.16: Average amount of anatase with associated crystallite size formed in
a (1:0.5) synthesis.

Figure 9.17 compares the size of anatase (1 0 1) and rutile (1 1 0) crystallites obtained
from samples synthesised in a (1 : 0.5) ratio. No crystallite size data from PEG 3000
g/mol is presented as this sample produced insufficient anatase to make a direct
comparison. As expected, rutile crystallites were larger than anatase crystallites for
any given PEG molecular weight. Unlike for samples synthesised in a (1 : 1) ratio,
rutile crystallites did not coarsen in proportion to anatase crystallites. This was
evidenced by larger rutile crystallites formed in samples containing PEG 1500 and
12000 g/mol.

Tables showing the amount of each phase and crystallite size obtained for each

sample with averages and errors are given in appendix G.

HRTEM images corresponding to the sample synthesised using PEG 1500 g/mol in a
Ti* : PEG ratio of (1 : 0.5) follow (figures 9.18 — 9.19). Figures 9.20 and 9.21 were
generated from the sample synthesised using PEG 6000 g/mol in a (1 : 0.5) ratio.
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Figure 9.17: Comparison between the size of anatase and rutile crystallites
formed in a (1 : 0.5) synthesis.

Page | 287



1900 - O.35 nm
R
1 800 -
=
= 1700 -
= |
g 1
=
1600 u “ h
1500 -
o T T T v T v T T T v T 1
o 2 B 6 s 10 12 14 16 18

Distance (nm)

Figure 9.18: (PEG 1500 g/mol in a Ti+ : PEG ratio of (1 : 0.5)). Well-defined
single crystal. This crystal measured ~ 30 nm across its width and ~ 27 nm top to
bottom. 2D lattice fringes were not obtained from this crystal, however, a line
profile revealed the lattice spacing to be 0.35 nm and is consistent with anatase in
the (1 0 1) orientation’.
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Figure 9.19: (PEG 1500 g/mol in a Ti+ : PEG ratio of (1 : 0.5)). Rutile crystallite

in the (1 1 1) orientation. This crystallite measured ~ 34 nm top to bottom and ~

30 nm across its width. The crystal appears to be tapered toward the tip and is

characteristic of rutile nanorods comprising mesocrystals.
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Figure 9.20: (PEG 6000 g/mol in a Ti+ : PEG ratio of (1 : 0.5)). Rutile crystal
presenting with a tapered tip. Interestingly, this particular crystal did not form
part of a mesocrystal. This crystal measured ~ 23 nm across its width and over

27 nm down its length. Rutile was confirmed by measuring the distance between

peaks in the line profile.
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The amorphous content surrounding the crystal in figure 9.21 was unlikely amorphous
titania as amorphous content readily crystallises in the presence of titania crystals™.
Additionally, amorphous titania readily converts to anatase at relatively low
temperatures'. Therefore, the amorphous content surrounding the crystal was most
probably a form of carbon. Carbon had originated from PEG chains. This is
confirmation of the poor signal to noise ratio witnessed in the PXRD patterns of

samples synthesised from long chain PEG.

10 nm

Figure 9.21: (PEG 6000 g/mol in a Ti+ : PEG ratio of (1 : 0.5)). Tapered tip of a
rutile crystal along (1 1 1). The insert shows the crystal at lower magnification in
relation to other crystals. This crystal did not form part of a mesocrystal despite
possessing the characteristics of a rutile nanorod in a mesocrystal. The crystal
measured ~ 20 nm across its width and at least 18 nm from top to bottom.
Amorphous material surrounded the crystal.
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9.2.3 Comparison of the Effects of Rapid Heating
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Figure 9.22: Effects of different heating rates on the mass percentage of rutile

formed in different experiments.
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Figure 9.22 compares the effects of different heating methods on the amount of rutile
formed in samples containing various amounts of polymer, as a function of increasing
PEG chain length. Only samples that allowed for a direct comparison of the mass
percentage of rutile formed were included, for all non-rapid heat synthesised samples.
Conventional heating data at different stoichiometric ratios was obtained from chapter
8. Forced heating data was obtained from volumetrically prepared samples (chapter
6). All data presented in figure 9.22 was generated from samples prepared using water
containing HNOs as the solvent.

For samples synthesised using rapid heating, a (1 : 1) ratio resulted in an average
amount of 75.3% rutile formed across all samples. This was 3.6% more than the
average amount of rutile formed across all samples synthesised in a (1 : 0.5) ratio. The
similarity in the amount of rutile formed is largely due to PEG 1500, 3000, and 10000
g/mol producing similar amounts of rutile using both synthesis ratios. PEG 6000
g/mol formed slightly more rutile when present in a (1 : 0.5) ratio. Higher PEG
molecular weight produced more rutile when present in a (1 : 0.5) ratio thanina (1 :
1) ratio. The biggest deviation in the amount of formed rutile between the (1 : 1) and
(1 : 0.5) systems existed for samples synthesised using PEG 12000 g/mol. As
previously explained, during ignition of the (1 : 0.5) synthesised sample, polymer

coatings on the surface of the jaffle maker likely promoted anatase formation.

Excluding the sample formed using PEG 12000 g/mol in a (1 : 0.5) system, all other
results can be explained using the current hypothesis of the formation of reaction
chambers — as previously explained. Significant variation between the (1 : 1) and (1 :
0.5) system accrue for samples synthesised using long chain polymers. This is due to
the volume of PEG in a (1 : 1) system causing significantly more chain entanglement

and consequently resulting in the protection and stabilisation of formed anatase.

The similarities in the amounts of rutile formed as a function of increasing PEG
molecular weight between rapid and conventional heating of both the (1 : 1) and (1 :
0.5) systems, indicates that the polymer chain length significantly contributed to the
phase formed. The amount of rutile formed using both heating systems was initially
low for low molecular weight PEG, increased with increasing PEG molecular weight
and then decreased as PEG chain length was further increased. This behaviour was
explained using the formation of polymer reaction chambers. The systems deviate in

terms of the absolute amount of rutile formed per PEG chain length. For example, for
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PEG 1500 and 3000 g/mol, more rutile was formed using rapid rather than
conventional heating. Both systems formed similar amounts of rutile using PEG 6000
g/mol. For PEG 10000 g/mol, more rutile was formed using conventional rather than
rapid heating.

These differences are likely due to rapid heating decreasing the probability of the
system acquiring thermal equilibrium — especially given that PEG is a poor thermal

conductor further stabilised against decomposition by water.

Samples synthesised using long chain polymers appeared to be more manipulated by
the volume of polymer in the system than heating rate. This was confirmed by PEG
20000 g/mol producing more rutile for the (1 : 0.5) system than for the (1 : 1) system,

regardless of the heating method used.

Data obtained from forced heating samples prepared in a volumetric manner do not
correlate with conventional or rapid heating samples prepared in a stoichiometric
manner. Polymer reaction chambers form using both stoichiometric and volumetric
preparation methods. However, since in volumetric addition, the total volume of
polymer added to metal ions is equivalent for all polymer chain lengths, there is no
driving force for the formation of sterically constrained polymer reaction chambers.
Forced heating simply enhances the probability of chain cleavage at specific points
along the chain. Using volumetric addition, shorter chains are encouraged to form
smaller chambers and longer chains are encouraged to form larger chambers. These

allow for the formation of anatase and rutile respectively.

Figure 9.23 shows the variation in rutile crystallite size formed using different heating
methods, as a function of increasing PEG molecular weight. The figure was prepared
in the same manner as figure 9.22. Additionally, crystallite size data was obtained

from calcined samples.

For PEG 1500 and 3000 g/mol, rutile crystallites prepared using rapid heating were
larger in the (1 : 1) system than in the (1 : 0.5) system. All others polymer chain
lengths (excluding PEG 12000 g/mol) produced similar sized rutile crystallites in both
the (1 : 1) and (1 : 0.5) systems. The average rutile crystallite size across all samples
was 24.2 nm for both systems synthesised using rapid heating. These results are
unsurprising given that the mass percentage of rutile formed in both systems was

similar.
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Figure 9.23: Effects of different heating rates on rutile crystallite size formed in

different experiments.

Rutile crystallites generated using rapid heating and PEG 1500 g/mol were large

compared with conventional synthesis of stoichiometrically prepared samples. This
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was expected considering that the short chain likely degraded during rapid heating,
causing formed rutile to coarsen significantly. Long chain polymers formed larger
rutile crystallites when samples were ignited using conventional heating, regardless of
the stoichiometry of the system. This was an unexpected result and suggested that
longer chain undecomposed polymers shield the growing rutile nanocrystals during

the swift rapid heat reaction.

Using forced heating, long chain polymers produce rutile crystallites of a size between
those formed using rapid and conventional heating. All systems displayed an inverse
relationship between the mass percentage and rutile crystallite size formed as a
function of PEG molecular weight. The variation in rutile crystallite size indicates that

the degree of inverse correlation changes depending on the system.
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Figure 9.24: Effects of rapid heating on anatase crystallite size formed ina (1 : 1)
and (1 : 0.5) synthesis.

Figure 9.24 shows similar sized anatase crystallites formed for samples containing
PEG 6000 — 20000 g/mol using rapid heating and both (1 : 1) and (1 : 0.5) synthesis.
Larger anatase crystallites were formed using PEG 1500 g/mol in a (1 : 1) synthesis

compared with a (1 : 0.5) synthesis.
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9.3 Conclusions

For samples synthesised in a (1 : 1) ratio, PXRD peak intensity decreased drastically
as the polymer chain length was increased. While this did not impact the results
obtained from the experiment, it did suggest that an entity was inhibiting X-ray
penetration into the sample. Based on the white colour of the sample and peak
misalignment, it was concluded that undecomposed polymer is the likely cause of
decreasing peak intensity. Peak intensity did not decrease as much for the (1 : 0.5)

system.

Further, it was concluded that the rapidly cooling vessel, low thermal conductivity of
the polymer combined with the added thermal protection afforded by hydrogen
bonded water molecules caused some polymer chains to remain undecomposed in the
final samples. This was not the case for short chain PEG 1500 g/mol that likely

decomposed rapidly forming large crystallites of anatase and rutile.

The average amount of rutile formed across all samples synthesised in both a (1 : 1)
and (1 : 0.5) manner was > 71%. This was expected as synthesis was conducted in
water containing HNO3. PEG 3000 g/mol produced phase pure rutile irrespective of
the stoichiometry used. PEG 1500 g/mol resulted in the formation of the largest
anatase crystallites in both systems: 73.8 nm for the (1 : 1) system and 57.7 nm for the
(1 : 0.5) system. For the remaining PEG chain lengths, rutile (1 1 0) crystallites
formed in (1: 1) and (1 : 0.5) syntheses coarsened between 13.7 — 16.0 nm and 14.5 —
24.2 nm respectively. Rutile crystallites were larger than anatase crystallites in all
samples containing a significant mixture of both polymorphs. Both systems displayed
an imperfect inverse relationship between the amount of rutile formed and its
respective crystallite size. Additionally, there was a direct correlation between the
amount and size of anatase crystallites formed. Both relationships fit into the
developing model of the formation of polymer reaction chambers.

HRTEM revealed the presence of well-defined rutile and anatase crystals, as well as
rutile mesocrystals. Moreover, most anisotropic rutile crystals displayed tapered tips
and were single crystal in nature. This suggested that the mechanism of rutile
mesocrystal formation was anatase transforming into rutile crystals within a large
polymer reaction chamber. Depending on the size of the polymer chamber,
transformed rutile could serve as seed particles and grow anisotropically along (0 0 1)
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to form superstructures. Each nanorod was likely to consist of a single anisotropic
rutile crystal. The tip of some nanorods comprising mesocrystals took on a non-
tapered, non-pyramidal, non-flat, curved appearance. This is the first observation of
such nanorods. HRTEM also revealed the presence of amorphous material
surrounding the rutile crystal. This material was most likely carbon based and

originated from undecomposed PEG chains.

For rutile formed using long chain polymers, rapid heating was a greater determinant
of crystallite size, compared with PEG stoichiometry that was a greater determinant of
the mass percentage of rutile formed. Differences between crystallite sizes formed

using both heating methods were small.

The current model involving the formation of PEG reaction chambers of various sizes
was successfully applied to the data generated in this chapter. Additionally, the model
was refined to consider the effects on undecomposed polymer on the formation of

anatase and rutile.

9.4 References
1.  Gottfried, B. S., Lee, C. J. & Bell, K. J. The leidenfrost phenomenon: film

boiling of liquid droplets on a flat plate. International Journal of Heat and Mass

Transfer 9, 1167 — 1188 (1966).

2. Vlachopoulos, J. & Strutt, D. Basic Heat Transfer and Some Applications in
Polymer Processing. in Plastics Technician’s Toolbox 2, 21 — 33 (Society of

Plastics Engineers, 2002).

3. Graham, N. B., Zulfigar, M., Nwachuku, N. E. & Rashid, A. Interaction of
poly(ethylene oxide) with solvents: 2. Water-poly(ethylene glycol). Polymer 30,

528 — 533 (1989).

4.  Hanaor, D. A. & Sorrell, C. C. Review of the anatase to rutile phase

transformation. Journal of Materials Science 46, 855 — 874 (2011).

Page | 298



10.

11.

Gopal, M., Chan, W. J. M. & De Jonghe, L. C. Room temperature synthesis of

crystalline metal oxides. Journal of Materials Science 32, 6001 — 6008 (1997).

Kakiuchi, K., Hosono, E., Imai, H., Kimura, T. & Fujihara, S. {1 1 1}-faceting
of low-temperature processed rutile TiO2 rods. Journal of Crystal Growth 293,

541 — 545 (2006).

Mao, Y., Kanungo, M., Hemraj-Benny, T. & Wong, S. S. Synthesis and Growth
Mechanism of Titanate and Titania One-Dimensional Nanostructures Self-
Assembled into Hollow Micrometer-Scale Spherical Aggregates. Journal of

Physical Chemistry B 110, 702 — 710 (2006).

Baboo, B. & Goswami, D. N. Processing, Chemistry and Applications of Lac.

(Indian Council of Agricultural Research, 2010).

Barnes, C. E. Chemical Nature of Shellac. Industrial and Engineering

Chemistry 30, 449 — 451 (1938).

Canter, S. Sheryl’s Blog. Chemistry of Cast Iron Seasoning: A Science-Based

How-To

Zhang, H. & Banfield, J. F. Kinetics of Crystallization and Crystal Growth of
Nanocrystalline Anatase in Nanometer-Sized Amorphous Titania. Chemistry of

Materials 14, 4145 — 4154 (2002).

Page | 299



Chapter 10: Effects of Precursor Variation on
Titania Polymorph and Crystallite Size

Formation

uilding on the developing hypothesis for the mechanism of particle
formation using resin-gel synthesis, this chapter focuses on the role of the
titanium ion precursor in titania phase selectivity and crystallite size
formation. To this end, six different Ti ion containing precursors were used: titanium
(IV) oxysulfate, titanium (IV) isopropoxide, titanium (IV) 2-ethylhexyloxide, titanium
diisopropoxide bis (acetylacetonate), titanium (IV) bis (ammonium lactato)
dihydroxide, and titanium (IV) (triethanolaminato) isopropoxide. All precursors

employed in this study have Ti ions bonded directly to oxygen (in contrast to TiCl,).

Previous chapters showed that metal ion hydroxyl complexes formed between
precursor TiCls and solvent generated OH". PEG chains then coordinated to these
complexes forming reaction chambers of various sizes dependent on the amount of
polymer used and the heating rate. Solution additives such as citric acid favoured the
exclusive formation of anatase. Based on the results obtained using ethanol (chapter
5) and citric acid (chapter 7), increasing the size of the ligands attached to the titanium
ion precursor is likely to have a similar effect of encouraging anatase formation. If
anatase is formed exclusively, it is likely due to protecting effects afforded by the
precursor ligands. If anatase is not formed exclusively, the results obtained from this
chapter will allow for comments to be made concerning the formation of metal

hydroxyl species and polymer coordination.

10.1 Experimental Procedure

The synthesis procedure involved addition of the respective metal ion precursor to
excess distilled water containing 55% HNO; if required. The volume of distilled
water added to each solution equalled 12 times the volume of precursor used. If
required, the volume of 55% HNO; added to each solution equalled 2 times the
volume of precursor used (the inclusion or omission of HNOs is specified in sections
10.1.1 — 10.1.6 as they relate to individual metal ion containing precursors). After

stirring induced homogeneity was achieved, stoichiometric quantities of PEG chains
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with molecular weights between 200 — 20000 g/mol were added to each beaker

containing the metal ion solution (Ti* : PEG = 1: 0.5).

10.1.1 Titanium (IV) oxysulfate synthesis
The abbreviation ‘TiOxS’ is designated to titanium (IV) oxysulfate — TiIOSO, —

(15% in H,SO,4, Aldrich, figure 10.1) and used throughout this chapter. Quantities of
the precursor and PEG of various molecular weights used are included in table 10.1.

HNO3 was not employed in this synthesis.

Figure 10.1: Structural representation of titanium (1V) oxysulfate.

Table 10.1: TiOxS and PEG added to achieve a (1 : 0.5) stoichiometry.

Batch
number m
66.66 0.08508 200 0.04254 8.5083
' 66.66 0.08508 400 0.04254 17.0167
6.66 0.00851 1500 0.00425 6.3812
6.66 0.00851 3000 0.00425 12.7625
2 6.66 0.00851 4000 0.00425 17.0167
6.66 0.00851 6000 0.00425 25.5251
6.66 0.00851 8000 0.00425 34.0335
0.66 0.00085 10000 0.00043 4.2541
3 0.66 0.00085 12000 0.00043 5.1050
0.66 0.00085 20000 0.00043 8.5083
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10.1.2 Titanium (I1V) isopropoxide synthesis
The abbreviation ‘Ti-isopro’ is designated to titanium (IV) isopropoxide -

Ti[OCH(CHs)2]4 — (= 97%, Aldrich, figure 10.2) and used throughout this chapter.
Quantities of the precursor and PEG of various molecular weights used are included

in table 10.2. HNO3; was employed in this synthesis.

CHa

CH3

Figure 10.2: Structural representation of titanium (1V) isopropoxide.

Table 10.2: Ti-isopro and PEG added to achieve a (1 : 0.5) stoichiometry.

Ti-isopro

mols

5.0 0.017 200 0.0084 1.6710
' 5.0 0.017 400 0.0084 3.3420
2.0 0.0067 1500 0.0033 5.0130
2.0 0.0067 3000 0.0033 10.0260
2 2.0 0.0067 4000 0.0033 13.3680
2.0 0.0067 6000 0.0033 20.0520
2.0 0.0067 8000 0.0033 26.7360
0.2 0.00067 10000 0.00033 3.3420
3 0.2 0.00067 12000 0.00033 4.0104
0.2 0.00067 20000 0.00033 6.6840
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10.1.3 Titanium (1V) 2-ethylhexyloxide synthesis
The abbreviation ‘Ti-EHOx’ is designated to titanium (IV) 2-ethylhexyloxide —

Ti[OCH,CH(C2Hs)(CH,)3CHsls — (95%, Aldrich, figure 10.3) and used throughout
this chapter. Quantities of the precursor and PEG of various molecular weights used

are included in table 10.3. HNO3 was used in this synthesis.

S
ST

Figure 10.3: Structural representation of titanium (1V) 2-ethylhexyloxide.

Table 10.3: Ti-EHOx and PEG added to achieve a (1 : 0.5) stoichiometry.

Ti-EHOX ‘ PEG Mn ‘
Batch
umber ] mols g/mol

30.0 0.0492 200 0.0246 4.9243

' 30.0 0.0492 400 0.0246 9.8486
5.0 0.0082 1500 0.0041 6.1553

5.0 0.0082 3000 0.0041 12.3107

2 5.0 0.0082 4000 0.0041 16.4143
5.0 0.0082 6000 0.0041 24.6215

5.0 0.0082 8000 0.0041 32.8286

1.0 0.0016 10000 0.00082 8.2071

3 1.0 0.0016 12000 0.00082 9.8486
1.0 0.0016 20000 0.00082 16.4143
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10.1.4 Titanium diisopropoxide bis(acetylacetonate) synthesis
The abbreviation ‘Ti-AcAc’ is designated to titanium (IV) diisopropoxide

bis(acetylacetonate) — [(CH3),CHO],Ti(CsH702), — (75% in isopropanol, Aldrich,
figure 10.4) and used throughout this chapter. Quantities of the precursor and PEG of

various molecular weights used are included in table 10.4. HNO3; was used in this

synthesis.
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Figure 10.4: Structural representation of titanium diisopropoxide

bis(acetylacetonate).

Table 10.4: Ti-AcAc and PEG added to achieve a (1 : 0.5) stoichiometry.

Ti-AcAc
mols

22.20 0.04548 200 0.02274 4.5480

' 22.20 0.04548 400 0.02274 9.0961

4.44 0.00910 1500 0.00455 6.8220
4.44 0.00910 3000 0.00455 13.6114
2 4.44 0.00910 4000 0.00455 18.1922
4.44 0.00910 6000 0.00455 27.2883
4.44 0.00910 8000 0.00455 36.3844

0.88 0.0018 10000 0.00091 9.0961
3 0.88 0.0018 12000 0.00091 10.9153
0.88 0.0018 20000 0.00091 18.1922
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10.1.5 Titanium (IV) bis (ammonium lactato) dihydroxide solution synthesis
The abbreviation ‘Ti-AmOH’ is designated to titanium (IV) bis (ammonium lactato)

dihydroxide — [CH3CH(O-)CO,NH,],Ti(OH), — (50% in water, Aldrich, figure 10.6) and
used throughout this chapter. Quantities of the precursor and PEG of various

molecular weights used are included in table 10.6. HNO3; was not employed in this

synthesis.
OH
O'-\. /.l'D
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Figure 10.5: Structural representation of titanium (IV) bis (ammonium lactato)

dihydroxide solution.

Table 10.5: Ti-AmOH and PEG added to achieve a (1 : 0.5) stoichiometry.

Ti-AmOH
Batch
number

21.89 0.04548 200 0.02274 4.5480

' 21.89 0.04548 400 0.02274 9.0960
4.38 0.00910 1500 0.00455 6.8251
4.38 0.00910 3000 0.00455 13.6502

2 4.38 0.00910 4000 0.00455 18.2003
4.38 0.00910 6000 0.00455 27.3005
4.38 0.00910 8000 0.00455 36.4007
0.88 0.0018 10000 0.00091 9.1417

3 0.88 0.0018 12000 0.00091 10.9700
0.88 0.0018 20000 0.00091 18.2834
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10.1.6 Titanium (1V) (triethanolaminato) isopropoxide synthesis
The abbreviation ‘Ti-EApro’ is designated to titanium (IV) (triethanolaminato)

isopropoxide — CgH1gNO4Ti — (80% in isopropanol, Aldrich, figure 10.5) and used
throughout this chapter. Quantities of the precursor and PEG of various molecular

weights used are included in table 10.5. HNO3 was not used in this synthesis.

CHs
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Figure 10.6: Structural representation of titanium (IV) (triethanolaminato)

Q

isopropoxide.

Table 10.6: Ti-EApro and PEG added to achieve a (1 : 0.5) stoichiometry.

Ti-EApro
Batch
Sumber ] mols

13.24 0.004548 200 0.02274 4.5486

' 13.24 0.004548 400 0.02274 9.0972
2.65 0.00910 1500 0.00455 6.8281
2.65 0.00910 3000 0.00455 13.6562

2 2.65 0.00910 4000 0.00455 18.2082
2.65 0.00910 6000 0.00455 27.3124
2.65 0.00910 8000 0.00455 36.4165
0.53 0.0018 10000 0.00091 9.1041

3 0.53 0.0018 12000 0.00091 10.9249
0.53 0.0018 20000 0.00091 18.2082
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10.1.7 Heat Treatments
All mixtures were stirred and heated as appropriate to induce homogeneous gelation.

Thereafter, all 60 gels were placed approximately 30 cm under 2 commercially
available 250 W infrared spot lights. Following solvent evaporation, all resins were
divided equally to introduce a replicate. The conventional heating method (described
in chapter 5 ) was used to effect ignition. All powders were then calcined at 500 °C at
~ 620 mm Hg for 1 hour.

10.1.8 Characterisation
PXRD data was obtained using a Bruker D2 Phaser diffractometer. The setup of the

D2 Phaser was described in chapter 5, with the exception that Co Ko radiation (A =
1.7903 A) was used. Samples were analysed between 20° and 60° 20 in 0.023
increments counting for 1 second per step. TEM analysis was achieved using the FEI
Tecnai T12. Selected samples synthesised using TiOxS were analysed using a JEOL
JEM 2100.

10.2 Results and Discussion

Calcination had a minimal impact on the decrease and increase in the amount of
anatase and rutile formed respectively — as witnessed in the preceding chapters.
Furthermore, calcination caused slight disproportional coarsening in all samples, as a
function of increasing PEG molecular weight. Considering that this chapter describes
resin-gel synthesis based on 6 precursors, PXRD analysis was conducted post-

calcination only.

Therefore, each system will exhibit PXRD patterns generated from calcined samples.
PXRD patterns generated from replicate calcined samples will not be shown. The
relationship between the amount of a particular phase and its respective crystallite size
will be investigated per system, post-calcination. These graphs will consider data from

the original and replicate data sets.
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10.2.1 Titanium (1V) oxysulfate
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Figure 10.7: PXRD patterns of TiOxS generated samples.
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Figure 10.8: Average amount of anatase with associated crystallite size formed

using TiOxS.
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Figure 10.7 contains PXRD patterns obtained from calcined samples synthesised
using TiOxS. Patterns collected from all samples synthesised using PEG > 400 g/mol
exhibited good signal to noise ratio. This is characteristic of calcined samples — as
observed in previous chapters. It is currently unknown why PEG 200 g/mol produced
an anatase (1 0 1) peak with poor intensity. Interestingly, slight peak misalignment is
evident. This implies that either the calcination time or temperature was insufficient at
removing all carbon residues. Narrow anatase peaks are indicative of crystallite

coarsening under the action of calcination.

Lower molecular weight PEG (200 — 1500 g/mol) appeared to produce nearly phase
pure anatase. The rutile (1 1 0) peak is clearly evidenced for samples synthesised
using longer chain PEG (= 3000 g/mol). PEG 20000 g/mol resulted in the formation
of the greatest mixture of anatase and rutile. For samples containing a mixture of
polymorphs, the rutile (1 1 0) peak width suggests that rutile crystallites were larger
than anatase crystallites. Rutile transformation assisted coarsening is therefore
expected’. Calcination would have caused a nearly proportional increase in crystallite
size. Therefore, as previously witnessed, rutile crystallites were expected to be larger

than anatase crystallites.

Figure 10.8 shows the relationship between the amount and size of anatase crystallites
formed as a function of increasing PEG molecular weight synthesised in a (1 : 0.5)
ratio. Samples synthesised using PEG 400, 1500, and 8000 g/mol produced nearly
phase pure anatase. All other samples excluding PEG 20000 g/mol resulted in the
formation of > 80% anatase. The least amount of anatase was produced from the
samples synthesised using PEG 20000 g/mol (51.1%). For short and intermediate
PEG chain lengths (200 — 8000 g/mol), the data suggests that similar polymer
molecular weights produced similar amounts of anatase. Long chain PEG (10000 —
20000 g/mol) tended to produce decreasing quantities of anatase as the chain length
increased. Based on the average amount of anatase formed across all samples

(84.9%), TiOxS evidently favoured anatase formation.

The largest error in the data set was obtained from the samples synthesized using PEG
4000 g/mol (7.9%). Error bars were generated by summing 4% of the average amount
of anatase formed to the standard deviation of the replicate analyses. Therefore, the
data reflects good precision.
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Initial observations of figure 10.8 reveal no obvious trend for anatase crystallite size
formed as a function of increasing PEG molecular weight. Additionally, there appears
to be no relationship between the amount of anatase formed and its respective
crystallite size. Anatase crystallite size is dependent on PEG molecular weight.

Samples synthesised using PEG 200 and 3000 g/mol resulted in the formation of the
smallest and largest anatase crystallites respectively (11.2 nm and 25.1 nm
respectively). All other samples produced anatase crystallites that measured between
~ 14 18 nm, such that the average crystallite size obtained across all samples
measured 16.2 nm. The sizes of these crystallites were a consequence of calcination
induced coarsening. Therefore, anatase crystallites larger than 14 nm were expected?.
Samples synthesised using PEG 10000 g/mol exhibited the greatest variation (3.3 nm
in crystallite size). Given that error bars represent the standard deviation of the

replicate analysis, the data reflects good precision.

Given that this experiment employed the use of conventional heating and a (1 : 0.5)
stoichiometric synthesis, the experimental conditions best approximate those used
with TiCl, in chapter 8. Despite the present synthesis employing a hydrocarbon-free
metal ion precursor — TiOXxS (similar to TiCl, in chapter 8), the currently obtained
results do not approximate those obtained in chapter 8. The results obtained using
citric acid (chapter 7) and an ethanol solvent (chapter 5) provide better but imperfect
approximations to the results obtained in this chapter. This is a peculiar finding given
that citric acid and ethanol were found to complex to the TiCl, precursor forming
hydroxylated species with remaining hydrocarbon and oxygen based matrix
components. Polymer chains then coordinated to these metal ion complexes. The
hydrocarbon based remaining matrix components protected and stabilised the
nucleated anatase phase inhibiting rutile transformation. In the present study, a
hydrocarbon-free precursor (TiOxS) was responsible for preferentially but not

exclusively forming anatase.

Therefore, the results obtained in this study must be a consequence of the titanium ion
precursor employed in the synthesis. Based on the use of TiCl,, the developing model
implicitly assumes the formation of metal-hydroxyl complexes in solution. This
assumption is warranted based on the probability of solvation, leading to the
formation of HCI and Ti(OH)x species in solution. Based on the differences in
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electronegativity between the sulphur species in TiOxS and the chloride species in
TiCly, it is unlikely that the former readily dissociates in solution. Moreover, the
presence of H,SO4 likely discouraged the dissociation of the SO, species to form more
H,SO,. It is possible that hydrogen bonds formed between oxygen groups from
TiOxS and H generated from the solvent. This likely resulted in the formation of
Ti(OH)x(SOH),(H2S04), species in solution.

Accordingly, Dambournet et al. found that in water, TIOSO, formed an oxysulfate-
sulphuric acid complex hydrate (TiOSO,4 ¢ H,O « H,SO,). The researchers also found
that this complex resulted in the formation of anatase after subjection to mild
thermolysis®. This led to the conclusion that the sulphate species served as a directing
agent favouring anatase formation®. Sulphate species served as directing agents by
favouring condensation of opposed coplanar edges and hence favouring anatase®. The
researchers were able to improve anatase crystallinity by introducing additional SO,*
anions®. In contrast, anatase crystallinity was worsened when CI” ions were added to

the solution®.

The work conducted by Dambournet et al. supports the assumption that PEG
coordinated to Ti(OH)x(SOH)y(H.SO4), in the present experiment. Therefore, it is
likely that a form of (SOH), and (H,SO.), species were present in the polymer
reaction chambers. Additionally, based on the work by Dambournet et al., these
species served as directing agents favouring the formation of anatase. Because the
present system did not result in the exclusive formation of anatase across all samples,
the model developed by Dambournet et al. is not valid in its entirety. The effects of
polymer reaction chamber coordination to sulphur containing species must be
explored.

The presence of (SOH)y and (H,S0.), species likely imposed a form of protection and
stabilisation on the developing anatase crystals within the reaction chambers.
Compared with citric acid, the protection afforded by the sulphur containing species
in this solution was likely not as influential in rutile transformation inhibition. This
assumption is supported by the fact that anatase crystallinity was improved with the
addition of additional SO4%, as concluded by Dambournet et al®. Moreover, the larger
size of citric acid assisted in sterically controlling anatase crystal growth and

impeding anatase to rutile transformation.
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Based on lanthanide containing PEG complexes, Rogers et al. concluded that the
primary coordination spheres were governed by steric effects within the complexes®.
The mode of polymer wrapping was affected by the anion present in the system*. By
extension, these effects likely occurred in the present system under investigation. This
lends credibility to the abovementioned argument regarding the protection and
stabilisation of anatase crystallites in the polymer reaction chambers by (SOH), and

(H2S0,), species.

The covalent radius of a sulphur atom® (1.02 A) is 39.73% greater than the covalent
radius of an oxygen atom® (0.73 A). Therefore, it is unlikely that significantly large
quantities of sulphur displaced oxygen in the TiO, lattice. Accordingly, PXRD did not
reveal the presence of explicit Ti,S, complexes. It is important to note that it is
possible for sulphur to be present in the TiO, lattice as an impurity causing non-
uniform strain on the lattice. This has the effect of causing peak misalignment as
evidenced in figure 10.7. Moreover, S impurities in the TiO, lattice likely provided a
barrier to rutile transformation — although there is no evidence of such a phenomenon

in the literature.

The presence of titanium double bonded to oxygen possibly favoured the formation of
anatase in the following way: more energy is required to break a double bond.
Additionally, the formation of TiO, from TiOXS required greater structural changes to
occur. It is likely that the energy transferred to the high molecular mobility system
under the action of heating was sufficient to break the double bond and cause

sufficient structural changes to favour the formation of anatase TiO,.

The variation in the amount of anatase formed as a function of increasing PEG
molecular weight is consistent with the formation of polymer reaction chambers of
various sizes. The limited anatase crystal protection potential of the solvent species
allowed the size of the formed chambers to become somewhat influential in phase
formation. The following description of the behaviour of polymer reaction chambers
is adapted from chapter 8 to account for the limited protection afforded by solvent
species: it is likely that short chain PEG (200 — 1500 g/mol) produced chambers that
were small enough to stabilise anatase crystallites. As the size of the PEG chains
increased (3000 and 4000 g/mol), decomposition produced larger chambers that
encouraged rutile transformation. Longer PEG chains (6000 and 8000 g/mol) were
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likely unstable as large chambers and moved to improve stability by decomposing
into smaller chambers favouring the formation of anatase. As the chain length
continued to increase (10000 — 20000 g/mol), the polymers likely continued to
decompose into smaller chambers, but the size of these smaller chambers likely
increased. It is also possible that the size distribution of the decomposed polymer

increased for long chain PEG. This had the effect of favouring rutile formation.

To test the abovementioned hypothesis of the protection effects afforded by sulphur
species on anatase phase discrimination, BaCl, was added to the TiOXS precursor.
This was done in an attempt to form an OTiCl species and BaSO, in accordance with
equation 10.1. Since BaSQ, is insoluble in water, it was easily isolated from the target
OTiCly species by precipitation. The OTiCly product, when used in a typical resin-gel
synthesis, should then yield similar results as that obtained using TiCly.

TiOSO,4 + BaCl, —— OTICl; + BaSO, (10.2)
An investigation scanning across the range of polymer molecular weights was deemed
redundant. PEG 400 g/mol was selected for use in this resin-gel synthesis as it
resulted in the formation of sufficiently different amounts of anatase in two different
systems. When used with TiCl, in a volumetric addition, PEG 400 g/mol resulted in
the formation of 48.9% of anatase after calcination. Respective anatase crystallites
measured 17.7 nm after calcination. These results were obtained from chapter 5.
When used with TiOxS, PEG 400 g/mol resulted in the formation of 100.0% anatase

with respective crystallites measuring 15.4 nm.

Accordingly, 20.0 ml (0.0255 mol) TiOxS (15% in H,SO4, Aldrich) was added to 240
ml distilled H,O. 10.6304 g (0.0511 mol) BaCl, was added to this solution. The
number of moles of BaCl, added to the solution equalled 2 times the number of moles
of TiOxS used. This was done in an attempt to saturate the system with CI" ions and
form OTIiCly species that better represented TiCl,. After separating the insoluble
precipitate from the supernatant containing the OTiCly species, PEG 400 g/mol was
added to the solution in a volumetric equivalent manner. The mixture was stirred and
heated as appropriate to induce homogeneity, following which, the gel was dried and
heated to ignition using conventional heating as described earlier. The experiment was
completed in duplicate. PXRD and TEM analysis were performed as described earlier.
Peaks were analysed for phase composition and crystallite size as described earlier.
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Figure 10.9: PXRD patterns of OTiCly generated samples.

Figure 10.9 contains the PXRD patterns corresponding to samples synthesised using
OTiCly and PEG 400 g/mol, post-calcination. The patterns contained in figure 10.9
contain many peaks, all of which cannot be indexed to TiO,. Since the system
contained excess BaCl,, it is likely that Ba** and CI” containing species were present
in the collected powder samples. The presence of these species will be confirmed
using TEM and EDS later. Figure 10.9 contains peaks corresponding to both anatase
and rutile. The data reveals excellent precision. Sharp peaks are characteristic of large
crystallites. Calcination was expected to cause an increase in crystallite size, however
the effect of calcination on crystallite coarsening is not as pronounced as that
observed in figure 10.9. Therefore, it can be inferred that the presence of Ba’* and CI

species caused coarsening of both anatase and rutile crystallites.

Table 10.7 compares the amount of anatase and respective crystallite size formed
using OTIiCly with samples synthesised using TiCl, (chapter 5) and TiOxS (chapter
10). All samples were synthesised using PEG 400 g/mol and calcined. Errors

corresponding to data generated from OTIiCly, samples were generated as described
previously.
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Table 10.7: Variation in the amount and size of anatase formed using different

Ti" precursors.

Average Average Average

Average anatase Average anatase Average anatase

%Anatase | crystallite | %0Anatase | crystallite | %Anatase | crystallite

size (nm) size (nm) size (nm)

400 489+ 2.4 177+0.1 | 428+6.4 | 1023+0.6 | 100.0+4.0 | 154+1.2

From table 10.7, the standard deviation of the average amount of anatase formed
between OTICly and TiCl, equals 3.05%. The standard deviation of the average
amount of anatase formed between OTiCly and TiOxS equals 28.6%. Therefore, the
use of OTICly better approximates the amount of anatase formed using TiCl, than
TiOxS. The OTICly precursor is void of any sulphur groups. Hence, this experiment
successfully proved that the presence of sulphur containing species within polymer
reaction chambers hindered rutile transformation by stabilising and protecting anatase

crystallites.

The differences in the amounts of anatase obtained using TiCl, and OTiCly can be
attributed to the differences in the precursors used, and the presence of Ba** and CI
complexes in the solution when the latter was employed. The presence of these ions
was also responsible for the significantly larger anatase crystallites obtained using
OTIiCl,. It is possible that Ba** ions sequestrated excess coordinating ligands. In this

manner, no counter ions / ligands were available to hinder crystallite growth.

Tables showing the amount of each phase and crystallite size obtained for each
sample with averages and errors using both TiOxS and OTiCly precursors are given in

appendix H.

HRTEM images corresponding to samples synthesised using PEG 1500 g/mol follow
(figures 10.10 and 10.11. Although previously reported in literature®, figure 10.10
shows the first observation of an anatase mesocrystal formed using resin-gel

synthesis.
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Figure 10.10: (PEG 1500 g/mol). An imperfect spherical aggregation of anatase

crystallites distended toward the left side of the image. The vertical and
horizontal diameters measured ~ 320 nm and 360 nm respectively. Crystallites
contained within the circle were imaged further, and represented in the following

image.
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Figure 10.11: (PEG 1500 g/mol). A magnified portion of crystals occurring at the

edge of the anatase mesocrystal. Anatase crystallites measured between ~ 5.5 —

8.5 nm. The highlighted crystal presented along (0 0 1).
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Figures 10.12 — 10.15 represents HRTEM images generated from the sample
synthesised using PEG 3000 g/mol.

Figure 10.12: (PEG 3000 g/mol). Anatase mesocrystals appeared to fuse together

via irregularly aggregated anatase crystallites. Additionally, the anatase

mesocrystals displayed an imperfect spherical shape.
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Figure 10.13: (PEG 3000 g/mol). This anatase mesocrystal appeared to be
flattened on one side and had a more rounded appearance on the opposite side.
The flattened shape was validated by it measuring ~ 240 nm across its width and
~ 190 nm across its length. Due to the differences in amplitude contrast, it
appeared that the anatase crystallites comprising the ‘bridge’ between two

mesocrystals were not as concentrated as the mesocrystals themselves.
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Figure 10.14: (PEG 3000 g/mol). Anatase crystals with well-defined edges. The
highlighted anatase crystal measured 8.1 nm across its width and 11.2 nm across

its length and was in the (0 0 1) orientation.
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Figure 10.15: (PEG 3000 g/mol). The highlighted rutile crystal was oriented
along (1 1 1). This crystal did not have well-defined edges as observed for anatase

single crystals formed in this sample.
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Figure 10.16 was obtained from the sample synthesised using PEG 4000 g/mol.
Comparisons of this image with figure 10.12 suggest that the polymer molecular

weight employed in the synthesis governed the amount of anatase mesocrystals

formed.

Figure 10.16: (PEG 4000 g/mol). Formation of two anatase mesocrystals (arrows)

in a region of sample dominated by agglomerated anatase crystallites.

TEM images and EDS spectra corresponding to samples synthesised using OTiCly are
given (figures 10.17 — 10.20). EDS analysis was conducted using an Oxford INCA
EDS system on an FEI Tecnai T12 TEM at 120 kV employing a LaBg source.

The mesocrystal observed in figure 10.17 was most likely comprised of rutile
nanorods aligned radially outward from several rutile seed crystals. No rutile

superstructures were obtained when TiOxS was used exclusively. Therefore, sulphur
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containing ligands served as directing agents, altering PEG coordination to the formed

precursor clusters.
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Figure 10.17: (OTiCly, PEG 400 g/mol). Evidence of superstructures was
obtained when BaCl, was employed in the synthesis. According to the EDS
spectrum, the highlighted area of the superstructure (yellow circle) consisted of
Ti" and O exclusively. Cu signals observed in the EDS spectrum as likely
generated from the TEM grid. This mesocrystal measured ~ 280 nm across its
width.
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The cluster observed in figure 10.18 was not probed further for more crystalline

information as this was deemed beyond the aims of this chapter. The composition of

these particles correlate with the PXRD pattern obtained for this sample.

M“
N e e N

Figure 10.18: (OTICly, PEG 400 g/mol). This area of the sample revealed an
aggregation of particles with an elemental composition of Ba, S, C, and O.
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The change in the relative intensities of the Ba and S peaks observed in the EDS of
figure 10.19 suggest that the clusters represent a different Ba containing polymorph
than those represented in figure 10.18. The particles comprising this structure are
likely responsible for some of the peaks observed in the PXRD pattern generated for

this sample.

2 Hm

Figure 10.19: (OTIiCly, PEG 400 g/mol). The highlighted structure measured ~

700 nm across its width and had an elemental composition of Ba, S, O, and CI.
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Figure 10.20: (OTiCly, PEG 400 g/mol). These particles were composed of Ti, O,
Ba, S, and Cl. It is unclear whether these elements formed a unique crystal
structure or existed separately as TiO, and Ba containing crystals, in the same

part of the sample. The arrow indicates crystals that appear to be TiO..
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10.2.2 Titanium (IV) isopropoxide
Figure 10.21 contains the PXRD patterns generated from the samples synthesised

using Ti-isopro, post-calcination. Immediately obvious is that the use of Ti-isopro is
biased toward the formation of anatase. All samples excluding PEG 4000 g/mol
produced a major anatase (1 0 1) and minor rutile (1 1 0) peak. PEG 4000 g/mol
resulted in the formation of anatase exclusively. An interesting point of note is that the
rutile (1 1 0) peak profile did not correlate with the PEG molecular weight used in the
synthesis. The samples synthesised using PEG 200, 10000, and 12000 g/mol resulted

in the formation of rutile (1 1 0) peaks with the greatest intensity.
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Figure 10.21: PXRD patterns of Ti-isopro generated samples.

The data reflects good peak alignment and signal to noise ratio for all samples. This is
indicative of an effective calcination procedure — removing all carbon residues.
Moreover, since this system employed the use of a precursor containing Ti*"
hydrocarbons, and oxygen, no other species were present to impart non-uniform strain
on the titania lattice. Peak width appeared to fluctuate with increasing PEG molecular
weight. The overall narrow anatase (1 0 1) peak width is an indication of crystallite

coarsening. This was an expected consequence of calcination.
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Figure 10.22: Average amount of anatase with associated crystallite size formed

using Ti-isopro.

Figure 10.22 shows the relationship between the amount of anatase formed and its
respective crystallite size as a function of increasing PEG molecular weight. Samples
synthesised using PEG 4000 g/mol resulted in the formation of phase pure anatase.
This was in contrast to samples synthesised using PEG 12000 and 20000 g/mol that
produced the least amount of anatase (86.3% and 93.6% respectively). PEG 400 —
3000 g/mol and 6000 — 10000 g/mol produced similar amounts of anatase. Among
these samples, the greatest difference between the most anatase (PEG 3000 g/mol)
and the least anatase (PEG 8000 g/mol) was 2.1%. The average amount of anatase
produced across all samples was 95.2%. This result confirmed the observations from

PXRD suggesting that this system is biased toward anatase formation.

The largest error was obtained from the sample synthesised using PEG 400 g/mol
(6.4%). This is indicative of excellent reproducibility achieved from all samples. Error

bars were generated as previously described.

Interestingly, anatase crystallites appeared to decrease and then increase in size as a
function of increasing PEG molecular weight. Crystallite sizes varied between ~ 11 —
17 nm, with the average crystallite size across all samples measuring 14.6 nm. Many

samples generated crystallites that measured more than 14 nm. This was expected
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given that the data represented in figure 10.22 was obtained post-calcination. The
greatest error in the data was obtained for the sample synthesised using PEG 10000
g/mol (3.9 nm). Error bars were generated as described previously. A curious
observation is the imperfect pseudo inverse relationship between the amount of
anatase formed and its respective crystallite size. Shorter chain PEG (< 10000 g/mol)
produced a large mass percentage of anatase crystallites that were smaller in size.
Longer chain PEG produced a smaller mass percentage of anatase crystallites that
were larger in size. A pseudo inverse relationship between the amount of anatase
formed and its respective crystallite size was observed in chapter 5, for the synthesis

employing ethanol.

From chapter 5 it was inferred that addition of TiCl, to ethanol produced Ti-
ethylhydroxyl species with coordinating CH3CH, groups. These groups were present
in the polymer reaction chambers and served to stabilise and protect nucleated
anatase. In a similar manner Ti-isopro likely formed hydroxylated species in H,O via
the action of hydrogen bonding between solvent generated hydrogen and oxygen
generated from the precursor. Therefore, given that in solution, the Ti-isopro hydroxyl
species and Ti-ethylhydroxyl species have similar structures, the results obtained
using both precursors should also be similar. A comparison of the amount of anatase
obtained using Ti-isopro in water containing HNOg, and TiCl, in ethanol (volumetric
PEG addition — chapter 5) is given in figure 10.23. Only samples that allowed for a

direct comparison to be made were included in figure 10.23.

Based on the data represented in figure 10.23, the average amount of anatase formed
using Ti-isopro equalled 96.4%. This value was marginally lower than the average
amount of anatase formed using TiCl, in ethanol (97.1%). Therefore, the data in
figure 10.23 suggests that a similar mechanism drove the formation of anatase using
both systems. That mechanism is likely anatase protection afforded by similarly

structured coordinating groups.

The amount of anatase formed per PEG chain length between the two systems was
similar. This indicated that the quantity of polymer added played a less important role
in phase determination than similarly structured protecting species present within the
reaction chambers. Variation in the amount of anatase formed as a function of
different PEG molecular weights was likely due to the formation of polymer reaction

chambers of various sizes.
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Figure 10.23: Post-calcination comparison of the average amount of anatase

formed using TiCly in ethanol with Ti-isopro in water containing HNOs.
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Figure 10.24: Post-calcination comparison of the average anatase crystallite size

obtained using TiCl, in ethanol with Ti-isopro in water containing HNOs.
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Figure 10.24 compares TiCl, in ethanol (volumetric PEG addition — chapter 5) with
Ti-isopro in water containing HNO;3 for anatase crystallite size data. Based on the data
contained within figure 10.24, the average anatase crystallite size obtained across all
samples using TiCl, in ethanol measured 17.5 nm. This was 24.9% larger than the
average anatase crystallite size obtained using Ti-isopro (14.1 nm). The variation
between the two systems as a function of PEG molecular weight suggests that the
quantity of polymer in the system influenced anatase crystallite size more than the

quantity of anatase formed.

Tables showing the amount of each phase and crystallite size data obtained for each

sample with averages and errors using Ti-isopro are given in appendix H.

TEM images corresponding to samples synthesised using PEG 400 g/mol (figures
10.25 and 10.26) and 4000 g/mol follow (figure 10.27).
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Figure 10.25: (PEG 400 g/mol). Anatase crystallites consistent in shape and size

when Ti-isopro was employed as the precursor.
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Figure 10.26: (PEG 400 g/mol). Well defined cubic shape of an anatase crystal.

This crystal measured ~ 22 nm and ~ 28 nm across its width and length

respectively.
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30 nm

Figure 10.27: (PEG 4000 g/mol). Anatase crystallites exhibiting various shapes,

as documented previously.
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10.2.3 Titanium (1V) 2-ethylhexyloxide
Figure 10.28 shows the PXRD patterns collected from the experiment conducted

using Ti-EHOX, post-calcination. Samples synthesised using PEG 1500 g/mol, 12000
g/mol and 20000 g/mol produced rutile as the major phase. PEG 20000 g/mol
appeared to produce almost phase pure rutile. This is the first observation of samples
synthesised using a hydrocarbon and oxygen based precursor producing rutile as the
major phase. PEG 3000 g/mol produced phase pure anatase. All other samples

produced a mixture of phases with anatase as the major phase.
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Figure 10.28: PXRD patterns of Ti-EHOx generated samples.

Good peak alignment and signal to noise ratio is indicative of the effectiveness of
calcination at removing carbon from the samples. Observed sharp peaks were

expected as a consequence of calcination.

Figure 10.29 shows the relationship between the amount and size of anatase
crystallites formed using Ti-EHOx. Low molecular weight PEG (200 — 1500 g/mol)
favoured the formation of both anatase and rutile. Intermediate molecular weight PEG
(3000 — 8000 g/mol) resulted in the formation of nearly phase pure anatase. High
molecular weight PEG (12000 — 20000 g/mol) produced rutile as the major phase.

The average amount of anatase formed across all samples equalled 68.3%. From this
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value it may be inferred that Ti-EHOx marginally favoured the formation of anatase.
This value also represents the lowest average amount of anatase formed using any
hydrocarbon and oxygen based precursor (including TiOxS and TiCl, in ethanol).
Small error bars were generated as previously described and are indicative of good
reproducibility.
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Figure 10.29: Average amount of anatase with associated crystallite size formed
using Ti-EHOX.

The largest anatase crystallites were formed from the sample synthesised using PEG
400 g/mol (31.1 nm). This was in contrast to PEG 8000 g/mol that resulted in the
formation of the smallest anatase crystallites (13.0 nm). Thus anatase crystallite size
appeared to decrease significantly and then slightly increase as a function of
increasing PEG molecular weight. The average anatase crystallite size across all
samples measured 19.2 nm. This average is currently the largest of all precursors
employed in this study thus far. Error bars were generated as previously described.
There appeared to be no apparent relationship between the amount of anatase formed

and its respective crystallite size.

Given the structural similarities between Ti-EHOx and Ti-isopro (single bonded

hydrocarbon and oxygen based precursors), the variation in the amount of anatase
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produced was unexpected. Since all other experimental parameters were kept
constant, the variation in the data between the two abovementioned precursors must
be due to the length of the ligands attached to Ti*" in Ti-EHOx. When Ti-EHOXx was
introduced into solution, a hydroxyl species likely formed. This species was likely
further coordinated to 4 ligands, each comprising 6 carbon atoms along the chain and
a single branch of 2 carbon atoms. This is in contrast to the 2 carbon atom (with a
solitary branch) coordinating hydroxyl chain formed when Ti-isopro was introduced
into solution. Furthermore, the ethyl-hydoxyl species formed when TiCl, was
introduced into ethanol (chapter 5) consisted of a coordinating chain comprising 2
carbon atoms. As witnessed previously, TiCl, in ethanol and Ti-isopro produced
similar amounts of anatase. Therefore, the size of the Ti-hydroxyl species in solution
governs the propensity of the precursor to form anatase.

This inference can be disputed considering that when citric acid was employed in the
synthesis, the coordinated citrate anion based ligand consisted of a 5 carbon chain
(and a single branched carbon). However, this ligand also consisted of 6 terminating
oxygen atoms (excluding the oxygen atoms directly bonded to Ti) that could

coordinate to the PEG chain.

The size of hydrocarbon and oxygen based coordinating precursors plays a pivotal
role in anatase formation in the following way: small precursors coordinate to and are
easily engulfed by polymer chains during the formation of reaction chambers. Within
these chambers, ligands serve to protect and stabilise the nucleated anatase phase.
This phenomenon also occurs for larger precursors that have multiple points for
coordination to the polymer. Large precursors that do not have multiple points for
coordination to the polymer are not easily enveloped by the polymer chains. Anatase
nucleates, and is still likely protected by precursor ligands. This protection is limited
by poorly formed polymer reaction chambers. Reduced anatase protection encourages

rutile transformation.

Since the amount of anatase formed varied with PEG chain length, the effects of PEG
molecular weight must considered. As described previously, small chain PEG (200 —
400 g/mol) likely provided sufficient protection, in addition to the C based ligands
from Ti-EHOX, to favour the formation of anatase. Longer PEG chains (3000 g/mol)
were probably unstable and decomposed to form smaller chambers that could not

envelop the precursor components. Therefore, rutile formation was encouraged.
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Increasing the PEG molecular weight further (3000 — 10000 g/mol) increased the size
of the decomposed chambers sufficiently to wrap around the precursor inhibiting
rutile transformation. Due to the large volume of high molecular weight PEG used, it
was expected that long chain polymers (12000 — 20000 g/mol) would encourage
anatase formation due to steric effects (described in chapter 8). This is clearly not the
case as these polymer chain lengths produced rutile as the major phase. A possible
explanation for this observation is that the precursor employed in the current study
was not terminated with coordinating O groups. As a result, despite possessing the
ability to fully engulf the precursor, long chain PEG’s formed large reaction chambers
that did not stabilise nucleated anatase. As a result, nucleated anatase crystallites were

encouraged to transform into rutile.

Tables showing the amount of each phase and crystallite size data obtained for each

sample with averages and errors using Ti-EHOXx are given in appendix H.

Figures 10.30 and 10.31 represent the TEM images generated from the samples
synthesised using PEG 3000 g/mol. TEM images obtained from the sample
synthesised using PEG 20000 g/mol are given in figures 10.32 and 10.33.
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Figure 10.30: (PEG 3000 g/mol). Anatase crystallites consistent in appearance to

that previously observed in this study.
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Figure 10.31: (PEG 3000 g/mol). The highlighted anatase crystal measured
approximately 15 nm across its length and width. This crystal was aligned along
(0 0 1) as evidenced by a comparison of the generated and simulated FFT’s. Note

that this crystal does not have well defined edges.

Page | 340



Figure 10.32: (PEG 20000 g/mol). The arrows indicate tapered, pyramidically

capped ends of rutile crystallites. This is characteristic of rutile crystals’. The
white lines denote an anisotropic rutile crystal measuring > 48 nm in length and

approximately 22 nm across its width.

Page | 341



Figure 10.33: (PEG 20000 g/mol). Further confirmation of anisotropic rutile

crystals. The arrow indicates the tapered end of a rutile crystal. An interesting
note is that rutile mesocrystal formation was not observed, despite the formation

of anisotropic rutile crystals.
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10.2.4 Titanium diisopropoxide bis(acetylacetonate)
Figure 10.34 contains the PXRD patterns generated from samples synthesised using

Ti-AcAc, post-calcination. All samples produced either phase pure anatase, or anatase
as the major phase. Distinct rutile (1 1 0) peaks were observed for samples
synthesised using PEG 200, 12000 and 20000 g/mol. As previously observed, good
peak alignment and signal to noise ratio is an indication of an effective calcination
procedure. Narrow peaks were expected due to crystallite coarsening induced by

calcination.
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Figure 10.34: PXRD patterns of Ti-AcAc generated samples.

Figure 10.35 shows the relationship between the amount of anatase formed and its
respective crystallite size as a function of increasing PEG molecular weight, using a
Ti-AcAc precursor, post-calcination. The sample synthesised using PEG 200 g/mol
produced the least amount of anatase (85.5%). PEG 400 — 8000 g/mol produced
nearly phase pure anatase. Long chain PEG (10000 — 20000 g/mol) produced
decreasing amount of anatase corresponding to increasing PEG molecular weight. The
average amount of anatase formed across all samples equalled 96.9%. This value
shows that this system was biased toward anatase formation. Error bars were

generated as previously described.
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Figure 10.35: Average amount of anatase with associated crystallite size formed

using Ti-AcAc.

Anatase crystallite size data did not appear to correlate with PEG molecular weight.
Samples synthesised using PEG 200 — 8000 g/mol produced anatase crystallites
between ~ 14 — 28 nm in size. Long chain PEG (10000 — 20000 g/mol) produced
anatase crystallites of a similar size. As a result there appeared to be no obvious trend
between the amount of anatase formed and its respective crystallite size as a function
of increasing PEG molecular weight. The average anatase crystallite size across all
samples measured 19.5 nm. This value is comparable with that obtained using Ti-
EHOX. Crystallite size data was more erratic when obtained from low to intermediate
molecular weight PEG (200 — 6000 g/mol). Longer chain PEG (8000 — 20000 g/mol)
produced precise anatase crystallite size data.

Since Ti-AcAc contains only hydrocarbons and oxygen, the model developed using
TiCly in ethanol (chapter 5), TiCly-citric acid (chapter 7), Ti-isopro, and Ti-EHOX can
be applied to explain the anatase bias obtained in this study. According to the model, a
two-fold protection effect occurs within the polymer reaction chambers. The extent of
anatase protection is governed by 1) the size of precursor ligands within polymer

reaction chambers and 2) the number of oxygen coordination sites on precursor-
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solvent complexes available for PEG coordination. The latter is essential to anatase
formation as it controls the protection effects afforded by the polymer reaction
chambers. If the polymer does not coordinate well to precursor complexes, the driving
force for polymer chains to wrap around the precursor complexes is limited. Any
polymer reaction chambers that do form (on account of the supplied energy to the
system) will be poorly coordinated to the precursor complexes. As a result, the
polymer reaction chambers impart poor protection effects and encourage rutile

nucleation to an extent.

Ti-AcAc has 4 ligands in total. Two (smaller) ligands are each comprised of a 2
carbon chain with a single carbon containing branch. These ligands are identical to
those found in Ti-isopro. The remaining two (larger) ligands are each comprised of a
3 carbon chain with 2 single carbon containing branches. Additionally, each of these
ligands are terminated by oxygen groups. Thus, for Ti-AcAc, it is expected that the
presence of the 2 smaller ligands served to protect the nucleated anatase phase within
the polymer reaction chambers. It is expected that the larger ligands provided 1)
protection effects to the nucleated anatase and 2) coordination sites for PEG chains.

Since the amount of anatase formed was affected by PEG chain length, these effects
are described: low molecular weight PEG (200 g/mol) was likely too short to wrap
around the polymer and form effective reaction chambers therefore rutile
transformation was encouraged. Increasing PEG chain length (400 — 6000 g/mol)
served to increase the size of coordinating reaction chambers that contributed to
anatase stabilisation. Long polymer chains were expected to form larger chambers and
due to the amount of polymer present in the system, sterically stabilise anatase. This
did not occur as PEG 8000 — 20000 g/mol produced both phases — with an increase in
rutile production corresponding to an increase in chain length. This phenomenon was
observed in chapter 5 when PEG 35000 g/mol was found to produce a significant
amount of rutile using an ethanol solvent. It is possible that larger reaction chambers
formed, but did not effectively coordinate with the precursor complexes. This may be
due to limited available oxygen coordination sites (relative to the citrate precursor

complexes — chapter 7).

Tables showing the amount of each phase and crystallite size data obtained for each

sample with averages and errors using Ti-AcAc are given in appendix H.
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TEM images obtained from samples synthesised using PEG 10000 g/mol (figure
10.36) and 20000 g/mol (figure 10.37) follow. Figure 10.37 suggests that crystals

were composed entirely of either anatase or rutile.

Figure 10.36: (PEG 10000 g/mol). Anatase crystals seemingly hexagonal in shape.
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Figure 10.37: (PEG 20000 g/mol). The image reveals variation in crystal shape.

The black arrow points to an anisotropic crystal with a tapered tip that is
characteristic of rutile. This is in contrast to the square crystal with rounded
edges pointed to by the white arrow. The shape of that crystal is characteristic of

anatase.
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10.2.5 Titanium (1V) bis (ammonium lactato) dihydroxide solution
Figure 10.38 contains the PXRD patterns generated for the samples synthesised using

Ti-AmOH, post-calcination. The excellent signal to noise ratio implied the exclusive
formation of highly crystalline anatase in all samples. Narrow peak widths denoted
the presence of coarsened crystallites. This was an expected outcome of calcination.
Given that all samples were calcined, peak misalignment is an interesting observation.
Peak misalignment is indicative of an entity imparting non-uniform strain on the
titania lattice®. That entity could be carbon (suggesting an inadequate calcination
procedure) or it could be due to the presence of NH,4 species — with N atoms in the

titania lattice.
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Figure 10.38: PXRD patterns of Ti-AmOH generated samples.

Figure 10.39 compares the amount of anatase formed with its respective crystallite
size as a function of increasing PEG molecular weight, post-calcination. Since all
samples produced 100.0% anatase, PEG molecular weight did not affect phase
formation. Given that the greatest error in the data equalled 4.0%, the data reflects

excellent precision. Error bars were generated as previously described.
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Figure 10.39: Average amount of anatase with associated crystallite size formed
using Ti-AmOH.

The sample synthesised using PEG 4000 g/mol resulted in the formation of the largest
anatase crystallites (19.3 nm). Smaller anatase crystallites were formed from samples
synthesised using high molecular weight PEG (8000 — 20000 g/mol). The average
anatase crystallite size formed across all samples measured 15.4 nm. This was 4.9%
smaller than anatase crystallites formed using TiOxS, and 5.5% larger than anatase
crystallites formed using Ti-isopro across all PEG molecular weights respectively. No
other trends could be ascertained relating anatase crystallite size to PEG molecular
weight. As such, there was no trend between the amount of anatase formed and its

respective crystallite size. Error bars were generated as previously described.

Based on the developed precursor protection and PEG coordination mechanism in this
study, the bias toward anatase formation using Ti-AmOH was expected. Ti-AmOH
consists of Ti* coordinated to 2 hydroxyl species and 2 bidentate ligands. These
ligands are each comprised of a 3 carbon chain and 3 oxygen sites for potential
coordination to PEG chains. This combination allowed the nucleated anatase phase to
be stabilised within the polymer reaction chambers. Polymer reaction chambers would

have developed tightly around the nanocrystals on account of the many available
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coordination sites on the precursor. This would have provided further protection and

stabilisation of the anatase phase. This point is elaborated further.

Based on the results obtained from syntheses using Ti-isopro, Ti-EHOXx, and Ti-
AcAc, PEG chain length was expected to play a minor role in phase determination. As
previously described, it is likely that short chain polymers were unable to completely
wrap around the precursor. Additionally, long chain polymers likely formed larger
chambers as described previously in this study. However, the results obtained in this
study closely resemble those obtained when TiCl, was added to water containing
citric acid (chapter 7). The formation of anatase independent of PEG chain length was
likely due to the number of oxygen sites on the precursor that were able to coordinate
to the PEG chains. Thus, by tightly coordinating to the precursor, the polymer chains
were able to protect the nucleated phase, regardless of the formation of polymer
reaction chambers of different sizes. The size of formed reaction chambers, governed

by the PEG chain length employed in the synthesis, affected anatase crystallite size.

While expected, the results obtained using Ti-AmOH are interesting given that this is
the first use of a hydrocarbon, oxygen and nitrogen containing precursor in this study.
Other studies showed the exclusive formation of anatase using Ti-AmOH® 1% 112 No
TixNy products were detected using PXRD or TEM in this study. EDS analysis
performed by Lee et al., on TiO, synthesised by the hydrolysis and condensation of
Ti-AmOH in the presence of PEI showed the exclusive formation of anatase®. The
authors found no TixNy products, consistent with the findings in this study. Chemical

mechanisms for exclusive anatase formation were not provided.

Mackel et al., synthesised phase pure anatase by thermohydrolysis of Ti-AmOH™.
The researchers found the precursor to be stable in water at ambient temperatures™.
Additionally, the authors proposed a mechanism of anatase formation based on OH"
substitution of the ligands attached to Ti?, the formation of oxo bridges, and surface
blocking by solvent components. The formation of Ti(OH)y species in solution is
implicit in this work for all precursors used. Since this study focused on the role of the
polymer reaction chambers and steric protection effects related to the presence of
precursor components, the mechanism developed by Mdockel et al. will not be

discussed further.

Page | 350



Tables showing the amount of each phase and crystallite size data obtained for each

sample with averages and errors using Ti-AmOH are given in appendix H.

TEM images corresponding to the sample synthesised using PEG 12000 g/mol is
provided in figures 10.40 — 10.42.

30 nm

Figure 10.40: (PEG 12000 g/mol). Appearance of anatase crystals composed of

various shapes including characteristic oblate habitus.
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Figure 10.41: (PEG 12000 g/mol). Anatase crystals depicting various shapes were

synthesised as evidenced in this TEM image. These crystals have well-defined
edges and appear to pack together in a distinct manner. Unequal hexagonally

shaped anatase crystals have been previously documented in this study.

Page | 352



Figure 10.42: (PEG 12000 g/mol). This TEM image reveals the presence of

anatase crystals comprising distinct and indistinct edges. The highlighted anatase

crystal occurs along (0 1 0) and has distinct edges. The generated FFT was
magnified for clarity. This was to compensate for the limited resolving power of
the low resolution TEM.
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10.2.6 Titanium (1V) (triethanolaminato) isopropoxide
Figure 10.43 contains the PXRD patterns for samples synthesised using Ti-EApro,

post-calcination. All samples produced anatase as the major phase with rutile as the
minor phase. Samples synthesised using PEG 400 g/mol and 6000 g/mol produced
rutile (1 1 0) peaks with the greatest intensity. This suggests that the quantity of rutile

formed did not directly correlate with the polymer molecular weight employed in the

synthesis.
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Figure 10.43: PXRD patterns of Ti-EApro generated samples.

Interestingly, the signal to noise ratio decreased as PEG molecular weight increased.
Decreased signal to noise ratio is indicative of poor crystallinity. Poor crystallinity is
induced by the presence of entities that reduce the probability of nucleation and
growth. Good peak alignment was observed for all samples synthesised using PEG <
20000 g/mol suggesting the absence of entities that could have imparted non-uniform
strain on the lattice. Given that all samples were calcined at 500 °C for 1 hour, and
good peak alignment was observed in the PXRD patterns, a significant portion of
decomposed polymer (in the form of carbon) was removed from the product.

Therefore, the poor signal to noise ratio was not caused by the presence of carbon.
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Ti-EApro is the only precursor employed in this study that contained a nitrogen atom
within the primary precursor environment, albeit not directly bonded to Ti* The
covalent radius of a nitrogen atom (0.75 A) is comparable to that of the covalent
radius of an oxygen atom (0.73 A). No TixNy products were evidenced in PXRD
patterns and TEM images. Therefore, the presence of nitrogen atoms in close
proximity to the PEG coordinated hydroxyl-Ti-EApro precursor likely served as an
impurity that impeded anatase nucleation and growth. These effects were augmented
as the PEG chain length increased.

As postulated throughout this study, longer chain polymers produced larger reaction
chambers. Thus, the effects of nitrogen impeding anatase nucleation and growth were
amplified within larger chambers. This can be explained by considering that larger
chambers coordinated to a larger number of hydroxylated precursors, which increased
the number of nitrogen atoms within the chambers accordingly. A larger quantity of
nitrogen atoms present as the reaction progresses afforded a greater barrier to anatase
nucleation, and hence reduced crystallinity. Smaller chambers coordinated to fewer
hydroxylated precursors and hence the quantity of nitrogen atoms within the chambers
was minimised. Since anatase nucleation was not as severely impeded, better

crystallinity was obtained.
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Figure 10.44: Average amount of anatase with associated crystallite size formed

using Ti-EApro.

Figure 10.44 compares the amount of anatase formed with its respective crystallite
size as a function of increasing PEG molecular weight, post-calcination. PEG 400,
6000, and 20000 g/mol produced the least amount of anatase. PEG 20000 g/mol in
particular resulted in the formation of 60.2% anatase. Samples synthesised using all
other PEG molecular weights produced > 85% anatase. The average amount of
anatase formed across all samples equalled 84.1% suggesting that this system
favoured anatase formation. Error bars were generated as previously described.

Anatase crystallite size displayed an interesting trend as a function of increasing PEG
molecular weight. Low molecular weight PEG (200 — 1500 g/mol) produced anatase
crystallites measuring ~ 17 nm. Intermediate PEG molecular weight (3000 — 6000
g/mol) produced anatase crystallites measuring ~ 18 nm. When high molecular weight
PEG was employed in the synthesis (8000 — 20000 g/mol), anatase crystallite size
decreased with increasing PEG molecular weight. The average anatase crystallite size
obtained across all samples equalled 16.6 nm. No trend could be obtained relating the
amount of anatase formed with its respective crystallite size. Error bars were

generated as previously described.
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The average amount of anatase formed across all PEG molecular weights using
TiOXS (84.9%) is comparable to that obtained using Ti-EApro. Excluding the samples
synthesised using PEG 400 and 6000 g/mol, figure 10.45 shows fairly good
correlation between the amounts of anatase formed as a function of increasing PEG
molecular weight between TiOxS and Ti-EApro. This correlation is stronger for

samples synthesised using long chain PEG.

The average anatase crystallite size obtained across all samples using TiOxS (16.2
nm) is comparable to that obtained using Ti-EApro. Excluding samples synthesised
using PEG 200, 3000, and 20000 g/mol, from figure 10.46 it can be seen that fairly
good correlation exists between the sizes of anatase crystallites obtained using TiOXS
and Ti-EApro.

The correlation in figures 10.45 and 10.46 suggests that the polymer had a significant
influence in phase and crystallite size determination when precursors containing
components other than hydrocarbons and oxygen were employed in the synthesis. It is
likely that the amount and size of anatase formed per PEG chain length was governed
by the size of polymer reaction chambers formed, as previously discussed.
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Figure 10.45: Post-calcination comparison of the average amount of anatase

formed using TiOxS and Ti-EApro.
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Figure 10.46: Post-calcination comparison of the average anatase crystallite size
obtained using TiOxS and Ti-EApro.

It was shown that the tendency of a hydroxylated precursor to form anatase was
governed by the size of protecting groups occurring within the reaction chambers and
the number of sites available for coordination to PEG chains. Hydroxyl-Ti-EApro
contained 4 carbon chains of 2 atoms each (including 1 branched chain containing 1
carbon atom) that likely imparted a degree of anatase protection within the reaction
chambers. However, hydroxyl-Ti-EApro contained only 4 oxygen atoms that could
potentially coordinate to PEG chains. Therefore, it is likely that polymer chains did
not tightly coordinate to the hydroxylated precursor. Hence, protection effects
afforded by PEG chains were limited. This had the effect of encouraging rutile

transformation.

An additional consideration is the presence of a solitary nitrogen atom per hydroxyl-
Ti-EApro precursor. As discussed above, the presence of this atom likely caused a
hindrance to anatase nucleation. Any anatase that did nucleate was protected against
coarsening by the presence of nitrogen. It is expected that the anatase growth
hindrance effect afforded by nitrogen atoms were not as pronounced as those afforded

by carbon chains. This is due to the ability of carbon chains to provide better steric
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stabilisation to the growing crystals. PEG chains could potentially form hydrogen
bonds with nitrogen atoms thereby enhancing their effects within the reaction
chambers. A study of lanthanide containing PEG complexes by Rogers et al., revealed
that the presence of various anions changed the mode of polymer wrapping®. This
suggests that the presence of nitrogen atoms in system could have changed the manner

by which reaction chambers formed around the hydroxylated precursor.

In conclusion, the results obtained using Ti-EApro can be explained by considering
that anatase formed from the hydroxylated precursor benefited from a degree of
protection afforded by the carbon chains and to a lesser degree, nitrogen atoms.
Nitrogen atoms served to impede anatase nucleation and then growth of nucleated
anatase crystallites. This contributed to the formation of anatase. The limited number
of oxygen atoms contained in Ti-EApro reduced the propensity of PEG coordination
to the hydroxylated precursor. Reduced coordination reduced the protection effects
afforded by reaction chambers. This had the effect of encouraging rutile
transformation. Thus, this system produced anatase as the major phase, with rutile as
the minor phase. The formation of reaction chambers of various sizes caused the

amount of anatase to vary per PEG chain length.

Tables showing the amount of each phase and crystallite size data obtained for each

sample with averages and errors using Ti-EApro are given in appendix H.

TEM images corresponding to the samples synthesised using PEG 200 g/mol and
20000 g/mol are provided in figures 10.47 and 10.48 respectively.
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20 nm

Figure 10.47: (PEG 200 g/mol). Anatase crystals with various sizes. This is

consistent with previously observed anatase crystals.
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Figure 10.48 is interesting as it likely contains a region of the sample that consisted of
small anatase crystals and anisotropic rutile crystals (highlighted in white). The
identity of the crystallites could not be confirmed through crystallographic techniques
(SAED or FFT comparisons) as the sample was imaged using a low resolution TEM.

The crystallites were identified by comparisons with previously obtained TEM images

of anatase and rutile. No rutile mesocrystals were evidenced.

Figure 10.48: (PEG 20000 g/mol). A mixture of anatase and rutile crystallites
(highlighted in white).

Page | 361



10.3 Conclusions

All precursors favoured the formation of anatase as the major or exclusive phase. The
size and constituents of the precursors determined if PEG chain length would be a
factor in controlling the amount of anatase formed. PEG chain length was a greater

determinant of crystallite size than of the amount of anatase formed.

TiOxS was found to favour anatase formation but was dependent on PEG chain
length. The results were rationalised by considering that sulphur species served as
directing agents, favouring the anatase phase. However, they were not as adept as
citrate ions at stabilising the anatase phase, leading to PEG chain length dependency.
The introduction of BaSO, yielded results similar to that obtained using TiCl, in water
containing HNOs. This result confirmed that precursor ligands influence the formed

phase.

Ti-EApro favoured anatase formation but with a dependence on PEG chain length.
The generated products produced PXRD patterns that had poor signal to noise ratio as
the polymer chain used in the synthesis increased. This was attributed to the presence
of a large quantity of nitrogen atoms within large polymer reaction chambers that
impeded anatase nucleation. Dependence on PEG chain length closely resembled that
obtained using Ti-EHOXx. Therefore, it was concluded that the small number of
available oxygen sites for coordination to the polymer for a hydroxylated precursor of
this size was responsible for encouraging rutile transformation dependent on PEG
chain length. Additionally, the protection effects afforded by the presence of nitrogen

atoms were not as robust as that achieved by carbon chains.

Ti-isopro produced nearly phase pure anatase for all PEG chain lengths. A
comparison of the amount of anatase formed using Ti-isopro and TiCl, in water
revealed striking similarities. The similarity in the data implied a similar mechanism
of particle formation given the similarities in the hydroxylated structures. By this
argument, it was concluded that the presence of small carbon chains within the
polymer reaction chambers served to stabilise the anatase phase. The interplay
between the number of oxygen coordinating sites available to PEG and the small size
of the protecting carbon chains nullified the effects of polymer chambers of various

sizes.
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Ti-AcAc and Ti-AmOH produced near phase pure and phase pure anatase
respectively for all PEG molecular weights despite these precursors consisting of
ligands that were different to Ti-isopro. This result was rationalised by considering the
number of oxygen sites available for coordination to PEG reaction chambers. A
multiple coordinated hydroxylated-precursor increased the protection and stabilisation
effects afforded by PEG reaction chambers. This combined with the presence of

stabilising ligands served to promote the formation of anatase.

Ti-EHOx had the same number of oxygen sites available for coordination to PEG,
however, the protecting carbon chains were longer than for Ti-isopro. Thus, this
precursor favoured the formation of anatase but the dependence on PEG chain length
was more significant than for T-isopro (PEG 20000 g/mol produced rutile as the
major phase). It was concluded that short chain PEG chains do not fully wrap around
the large hydroxylated precursor. Large reaction chambers struggled to coordinate to
the hydroxylated precursor due to the size of the attached ligands. Therefore, reaction

chamber protection and stabilisation was inhibited.

Based on the findings in this study, an added layer of complexity was added to the
developing mechanism of particle formation using resin-gel synthesis: the tendency of
a precursor to form anatase was dependent on the interplay between the number of
sites available for coordination to PEG chains, and on the ability of precursor ligands
to protect and stabilise the nucleated anatase phase. Hydroxylated precursors
coordinate to PEG chains. The degree of coordination is dependent on the number of
oxygen atoms contained in the precursor. If the hydroxylated precursor has sufficient
sites for coordination to the polymer, then the formed polymer reaction chambers will
stabilise the nucleated anatase phase. The second source of stabilisation occurs from
the size of protecting ligands attached to the metal ion. If the ligands are small, they
will not be able to effect significant steric stabilisation of the nucleated anatase phase.
If they are too large, the hydroxylated precursor may not be sufficiently engulfed by
the reaction chambers, reducing the polymer protection effects. If the protecting
ligands are of a fair size and with sufficient oxygen sites available for coordination to
the polymer, the nucleated anatase phase will benefit from protection afforded by the

ligands and the polymer.
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Direct comparisons between the various precursors employed in this study on the
amount and size of anatase crystallites formed is concluded graphically in figures
10.49 and 10.50 respectively.
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Figure 10.49: Effects of different Ti precursors on the mass percentage of
anatase formed.
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Figure 10.50: Effects of different Ti precursors on anatase crystallite size.
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Chapter 11: Attempts at Directly Observing
Titanium Dioxide Formation Using Controlled

Temporal Intermittent Resin-gel Synthesis

he final attempts at probing the mechanism of resin-gel synthesis involved
endeavours at directly observing nanoparticle formation. Ideally, direct
observation would be achieved via a combination of techniques such as VT-
XRD, and in situ HRTEM equipped with a hot stage. The methods used and results
obtained in this study were crude and qualitative in nature, but provided key insights

into confirming the method of nano-titania formation using resin-gel synthesis.

11.1 Experimental Procedure

11.1.1 Liquid N3 induced quenching
6.0 ml TiCl, was introduced into excess distilled water (144 ml) containing 55%

HNO;3 (12.0 ml). After stirring until homogeneous, a stoichiometric amount of PEG
200 g/mol (5.4593 g) was added to the beaker containing the metal ion solution such
that the ratio of Ti** : PEG = 1 : 0.5. After solvent removal via evaporation, the
hardened resins were divided into 3 portions. Two of these portions were introduced
into separate crucibles. Samples were heated using the conventional heating method
(described in chapter 5). Once visible colour changes were observed (off-white to
dark brown and dark brown to black) the contents of the crucible was decanted into
vessels containing sufficient liquid N, to quench the reaction. No heat treatments were

applied to the third portion. The experiment was completed in duplicate.

XRD data was generated using a Bruker D2 Phaser diffractometer. The setup of this
instrument was described in chapter 5. Samples were analysed using between 20° and
50° 20 in 0.04 increments counting for 1 second per step. TEM imaging was achieved
using a JEOL 3011.

11.1.2 Aluminium rod generated molten drops

All samples were prepared by adding an amount of TiCl, to distilled water containing
55% HNO;3; and homogenised. For each sample, the volumes of distilled water and
HNOj3 used were 24 times and 2 times the volume of TiCl, used respectively. PEG of

various molecular weights was added to each solution in a (Ti** : PEG = 1 : 1)
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stoichiometric manner and homogenised. The amount of TiCl, and PEG used for each
sample is given in table 11.1. Following solvent removal via evaporation, the
hardened resins were divided equally to introduce a replicate. Each of these portions
were introduced into separate crucibles and heated in accordance with the
conventional heating method (chapter 5). A flat aluminium rod was dipped into the
resin-gels, at various points during heating (after 1 hour, 3.5 hours, and when the
resin-gels were ignited). The molten drop remaining on the aluminium rod was
carefully transferred onto holey carbon TEM grids. Paper towel was used to clear

excess sample remaining on the TEM grids.

Table 11.1: TiCl, and PEG added to achieve a (1 : 1) stoichiometry.

1.0 0.0091 3000 0.0091 27.2968
1.0 0.0091 4000 0.0091 36.3958
0.5 0.0045 6000 0.0045 27.2968
0.25 0.0023 10000 0.0023 22.7474
0.25 0.0023 12000 0.0023 27.2968

By visual observation, the viscosity of the drops obtained later in the reaction was
lower than the viscosity of the drops obtained earlier in the reaction. Given that a new
aluminium rod was used for each sampling point, it was unlikely that the metal caused
any contamination. Additionally, since the metal rod was at room temperature before
being inserted into the resin-gel, it was expected that the realisation of a lower thermal
equilibrium would result in the slowing down of the reaction progression. Figure 11.1
shows the appearance of collected samples. In this experiment, samples were
collected after a specific time period. This differed to sampling in the liquid N,

induced quenching experiment that occurred as a result of sample colour changes.

Due to the small quantity of samples obtained using this method, XRD analysis was

not possible. TEM analysis was conducted using an FEI Tecnai T12.
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11.2 Results and Discussion

11.2.1 Liquid N3 induced quenching
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Figure 11.2: PXRD patterns showing the evolution of an anatase peak as the
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Figure 11.3: PXRD patterns of replicate samples showing the evolution of an

anatase peak as the reaction proceeded.
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Figure 11.2 shows the evolution of an anatase (1 0 1) peak as the reaction progressed
toward completion. Following solvent evaporation, samples synthesised using PEG
200 g/mol appeared to be crystalline in nature. Single crystal XRD revealed these
apparent crystals to be amorphous. This result was confirmed using PXRD given that
the sample analysed pre-heat treatment did not exhibit any peaks. The pattern
generated from the sample when it turned dark brown is different to that obtained
from the sample before heating. Despite this change, no discernible peaks are
observed. The pattern generated from the sample when it turned black shows the
presence of an anatase (1 0 1) peak with poor signal to noise ratio. Strong peaks were
not expected given that the reaction had not run to completion. Additionally, the

sample was not calcined.

Incomplete syntheses likely produced samples containing a significant portion of
amorphous material. Since amorphous material is not accounted for by the Spurr and
Myers equation, caution should be taken when attempting to quantify the presence of
anatase in the sample’. For this reason, the quantity of anatase in the sample was not
ascertained.

For the incompletely synthesised sample (heating (black)), given no observable rutile
peak, it may be assumed that the system produced amorphous material and some of
that material transformed into anatase. This inference is strengthened by considering
the change in the quantity of anatase formed from samples post-synthesis and post-
calcination (data obtained from chapter 8). Rutile appears to be the favoured phase
post-synthesis, with the amount of anatase increasing post-calcination. Since all
transformations to rutile are irreversible?, the result can be explained as follows:
during heating and ignition, amorphous material was transformed into anatase. This
nucleated anatase transformed into rutile simultaneously as more amorphous material
was transformed into anatase. The data suggests that during synthesis, the
transformation of amorphous material into anatase was dominated by the
transformation of anatase to rutile. Therefore, by the end of the synthesis, the sample
consisted of rutile as the major phase. It is possible that calcination caused some
anatase to transform into rutile; calcination favoured the transformation of amorphous

material into anatase.

The variation in transformation between synthesis and calcination may be explained

using oriented attachment. Oriented attachment occurred during synthesis as the
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system exhibited greater molecular mobility®. This had the effect of encouraging
anatase to rutile transformation. However, the lack of mobility and low temperature
during calcination was insufficient to cause significant anatase to rutile
transformation. Calcination was sufficient to cause amorphous material to transform
into anatase as this transformation required less energy and did not necessarily call for

high system mobility*.

Comparing the original data set to its replicate (figure 11.3) suggests that the
experiment exhibited good reproducibility. This is a remarkable finding given the
chaotic nature of the burning process and is an important consideration for the use of

this technigue in any synthesis system.

TEM images corresponding to samples collected before and during heating follow.
Associated figures are given below:

e before heating: figures 11.4 and 11.5
e during heating (dark brown): figures 11.6 — 11.10
e during heating (black): figures 11.11 —11.13

It was not possible to obtain 2D lattice fringe data from the darker regions of the
image given in figure 11.4. Hence the crystallographic identity of these regions

remains unknown.

The formation of nanoparticles before heating and ignition is not impossible, given
that TiCl, forms Ti(OH),. These hydroxylated species can then form TiO, through the
action of condensation. The efficacy of heating and ignition of the polymer mixture in
resin-gel synthesis is exemplified in figure 11.5 by the lack of marked lattice fringe
data.
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Figure 11.4: (before heating). This image was generated from the sample after
solvent evaporation and before heating. The darker regions within this image

represent crystallite ordering.

Page | 374



Figure 11.5: (before heating). By adjusting focus to minimum contrast focus, the

above region of the sample revealed the presence of faint 1D lattice fringes
(highlighted by the arrow).
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From figure 11.6, the formation of PEG sheets is not unexpected®. These sheets
typically have a thickness of 10 nm. From this image no precursor complexes
associated with the polymer were observed. It should be noted that the low
magnification performance of this instrument was sub-optimum given that it was
optimised for high magnification work. Thus, the apparent absence of nanoparticles
should not be concluded as a definite absence.

Figure 11.6: (during heating (dark brown)). A region of the sample containing a

sheet of PEG. This structure measured > 0.45 pm in width and > 1.1 pm in

length.
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Figure 11.7: (during heating (dark brown)). Adjusting focus to near minimum

contrast focus revealed the presence of large PEG sheets. These sheets contained

material represented by the darker areas within the sheet in this image. The size
of these darker regions implied that it was unlikely TiO, nanoparticles. The

upper darker region within this PEG sheet was imaged and is represented in the

next image.
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With reference to figure 11.8, it is likely that the large PEG structures decomposed as
the reaction progressed to ignition, resulting in the formation of smaller reaction
chambers. A possible reason for the formation of polymer sheets and structures with
varied shapes within the same reaction is likely due to a thermal gradient being setup
during synthesis. Since the crucibles were only heated from the bottom, with the top
exposed to the atmosphere, it is possible that reaction components at the bottom of the
crucible experienced greater temperatures. This had the effect of producing different
PEG structures. Similar structures decomposed under the beam. Therefore, low dose

conditions were necessary to image these structures. Low dose imaging inherently

produces grainy images.

Figure 11.8: (during heating (dark brown)). This large structure corresponded to
PEG and measured ~ 350 nm in width and ~ 400 nm in length.
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From figure 11.9, the presence of crystalline TiO, in some parts of the sample lends

credibility to the suggestion of a thermal gradient being setup within the crucible.

Figure 11.9: (during heating (dark brown)). Interestingly, some regions of the
sample revealed the presence of crystalline material associated with PEG
superstructures. Based on the anisotropic characteristics of these crystallites,

they were most likely rutile aligned along [0 0 1].
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Figure 11.10: (during heating (dark brown)). Confirmation of the presence of

anisotropic rutile in the sample. As confirmed by FFT, this crystal was aligned
along [0 0 1]. It measured 14 nm across its width and > 20 nm across its length.
The tip of the nanorod was tapered as previously documented®. No rutile

mesocrystals were observed in this sample.
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As given in figure 11.11, PEG sheet width variation as a function of fragmentation
supports the thermal gradient conjecture to an extent. However, because this image
was recorded from the sample later on during heating, the presence of large polymer
sheets cannot be solely due to a thermal gradient. An additional possibility is that due
to the low quantity of polymer added to the reaction, there was insufficient fuel to
support an extensive ignition. This would leave the reaction cooler than required for
complete polymer decomposition. This second possibility combined with oriented
attachment and calcination at 500 °C then explains why the amounts of anatase and

rutile fluctuate post-synthesis and post-calcination.

Figure 11.11: (during heating (black)). Interestingly, large PEG sheets were
observed later on in the reaction. These sheets measured ~ 0.6 — 0.9 pm in length.

The width of the sheets appeared to vary depending on visible fragmentation.
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Most previously observed anatase crystals along (0 0 1) presented with well-defined
edges, giving the crystals a square or rectangular appearance (in two dimensions).
This crystal given in figure 11.12 appears to undergo inward and outward curvature
(highlighted by the arrows). It is unlikely that this crystal grew in this manner as
surface curvature increases the pressure and hence energy associated with anatase
crystals’. The formation of this crystal is likely due to oriented attachment between
three anatase crystals. As previously described, anatase crystals can undergo oriented
attachment to nucleate rutile at the boundary between the crystals®. Additionally,

surface curvature promoted the formation of rutile’.

Figure 11.12: (during heating (black)). Most of the sample contained crystalline
material. This image contains an interestingly shaped crystal in the (00 1)

orientation.
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10 nm

Figure 11.13: (during heating (black)). Anisotropic rutile crystals with tapered
ends along [0 0 1] were observed. The lattice spacing of 0.33 nm is consistent with

that previously observed for rutile crystals.

11.2.2 Aluminium rod generated molten drops
The production of low volume specimens in this experiment did not allow for the

generation of XRD data. However, it did allow for the generation of TEM images that
better revealed the association of PEG with metal ions forming nanoparticles as the

reaction proceeded.

TEM images corresponding to samples synthesised using PEG of different molecular

weights, sampled at various times during the reaction are given as follows:
e PEG 3000 g/mol after 1 hour: figures 11.14 —11.17
e PEG 6000 g/mol after 1 hour: figures 11.18 and 11.19
e PEG 12000 g/mol after 1 hour: figure 11.20

e PEG 4000 g/mol after 3.5 hours: figures 11.21 — 11.23
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e PEG 10000 g/mol during ignition: figures 11.24 — 11.28

Only TEM images that contain useful data are presented:

50 nm

Figure 11.14: (PEG 3000 g/mol after 1 hour). A polymer fragment likely
containing many small nanoparticles (represented by the darker dots within the
polymer). The fragment measured ~ 130 nm across its width and > 200 nm in

length.
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From the observations in figure 11.15, it is possible that PEG sphere formation marks
a point in the formation of polymer reaction chambers. The formation of polymer
reaction chambers has been hypothesised throughout this study. The association of
nucleated titania within the polymer reaction chambers was previously hypothesised

in this study.

100 nm

Figure 11.15: (PEG 3000 g/mol after 1 hour). Nearly spherical polymer
fragment formations were observed. The structures measured ~ 80 nm in
diameter. Darker regions within the polymer spheres (represented by dots) are
indicative of the presence of titania nanoparticles.
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The larger particles shown in figure 11.16 are evidence of coalescence. All particles
and the aggregated sphere were contained within the polymer, as evidenced in the
image. From chapter 5, PEG 3000 g/mol produced rutile as the major phase.
Therefore, given its size, this structure could correspond to a rutile mesocrystal

nucleation site. The lack of evident particle anisotropy suggests that this site was

imaged early on in the mesocrystal formation process.

Figure 11.16: (PEG 3000 g/mol after 1 hour). Individual nanoparticles measured
between 3 — 7 nm. Interestingly, some particles appeared to aggregate into a
structure measuring > 60 nm across its width and length (contained within the
circle). Distinct particles were observed at the edges of the structure, in contrast

to the centre region of the structure that appeared to contain larger particles.
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Care should be taken to not misinterpret the significance of the ‘tuning fork’ shaped
structures given in figure 11.17. These structures were initially believed to be polymer
sheets folding back on themselves. However, a polymer-free sample (appendix I) was
imaged in a similar manner and also revealed the presence of these structures. This

indicated that these structures corresponded to the holey carbon film breaking free

from the copper grid and rolling on itself under the electron beam.

Figure 11.17: (PEG 3000 g/mol after 1 hour). “Tuning-fork shaped structures”.
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Figure 11.18: (PEG 6000 g/mol after 1 hour). Imaging this sample also revealed

the presence of nanoparticles contained within polymer fragments after 1 hour

of heating.
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With reference to the superstructure shown in figure 11.19, from chapter 5, it was
observed that PEG 6000 g/mol produced 91.8 % of rutile. Thus the presence of rutile
mesocrystals in this sample was not unexpected. The large size of the mesocrystal is
surprising given that this sample had been heated for 1 hour implying that the sample

was not close to its flash point.

300 nm

Figure 11.19: (PEG 6000 g/mol after 1 hour). The superstructure within the
polymer (darker region of the image) is consistent with the formation of a rutile
mesocrystal. The structure measured ~ 500 nm across its width and ~ 400 nm
from top to bottom.
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Imaging samples synthesised using longer PEG chains (as that exhibited in figure
11.20) posed a significant challenge. The volume of polymer in the sample and low
dose conditions limited the ability of the electron beam to penetrate the specimen and

obtain useful data.

Figure 11.20: (PEG 12000 g/mol after 1 hour). This image shows the presence of

nanoparticles (highlighted with arrows) associated with polymer fragments.
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The presence of PEG in figure 11.21 is not unexpected. As previously observed, it is
possible for PEG to be present within the sample close to the end point of ignition. It
Is believed that the presence of PEG controls the amounts of nucleated anatase and
rutile, and explains why these amounts fluctuate post-calcination. Arrows point to
high aspect ratio polymer sheets or fibres. The region contained within the circle was

magnified and imaged. These images follow.

Figure 11.21: (PEG 4000 g/mol after 3.5 hours). The structure contained within
the image measured ~ 1.2 pm across its length and width and is indicative of

PEG (or carbon generated from PEG) aggregation.
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The observations in figure 11.22 are consistent with the hypothesised mechanism of
particle formation within reaction chambers using resin-gel synthesis.

100 nm

Figure 11.22: (PEG 4000 g/mol after 3.5 hours). This image represents PEG
sheets (or carbon material generated from PEG) folding back on itself to create
non-spherical reaction chambers. The light contrast of the central region of the

chambers suggests that they are hollow or nearly hollow. As highlighted by

arrows, the central hollow region of the chambers measured between 3 —7 nm in
width. The region contained with the circle was magnified and imaged. This

image follows.
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The intershell spacing of 0.326 nm highlighted in figure 11.23 is consistent with that
documented for multi-walled carbon nanotubes®. Estimating the internal diameter is
complicated by the presence of a smaller, crystalline, circular structure contained
within the larger structure. Carbon was an expected product of the ignition. However,
this is the first observation of shaped carbon material formed using resin-gel
synthesis. It is possible that during later stages of the ignition, PEG degrades into
shaped carbon materials that serve to protect the surfaces of nucleated titania, and
hence serve as reaction chambers. It should be noted that toward the end of the
reaction, most titania has already formed through the actions of heating and the

interplay between the precursor molecules and PEG. Therefore, the effects of shaped

carbon materials should not be present throughout the reaction.

Figure 11.23: (PEG 4000 g/mol after 3.5 hours). Apparent formation of a circular
reaction chamber. The intershell spacing measured 0.326 nm.
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Based on previously obtained data on the tendency of rutile to form mesocrystals, it is
likely that the superstructures given in figure 11.24 correspond to rutile aligned along
[0 0 1]. It is possible that areas contained within the black circles represent rutile
mesocrystal nuclei that would have developed into larger structures if the reaction was
not stopped. Interestingly, the length of the anisotropic rods and diameter of the
mesocrystals were similar. Given the propensity of rutile to coarsen along [0 0 1], it is
likely that the rutile nucleating conditions influenced whether superstructures or rods
are formed. These conditions were likely inflicted by the formation of polymer

reaction chambers.

Figure 11.24: (PEG 10000 g/mol during ignition). This sample produced titania
that aggregated into anisotropic rods (highlighted by arrows). Some of these rods
arranged into hierarchical superstructures (highlighted by white circles). Black
circles are indicative of smaller, more densely packed nanopatrticles.
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The proposed mechanism of rutile mesocrystal formation (figure 11.25) is anatase
seed crystals that nucleate rutile. The rutile nucleus coarsens along [0 0 1] to form
nanorods that extend radially outward from the centre of the assembly. A combination
of polymer reaction chamber effects and oriented attachment is believed to catalyse

the formation of mesocrystals of various sizes.

I““‘i e :.&1 -
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Figure 11.25: (PEG 10000 g/mol during |gn|t|0n) Sparsely grown mesocrystal
most likely comprised of rutile. The central region of this assembly is
significantly denser than the outer rim. Additionally, the mesocrystal is
imperfect as evidenced by the lack of nanorods present in the lower left part of
the image.

Page | 395



"94N30N43S SIY3 JO SUOIJI8S Paljiunew Juasaias
safewl BuiMo||o) 8yl ‘Panlasqo ag ued $aanjonuls Juadayip Auew ‘aswAjod syl UIYLIAA 31 $8S0JoUS Jeyl Arepunog ayl Si 84n3anJis Syl
J0 8anyes) Bunsaasyul uy .m_QEmm SIY} Ul PaAJ8sqo sem a4n3onuls JswAjod abae| v “(uoniubi

N MY
W) 2

Burinp jow/6 0000T 93d) :92'TT 8Inbi4

v

i v = =

wu 00S

\ JQ.
np

5 .

Wes ay} Jey

A
yL

.co:_cm_ Bul Uw:_ﬂno sem a|d 1 uaAIb snoLnd sem JawAjod siyl Jo E_E,m.c 3

S|erIayeLwouRU BIUB)] JO UOITELWIO) 3Y) UIBA0B 1ey) S3ZIS SNOLIBA JO SISqWeyd uonaeas Auew 1s1xa ‘ainjonnsiadns siyy ulyim ey ajqissod si i

"017eJ 10adse ay1 Buibueyd Inoyim ainjonals ayl Jo sued omy 0] Bulpuodsaliod sabewl omy bumiy Ajjesiweloued Aq pasedaid sem 9z 1T ainbi4

Page | 396



Figure 11.27: (PEG 10000 g/mol during ignition). A magnified image of the right

hand side of the structure observed in figure 11.26. The outside boundary
appears to loop causing the internal structure to change, and may be indicative

of a polymer reaction chamber.
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The similarity of internal components observed ion figures 11.21 and 11.28 suggests
that both PEG and crystallised carbon generated from PEG play a role in the

formation of titania nanoparticles using the resin-gel synthesis method.

nisl: VA
: ‘.-AW‘A,‘
o Mg

100 nm

Figure 11.28: (PEG 10000 g/mol during ignition). The internal components of
this portion of the superstructure are similar to that observed in figure 11.21.
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11.3 Conclusions

The facile methods employed in this study for the direct observation of the
mechanism of resin-gel synthesis proved successful. Liquid N, induced quenching
showed the presence of large polymer fragments with few associated nanoparticles.
This was in contrast to the aluminium rod generated molten drops experiment that
exhibited greater success at displaying the interactions between polymer fragments
and nanoparticles. Additionally, the latter experiment produced better images on
account of the lower sample volume employed in the experiment. This method also

allowed for better precision with less sample wastage for each timed snapshot.

PEG and crystalline carbon formed interesting structures that existed as — or
decomposed to form — reaction chambers. Various shaped PEG and/or carbon
material such as sheets, superstructures, and spheres were observed. This experiment
produced positive evidence of carbon material folding back on itself to form cavities.
These cavities likely served as titania nucleation and protection sites. Despite both
experiments failing to prove which type of structures resulted in the formation of
anatase and rutile, they did provide visual evidence of the hypothesised reaction

chambers that exist in various sizes.

Evidence of polymer fragments present late during the reaction progression elucidates
why the amounts of anatase and rutile varied before and after calcination — as

previously hypothesised.

Observed titania existed as nanorods, mesocrystals and aggregated nanoparticles.
These findings are consistent with previously obtained TEM data in this study. This
suggests that the experiment did not cause any abnormal results.

Imaging a sparsely grown rutile mesocrystal lent credibility to the developed

hypothesis on their formation under the conditions of resin-gel synthesis.
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Chapter 12: Conclusions

he facile, yet accepted working theory of resin-gel synthesis was that metal

ions bond to a coordinating polymer. Segregation and precipitation of the

metal ions were prevented by the polymer until resin ignition forced the
formation of nanoparticles. Understanding the underlying mechanism and nuances of
nanoparticle formation using resin-gel synthesis is imperative to harnessing its ability
to form multi mixed metal oxides with varying stoichiometries. Due to the many
tuneable parameters available in resin-gel synthesis, this technique has the advantage
of affording control over particle size, shape, purity, morphology, and phase
composition. The benefits of this technique can only be applied to other systems once
the mechanism of nanoparticle formation is understood. Therefore, the primary goal
of this investigation was to describe the mechanism of nanoparticle formation by
altering various parameters and observing changes in TiO, crystalline phases and
crystallite sizes. Studies were conducted in order to determine the effects of the type
of polymer, solvent, acid, and metal ion precursor. Other parameter variations
explored the effects of polymer chain length and stoichiometry, and variations in
heating rates toward resin ignition. Finally, temporally controlled intermittent resin-
gel syntheses were conducted in order to observe directly, the interaction between
metal ions and resin components. A consequence of titania synthesis was the
formation of rutile mesocrystals. Therefore, the formation mechanism for rutile
mesocrystals under the conditions of resin-gel synthesis was described as a secondary

aim.

12.1 Conclusion 1

Approaching a system as unknown as resin-gel synthesis, a few preliminary
investigations were deemed necessary in order to obtain rudimentary information
about PEG degradation and ideal synthesis conditions. To this end, TG analysis was
performed on as-received PEG of various molecular weights. The results revealed that
under oxidative conditions, the onset of decomposition occurred > 175 °C with higher
temperatures necessary for longer chain PEG. Given that all PEG samples had
completely decomposed at 500 °C, the calcination temperature for the remainder of
this study was ascertained. Subtle differences were observed in the degradation
profiles of as-received and loaded PEG. This led to the development of a gas heating
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ring and sand bath heating system to be employed for the conventional degradation of

resins in the remainder of this study.

12.2 Conclusion 2

The second preliminary investigation involved systematically removing oxygen from
each component in the system in an attempt to obtain optimum synthesis conditions
for the conduction of all further resin-gel syntheses. The primary discovery was that
TiO, formed in all samples containing at least one oxygen-containing component.
This implied that all further investigations could be conducted under normal
atmospheric conditions. Except for when oxygen was included in all reaction
components, anatase was the preferred phase formed. The effects of an oxygen-
containing (PEG) and an oxygen-free polymer (PEI) were also established: under the
same atmospheric and solvent conditions, PEI favoured the formation of anatase
compared with PEG that favoured rutile formation. TEM imaging of unignited
samples revealed the presence of superstructures exhibiting short-range crystallinity.
The composition of these structures suggested that they were decomposition products
of the polymer.

12.3 Conclusion 3

Until now, the role of the solvent in resin-gel syntheses was assumed unimportant to
the products formed. Therefore, a subsequent study was concerned with varying the
type of solvent employed in the reaction and monitoring the titania products formed as
a function of increasing PEG molecular weight. The results revealed that ethanol
produced nearly phase pure anatase for certain PEG chain lengths (200 — 20000
g/mol). Anatase was produced as the majority phase when long chain PEG (35000
g/mol) was employed in the reaction. When water containing HNO3 was used as the
solvent, rutile was the preferred phase formed (by considering the average amount of
rutile formed across all PEG molecular weights). Unlike for samples synthesised in
ethanol, rutile formation was dependent on PEG molecular weight, when water
containing HNO3; was employed as the solvent. With good reproducibility, it was
found that certain PEG chain lengths produced nearly phase pure rutile, compared
with others that produced a mixture of polymorphs. This led to an up and down effect
of the amount of rutile formed as a function of PEG chain length. Intriguingly, the

amount of rutile formed displayed an inversely proportional relationship with the
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average rutile crystallite size formed as a function of increasing PEG molecular
weight. This inverse relationship was previously observed in literature for the
formation of brookite as a function of time. However, its presence for rutile as a

function of PEG molecular weight was a novel finding.

Based on the literature finding that PEG chain length affects metal ion coordination,
and the PEG superstructures observed in the preliminary investigations, the concept of
the formation of PEG reaction chambers was conceived. The formation of these
chambers was used as a means to explain the up and down effect of the amount of
rutile formed as a function of increasing PEG molecular weight observed in this

study.

12.4 Conclusion 4

Following these findings, the rate of polymer degradation was increased by increasing
the heating rate while keeping all other reaction parameters consistent. The primary
aim was to develop further, the newly conceived model for nanoparticle formation
using resin-gel synthesis. As expected, enhanced heating produced larger crystallites
on average, than conventional heating. Under enhanced heating, the use of ethanol as
a solvent produced nearly phase pure anatase independent of PEG of certain chain
lengths (200 — 20000 g/mol). This implied that ethanol was a greater determinant of
phase formation than heating rate. The amounts of anatase formed (and anatase
crystallite size formed) were similar for PEG 35000 g/mol regardless of the heating
rate used. When water containing HNO3 was employed as the solvent under enhanced
heating, the results obtained were significantly different to those obtained using
conventional heating. Enhanced heating using water containing HNO3 showed a clear
dependence on the PEG chain length employed in the synthesis: low molecular weight
PEG produced almost no rutile, medium molecular weight PEG produced a mixture of
anatase and rutile, and high molecular weight PEG produced nearly phase pure rutile.
Despite these differences, the amount of rutile formed was inversely proportional to

its respective crystallite size — as previously observed with conventional heating.

12.5 Conclusion 5
A subsequent study aimed at lending credibility to the hypothesis that solvent
components affect TiO, nucleation within polymer reaction chambers. Literature

studies revealed that the use of citric acid favoured the formation of anatase over
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rutile in sol-hydrothermal and hydrothermal processing. Citric acid served to cap
nucleating anatase crystals, protecting and stabilising their surfaces, and inhibiting
transformation into rutile. Thus, in this investigation, citric acid was added to water
and a range of PEG molecular weights. The results revealed that the average amount
of anatase formed across all samples equalled 99.6%. This result implied that solvent
components were actively involved in crystal stabilisation within the polymer reaction
chambers. This experiment proved that polymer chains coordinate to metal-hydroxyl

complexes formed between metal ions and solvent components.

12.6 Conclusion 6

The next phase of this investigation concentrated on the impact of polymer
concentrations in resin-gel synthesis, with the aim of further advancing the
mechanism of nanoparticle formation. Altering the PEG concentration has the effect
of changing the fuel to metal ion ratio, among other effects. Three ratios of metal ions
to the number of PEG chains were employed. It was found that the ratio of Ti** : PEG
ina(1:1),(1:0.5),and (1:0.1) ratio altered the amount and size of anatase and
rutile crystallites formed. Since water containing HNO3; was used as the solitary
solvent, the effects of polymer concentration on rutile were scrutinised. For synthesis
ina(1:1)and (1:0.5) ratio, similar amounts of rutile were formed for short and
medium chain PEG. For long chain PEG, samples synthesised in a (1 : 0.5) ratio
resulted in significantly more rutile formation than samples synthesised in a (1 : 1)
ratio. The data also suggested that synthesis in a (1 : 0.1) ratio favoured the formation

of rutile when long chain PEG was employed in the synthesis.

12.7 Conclusion 7

Subsequently, the interplay between polymer concentration and a rapid rate of
degradation were investigated. The results obtained would be used to bridge any gaps
in the current model for polymer degradation and particle formation using resin-gel
synthesis. After synthesising samples across a range of PEG molecular weights in (1 :
1) and (1 : 0.5) ratios, the resins underwent spontaneous ignition in a pre-heated cast-
iron vessel at 915 °C. The decrease in peak intensity in PXRD patterns for samples
synthesised using long chain polymers in a (1 : 1) synthesis signalled the presence of
undecomposed polymer within the TiO, samples. This finding was supported by the

low thermal conductivity of PEG and the thermal protection afforded by hydrogen
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bonded water molecules. When these two factors were added to the polymer reaction
chamber model, they successfully accounted for the similarity in amounts of rutile
formed using rapid and conventional heating of stoichiometrically synthesised TiO,.
The rate of polymer decomposition had a greater impact on crystallite size, compared
with the amount of PEG in the mixture that had a greater impact on the amount of

rutile formed.

12.8 Conclusion 8

The final parameter variation study was concerned with changing the metal ion
precursor and observing changes in the amount and size of TiO, crystallites. Based on
the steric effects of slightly larger solution components (ethanol and citric acid)
favouring the formation of anatase, it was assumed that increasing the size of the
ligands attached to the titanium ion precursor would also favour anatase formation.
Therefore, the formation of anatase in this study would serve as a successful test for
the developed mechanism. However, non-exclusive anatase formation would allow
the mechanism to be modified and refined to include contributions from the formation

of metal hydroxyl complexes and polymer coordination to these complexes.

The use of titanium (IV) oxysulfate produced anatase as the major phase with a
dependence on PEG chain length that was different to all previously obtained data.
This was due to the presence of sulphur species serving as directing agents and
favouring the formation of anatase. Because the sulphur species were not as proficient
as citrate ions at stabilising the anatase phase, anatase formation was dependent on the
size of polymer reaction chambers set up during the reaction. Removing sulphur
species from the solution by the addition of BaSO, to TiOSO, produced results that
were similar to when TiCl, was employed as the precursor, proving that the precursor
ligands influenced the formed phase as described. The PEG chain length dependence
on the amount of anatase formed when titanium (IV) (triethanolaminato) isopropoxide
and titanium (IV) 2-ethylhexyloxide was similar. Both precursors were comprised of
ligands that somewhat inhibited polymer chains from coordinating to oxygen atoms
on the precursors. A poor association between polymer chains and hydroxylated
precursors reduced the protection and stabilisation effects afforded by reaction
chambers and hence resulted in rutile transformation. Titanium (IV) isopropoxide
formed similar amounts of anatase as a function of increasing PEG molecular weight

as TiCl, in water containing HNOs. Since the structures of the formed hydroxylated
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species were similar, it was concluded that the presence of small carbon chain solvent
remnants within the polymer reaction chambers favoured anatase formation. Titanium
diisopropoxide bis(acetylacetonate) and titanium (IV) bis (ammonium lactato)
dihydroxide formed phase pure and nearly phase pure anatase respectively. Since the
structures of these two precursors differed from titanium (IV) isopropoxide, the
mechanism of anatase formation was dependent on other factors. It was concluded
that the large number of accessible oxygen sites on the hydroxylated precursors
available for coordination to the polymer increased the protection and stabilisation
effects afforded by the reaction chambers. The protection effect was amplified by the

presence of stabilising ligands within the reaction chambers.

The summarised results obtained from this study revealed that all metal ion precursors
favoured the formation of phase pure or near phase pure anatase. PEG chain length
played a deciding factor in the amount of anatase formed only if the size and
constituents of the precursors were sub-optimum. Crystallite size was significantly

dependent on PEG chain length.

12.9 Conclusion 9

Finally, attempts were made at directly observing aspects of resin-gel synthesis under
TEM. The methodology was crude and qualitative in nature but provided visual
validity of the proposed mechanism of polymer reaction chamber with associated
nanoparticle formation. The results from liquid N, quenched samples revealed the
presence of polymer sheets later during heating. This finding explained the variation
in the amounts of anatase and rutile formed pre- and post-calcination. The experiment
also yielded evidence of crystals that had undergone oriented attachment. The
aluminium rod generated molten drops experiments revealed many PEG generated
reaction chambers with associated nanoparticles. These structures appeared to fold
back on themselves forming cavities. Spherical cavities exhibited an intershell spacing
equalling 0.326 nm. This is consistent with the literature obtained value for multi-
walled carbon nanotubes and hence provided positive evidence that the observed
structures were composed of carbon generated from PEG. Additionally, reaction
chambers were found to exist within larger polymer structures, later on during the

reaction.
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12.10 Conclusion 10

Rutile mesocrystals exhibiting various morphologies were observed. Depending on
the reaction conditions, they presented as variable sized structures with numerous
rutile nanorods and sections within the mesocrystal. Individual nanorods were found
to be single crystal in nature and pyramidically capped. This is consistent with

literature findings of rutile mesocrystals.

With the understanding of nanoparticle formation, various parameters involved in
resin-gel synthesis can be manipulated to fabricate bespoke materials. For example,
the stoichiometry of a mixed metal oxide may be altered by selecting two different
metal ion precursors: one that is oxygen deficient (or that contains large ligands) and
one that has many available oxygen sites for association to the polymer and small
ligands. The biased association and protection afforded by the polymer to the two
different precursors will then control the amount of each metal present in the final
material. In a similar manner, phase purity of a mixed metal oxide can be tailored by
adjusting the solvent used in the synthesis. It is possible to form a predictable mixture
of phases based on the contents of the solvent and size of the coordinating polymer.
Finally, a plethora of different crystalline material can be fabricated by using the
correct combination of each metal with an appropriate solvent, and then adding each
of these solutions to a communal coordinating polymer.

Refer to appendix J for a thorough discussion on plausible explanations for all

concluding remarks made in this chapter.
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Chapter 13: Proposals for Further Studies
Related to Resin-gel Synthesis

ith a synthetic technique in its infancy, there is considerable room to
improve understanding. A three-pronged approach should be taken to
contextualise and expedite work concerning resin-gel synthesis:
1) increased parameter variation studies to provide more insights into the mode
of operation
2) quantitative studies that precisely measure various occurrences during a
typical resin-gel reaction
3) applying the resin-gel method to the synthesis of multi component oxides to
produce functional materials that can be accommodated into the voids of

current and future problems

13.1 Parameter Variation Studies

The type of parameter variation studies that can still be achieved is limited only by the
extent of imagination. Some parameter variation studies that can follow include
investigating the effects of a combination of two or more solvents with various
dielectric constants. In a similar manner, the effects of a combination of two or more
coordinating polymers (or co-block polymers) or molecular weights of the same
polymer may yield interesting results. By extension, employing the use of a precursor
containing different metal ions may lead to the formation of a material with exotic
properties. With an appropriate combination of starting materials, it may be possible
to form crystallites that exhibit different morphologies in different parts of the
particle. This may eventually lead to the synthesis of striated or layered materials.
Microwave radiation has not yet been employed as a heating source. Given that
microwave heating creates localised hotspots within the reaction matrix, and that the
formation of nanoparticles is predicated on the formation of polymer reaction
chambers, the ability to synchronise heating to specific reaction chambers may result
in the formation of interesting materials. The effects of varying the ratio of metal ions
to polymer monomer units have not yet been investigated. The results of a similar
study should provide interesting results regarding the binding capabilities of polymer

units under different conditions. Additionally, the present investigation did not
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consider the effects of varying the concentration of metal ions in the mixture.
Depending on the interplay between polymer concentration and solvent type, the
concentration of the metal ion precursor may serve as a vector of control for phase or
crystallite size formed. Finally, the complete removal of oxygen from the system in a
preliminary investigation in this study revealed the presence of hollow-shell
structures. While this technique has not yet synthesised nitrides, sulphides, or
carbides, it will be interesting to perform a complete investigation on the formation of
products from an oxygen-deprived system. It is theoretically possible, as long as an
appropriate coordinating solvent and metal ion is used, to form something other than

an oxide using resin-gel synthesis.

13.2 Quantitative Studies

The present study used the results from several parameter variation studies to create
and then refine the mechanism of particle formation. However, the experiments did
not accommodate quantitative work. For example, investigating the differences in the
rates of heat transfer between polymers of various molecular weights, stoichiometries,
and metal loading concentrations will allow for better control over formed products.
New insights may be gained from applying a model (such as the Flory-Huggins
solution theory model) to calculate the enthalpy, entropy, and ultimately Gibbs free
energy associated with polymer-polymer, polymer-solvent, and solvent-solvent
interactions. A solid-state NMR investigation into pre-heated resin samples will
potentially allow for the exact coordination between PEG and metal ion complexes to
be established. The present study would have benefitted from VT-XRD analysis of
polymer degradation. Therefore, a future study could be to understand the kinetics of
polymer degradation and phase transformation during heating and possibly ignition.
This technique combined with in situ HRTEM equipped with a hot stage will allow
for continued monitoring of the reaction and provide accurate data on the formation of
reaction chambers. Finally, Raman analysis on partially synthesised samples will
reveal the quantity of crystallised carbon material in the presence of degraded,
polymer-derived structures. This information can improve the understanding of how
nanoparticles develop within polymer reaction chambers with different carbon

contents.
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13.3 Applications of Resin-gel Synthesis

As a final consideration, future work can be directed at harnessing the power of resin-
gel synthesis. Indeed, at the University of the Witwatersrand, insights gained from this
work have been applied to the resin-gel synthesis of beta alumina sheets for use in
batteries. Other ongoing research at this institution is focussed on using this technique
for the fabrication of quaternary mixed metal oxides for photovoltaic and
photocatalytic applications. At the University of Cambridge, the quaternary oxide
system Bi,O3-Ce0,-Nb,Os was successfully synthesised in nanoparticulate form
using resin-gel synthesis. This material could potentially possess interesting
characteristics that will be of benefit in a given application. For example, in the case
of high temperature superconductors, current materials incorporate the use of mixed
metal oxides. Resin-gel synthesis may have the ability to more easily form these

materials, or different materials that have not yet been created.
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Appendix A. JCPDS Powder Patterns and
PXRD and (HR)TEM Components

A.l. JCPDS Powder Patterns for Titanium Dioxide Polymorphs

Figures A.1, A.2 A.3 show the JCPDS data cards for rutile, anatase and brookite

respectively’
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Figure A.2: JCPDS card for anatase.
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A.2.  Powder X-ray Diffraction

A.2.1. Components of a PXRD
Two diffractometers with Bragg-Brentano geometry were employed in this study: 1)

Bruker D2 Phaser (figure A.4) with a Cu Ka or Co Ka radiation source, a Ni Kp filter,
a 0.6 mm slit, secondary Séller slits at 2.5 °, a LynxEye  detector, and a 0-0
goniometer. 2) Siemens D5000 with a Cu Ka radiation source, a forty-position
automatic sample changer, variable aperture, stepping motor controlled incident- and
diffracted-beam slits, a bent graphite crystal secondary monochromator, Soller slits at
2°, a scintillation counter, and a 6-26 goniometer. This section shall discuss the need
for and use of various components in a powder diffractometer and is largely based on
Chapter 2: Experimental Setups (Cockcroft and Fitch) from Powder Diffraction:
Theory and Practice (Dinnebier and Billinge)?.

A.2.1.1. X-ray Source

X-rays are generated using a sealed X-ray tube. Electrons are emitted thermionically
from the filament and are accelerated toward a metal anode inside the vacuum tube®.
These collisions causes a series of electronic transitions in the target material
instigating it to emit electromagnetic radiation as the electrons return to the ground
state. A continuous spectrum of generated X-rays (Bremsstrahlung) exits the tube
through beryllium windows. Figure A.5 shows a schematic of a typical X-ray tube and

a photograph of an actual tube.

A Goniometer

Motor
Cu X-ray Tube
Lynxeye

Detector
Standard

Sample
Mount and
Positioning

Stage
Assembly.

Figure A.4: (left) Bruker D2 Phaser diffractometer. (right) Internal mechanics of
the D2 showing X-ray source, sample loading assembly and detector?. The source

and detector rotate along the 0-0 goniometer respectively.
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Figure A.5: (left) Schematic of a sealed X-ray tube. (right) Photograph of an actual X-
ray tube’.

The maximum energy lost can be tuned by employing different acceleration voltages
and altering the source material. When the energy of accelerated electrons surpasses a
threshold value, characteristic radiation peaks are superimposed onto the
Bremsstrahlung as a result of the ejection of an electron from an inner electron shell
of the atom. An electron from a higher energy level moves to fill the newly created
vacancy and emits X-radiation with energy equivalent to the difference in energy
between the two levels. This characteristic radiation is target material dependent and
typically the required voltage to induce characteristic radiation is approximately 3.5 —
4 times the energy of the characteristic X-ray”.

The characteristic wavelengths of generated X-rays used for analysis in this study
were 1.54 A (for Cu Ka) and 1.79 A (for Co Ka). One of the reasons for Cu being a
popular anode material in the generation of monochromatic radiation is due to its high
thermal conductivity®. A full discussion on using Lorentzian functions to model the
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peak shape of Ka radiation and understanding the asymmetry of different a lines can

be found in the literature®.

A.2.1.2. Filters
Once X-rays leave the tube and before they reach the sample, they must be filtered to

select for the desired wavelength. When the target anode material is Cu, a thin,
uniform sheet of Ni typically serves as the filter material. This is due to Ni having an
absorption edge (1.488 A) that is just lower than the energy of Cu KB X-rays (1.392
A). Cu Ka X-rays do not possess sufficient energy to enable the Ni transition and

therefore pass through the material with a low absorption rate.

A.2.1.3. Slits
Several slits (incident and detector beam Séller, divergence, anti-scatter, and receiving

— figure A.6) are found at different positions within the beam path (figure A.7). Slits
serve to collimate the incident and diffracted beam since diffractometers typically
employ a line source of radiation®. The divergence slit determines the irradiated
lengths on the sample by controlling the equatorial divergence of the incident beam®.
Axial divergence is controlled by the incident and detector beam Séller slits. This is
accomplished by the Séller slits by slicing the incident beam into a beam stack, each
possessing low axial divergence®. By controlling equatorial divergence, the anti-
scatter slit determines the observed length on the detector. The detector position is

defined by the receiving slit®.

LT BTHIR Y

Figure A.6: (left) A typical X-ray slit that is 0.3° in size. (right) Séller slits are composed

of fine parallel foils.
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Figure A.7: Components of a powder diffractometer showing positions of the slits,

sample and monochromator and detector in the beam path®.

A.2.1.4. Sample Holders
Two instrument specific sample holders were employed in this study (figure A.8): in

the D2 Phaser diffractometer, a flat-plate, shallow-well sample holder containing a
zero-background Si crystal was used. In the D5000 diffractometer, fixed, non-
rotating, flat-plate, shallow-well sample holders were used in a forty-position
automatic sample changer. The primary benefit of employing flat-plate sample
holders is that they are easy to fill. A Si crystal cut along planes that do not satisfy the
Bragg equation provides a zero-background upon which the samples may be mounted.
A disadvantage of using flat-plate sample holders is the procedure used to create a
uniform sample surface height since flattening the sample can induce preferred
orientation in some samples. Another disadvantage is the loss of sample by falling out
of the sample holder while being rotated along the 6-20 goniometer of the D5000.
Flat-plate sample holders do not shield air-sensitive samples against the environment.
To obtain a good, averaged powder pattern, the sample is typically spun about an axis
normal to the flat-plate. The position of the sample in the path of the beam is given in
figure A.7.
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Figure A.8: Flat-plate, shallow-well sample holders. (left) Filled and unfilled Si zero-
background sample holders used in the D2 Phaser. (right) Non-rotating sample holder

used in the forty-position sample changer of the D5000.

A.2.1.5. Monochromators
Crystal monochromators serve two primary purposes: to produce highly

monochromatic radiation and to form an intense convergent X-ray beam to improve
the signal-to-background ratio of the diffraction pattern® ’. These large, flat, thin,
single crystals are placed in a particular orientation in the incident or diffracted beam
such that one set of planes that diffract strongly is at the Bragg angle to the beam’.
The Bragg angle is calculated for a desired wavelength. A monochromator placed in
the path of the incident beam serves to eliminate diffracted Bremsstrahlung and other
contamination radiations but does not prevent the detection of fluorescence from the
sample®. Si, Ge, quartz, diamond and graphite are typically used materials for
monochromators®. Separating Ko; from Koy and Kp radiation has the effect of
reducing overall intensity. To counter this effect, the crystal is curved?. The position

of the monochromator in the path of the beam is given in figure A.7.

A.2.1.6. Detectors
Three classifications of detectors are point, linear, and area detectors (linear and area

detectors are types of position sensitive detectors) that record the diffraction pattern in
zero, one or two spatial dimensions respectively. Linear and area detectors can be
fixed as opposed to point detectors that must be scanned in order to measure the
diffraction pattern. The LynxEye " detector is an example of a linear detector.

Linear detectors are classified as single or multiple anode devices that serve to

measure the 20 position of arrival of each X-ray. Single anode devices possess a wire
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or blade contained in a gas-filled chamber. X-rays ionize the inert gas into an electron
and ion pair. The generated electrons accelerate toward the anode which results in
further ionization causing signal enhancement by gas amplification. A charge pulse is
caused by the electrons interacting with the wire or blade at both ends. A comparison
of the relative arrival time of the pulse at both ends of the wire or blade enables the
position of the X-ray to be obtained. Quenching gas is added to the inert gas to reduce
the dead time of the system. Higher count rates are possible due to multi-wire anodes
such that each wire serves as an independent detector.

A.2.1.7. Goniometers
The goniometer is a mechanical device that provides precise movements to control the

angles between the radiation source, sample, and detector’. In the D2 Phaser
diffractometer, the goniometer keeps the sample fixed in position and rotates the X-
ray tube and the detector along 0-0. This is in contrast to the D5000 where the
goniometer fixes the X-ray tube and rotates the sample and detector along 0-26. The
goniometer path in relation to various components of the diffractometer is given in
figure A.9.

direct
beam
Soller
slits

tube
——————— 28 =0°
slit detector/

slit L
Teceiving

detect slit

Soller

Slits
detector

26 = 90°

Figure A.9 Diagram of the goniometer path (defined by the circumference of the circle
centred on the flat sample) in relation to some of the components of a 0-20

diffractometer in Bragg-Brentano geometry®.
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A.2.2. PXRD Geometry
Of the two types of principle instrument geometries, reflection (i.e.: Bragg-Brentano —

figures A.7 and A.9) and transmission, the former was employed in this study for both
the D2 Phaser and the D5000 diffractometers. In reflection geometry, samples are
mounted on flat-plate sample holders compared with transmission geometry in which
the samples are mounted in glass capillaries or on tin foil. Reflection geometry
diffractometers afford high diffracted beam intensity and good resolution by
parafocussing the diffracted beam. After the beam interacts with the sample, the
divergent, diffracted X-rays converge at a fixed distance from the sample. Diffraction
peaks are not broadened by equatorial divergence in reflection geometry set-ups. A
characteristic feature of Bragg-Brentano geometry is well-defined diffraction angles

for finite slit widths®.
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A.3.  Transmission Electron Microscopy

A.3.1 Components of a TEM
Several different transmission electron microscopes were employed in this study with

the primary difference being the accelerating voltage. Routine, low resolution imaging
was conducted using the FEI Tecnai T12 at 120 kV with a LaB6 source (figure A.10).
High resolution imaging was conducted using an FEI Tecnai F20 at 200 kV with a
field-emission gun, a JEOL JEM 2100 at 200 kV with a LaB6 source, and a JEOL
3011 at 300 kV, LaB6 source with Cs = 0.6 mm and Cc = 1.1 mm, and a 1 K camera
(figure A.11).

Figure A.10: FEI Tecnai T12 TEM based at the University of the Witwatersrand.

Page | 420



b=
R .-
u peee (=0
¥ wava .
b Seuw
* sanne TR LE
LOR0d , il
_, *ewn
ee

ML
e (33
.

1l

Figure A.11: JEOL 3011 HRTEM based at the University of Cambridge.
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This section will focus on the electron gun, lenses, and apertures in a TEM. Other
components necessary for TEM operation (detector, specimen holder, grids, pumps,
etc.) will not be discussed. A cross-section schematic of the components in a typical
TEM is given in figure A.12.

Electron gun

=) ) Acceleration tube
2
q
d
11
—]
1st condenser lens > =
2nd condenser lens -
Condenser aperturg ——
assembly s
Goniometerﬁ .
Objective aperture
Specimen holder—»
Objective lens
Selected field aperture—=1_
| . intermediate lens
1 |
3 Projector lens
Binocular —— e e
) —Small fluorescent
Viewing port—————— screen
3 Large fluorescent
/ screen

Camera chamber

Figure A.12: Cross-section schematic of a typical TEM showing the major

components in appropriate positions®.

6.4.1.1 A.3.1.1 Electron Source
Thermionic and field-emission are the two types of electron sources available in

TEM’s. Electron guns function to focus the electrons emitted from the source. The

gun design for thermionic emission is different to field-emission microscopes.

In thermionic emission, electrons are emitted after the source has been heated to a

temperature above its work function. Preferred sources are those materials that
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possess a high melting point or a low work function. W filaments have high melting
points and LaBg crystals grown in the <1 1 0> orientation have a low work function
that enhances emission. In the gun containing a LaBg source (figure A.13) the crystal
functions as the cathode and the Wehnelt cylinder functions as the grid. The anode is
at earth potential and a high voltage cable connects the cathode to the high voltage
power supply. Additionally, the crystal is bonded to a metal wire filament that is
heated causing thermionic emission. The generated electrons accelerate through the
potential difference between the anode and cathode attaining the energy of the applied
accelerating voltage. Applying a negative bias to the Wehnelt cylinder controls the
electron beam and allows it to converge at the crossover point between the Wehnelt
and the anode. This is an example of a self-biasing gun — as the emission current is
increased, the Wehnelt bias is also increased.

In field-emission, electrons are produced when an electric field is applied across the
source and anode. Field-emission is based on the principle that the strength of an
electric field is increased at fine points and therefore applying a potential to a fine
point decreases the work function. Preferred sources include materials that can be
drawn out into a fine needle point and are mechanically strong to bear the stresses
induced by strong electric fields. W needles grown in the <3 1 0> orientation have
proven to be the best material for field-emission. Field-emission guns use the source
(tip) as a cathode with two anodes. The first anode functions to create an intense
electric field by being positively charged with respect to the tip. This charge produces
the extraction voltage that causes electrons to be emitted from the tip. The second
anode serves to accelerate the electrons to the applied accelerating voltage. The
geometry of the anodes produce combined electric fields that act as an electrostatic

lens which create a crossover point (figure A.14).

Field emission guns produce brighter and a more coherent beam than thermionic guns.

LaBs affords more brightness, coherency and has a longer operating life than W.
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Figure A.13: Schematic of a thermionic emission gun. The
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Figure A.14: Schematic of a field-emission gun. Notice how the two anode

geometry creates a crossover point®.
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6.4.1.2 A.3.1.2 Lenses
While accelerating voltage determines the theoretical resolution that can be obtained

using a TEM, imperfect electromagnetic lenses limit the achievable resolution of the
microscope. Lenses are fixed in position in a TEM and functions such as changing
focus, magnification, and beam intensity are controlled by changing the strength of
the magnetic field within the lenses. Several lenses exist within the TEM — the first of
which was discussed in section 1.3.2.3.1. While the gun creates an electrostatic lens,

the subsequent lenses are based on magnetic field interactions with the incident beam.

A typically used TEM lens consists of a polepiece and a coil (figure A.15). The
polepiece is a symmetrical cylinder made of a magnetic material such as iron with a
bore drilled down the middle. Most lenses are composed of two polepieces separated
by a gap. The performance of the lens is governed by the bore to gap ratio and the
shape of the polepiece. The polepiece is surrounded by a coil of coper wire. When a
current is passed through the coil, a magnetic field is generated in the bore. The
trajectory of electrons travelling through the lens is controlled by varying the current
in the coils and therefore varying the magnetic field imposed on the incident beam of

electrons. Electrons follow a helical trajectory through the lens field.

While lenses limit the resolution of a TEM, they also allow for better depth of field
and focus. Lenses suffer from spherical aberration, chromatic aberration and

astigmatism.

Figure A.15: Cross-section schematic of a TEM lens consisting of Fe polepieces
surrounded by Cu coils®.

6.4.1.3 A.3.1.3 Apertures
An aperture is a hole of a specific diameter punched in a metal sheet made from

platinum or molybdenum. Apertures are used to limit the number of beams that pass
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through lenses to those closer to the optic axis. This is in an attempt to reduce
aberration. Apertures can be placed above, below or in the plane of the lens. They are
also used to select different beams to form different images. An aperture in the
objective lens allows for control over the image resolution formed by the lens, the
depth of field and focus, the image contrast and the angular resolution of the

diffraction pattern.
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Appendix B. XRD Analysis of Control Samples

To reveal the effects of various reaction components on PEG, XRD analysis was
performed on four different types of control samples: 1) as received PEG, 2) PEG
loaded with a TiCl, solution, 3) homogenised PEG and 4) homogenised PEG with
excess distilled H,O. A final XRD analysis was performed on an empty Si zero-
background sample holder. All analyses were achieved using a Bruker D2 Phaser
diffractometer with Co Ka radiation between 10° — 60° 26. The instrument setup was

described in chapter 5.

B.1 Unloaded PEG

This analysis would reveal the XRD patterns of as received PEG. PEG of various
molecular weights (400, 4000 — 35000 g/mol, Aldrich) and (1000 — 1500 g/mol) were
analysed as received. The XRD patterns generated from these samples follow in
figure B.1. Figure B.1 shows that longer chain polymers exhibited greater crystallinity
than shorter chain PEG. No peaks were evident from the sample synthesised using
PEG 400 g/mol. This is likely due to PEG 400 g/mol existing as a viscous liquid. Peak

misalignment is evident.

¥ —_
21000 PEG 35000

PEG 20000
18000 - PEG 12000
PEG 10000
PEG 8000
PEG 6000
1 PEG 4000
: PEG 3000
PEG 1500
------- PEG 1000

15000 4

12000 4

000

Intensity (a.u.)

00

3000 g oo

20

Figure B.1: XRD of unloaded PEG of various molecular weights.
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B.2 PEG loaded with a TiCl, Solution

This analysis would reveal how the PEG XRD patterns are modified by the inclusion
of a stoichiometric TiCl, solution. PEG of various molecular weights was loaded with
a stoichiometric amount of TiCl, solution in a (Ti*" : PEG = 1 : 0.5) ratio. Samples
were synthesised, homogenised, and devoid of excess solvent as described in chapter
8. No further heat treatments were applied. Figure B.2 contains the XRD patterns
generated from the loaded PEG samples. The sharper peaks in this this figure suggests
that the addition of metal ions improved crystallinity of the polymer. This is
particularly evident for the pair of doublet peaks at ca. 15° 26 and ca. 27.5° 26. It
should be noted that these polymers were melted to induce sample homogeneity. The
effects of homogenising PEG on crystallinity will be explored later.

No peaks were observed at 25.325° 26 and 27.968 ° 20 — characteristics peaks

corresponding to anatase (1 0 1) and rutile (1 1 0) respectively.

12000
| PEG 20000
| PEG 12000
- PEG 10000
e PEG 8000
——— PEG 6000
: ——— PEG 4000
E PEG 3000
z 6000 - DEG 400
% PEG 400
: PEG 200
3000 -
0

Figure B.2: XRD of loaded PEG of various molecular weights.

The following figures compare XRD patterns of loaded and unloaded PEG for

specific PEG molecular weights.
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Figure B.3: XRD patterns for unloaded and loaded PEG 400 g/mol.

5000 :
000 4
3000 -
2000 -

| Loaded
1000 + —— Unloaded
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Figure B.4: XRD patterns for unloaded and loaded PEG 1500 g/mol.
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Figure B.5: XRD patterns for unloaded and loaded PEG 3000 g/mol.

ULIVE
5000 4
4000
3000

2000 H

) |.!
o -_N“‘r'l"lwﬂ"‘% |j I::f.;

20

Figure B.6: XRD patterns for unloaded and loaded PEG 4000 g/mol.
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Figure B.7: XRD patterns for unloaded and loaded PEG 6000 g/mol.
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Figure B.8: XRD patterns for unloaded and loaded PEG 8000 g/mol.
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Figure B.9: XRD patterns for unloaded and loaded PEG 10000 g/mol.

9000 -
8000 - ‘
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|
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Figure B.10: XRD patterns for unloaded and loaded PEG 12000 g/mol.
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Figure B.11: XRD patterns for unloaded and loaded PEG 20000 g/mol.
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B.3 Homogenised PEG

This analysis would reveal how heating and stirring to induce homogeneity affected
the XRD pattern of PEG. Since the TGA degradation profiles for PEG of various
molecular weights were fairly similar, it was deemed redundant to investigate the
effects of PEG homogenisation on all available PEG molecular weights. Therefore,
PEG 6000 g/mol (a polymer of intermediate chain length) was selected for this

analysis.

Flakes of PEG 6000 g/mol were added to a beaker over a heater/stirrer. The polymer
was heated and concurrently stirred using a glass rod until homogeneous. Analysis
was effected after the polymer had cooled to room temperature and hardened into a

solid mass.

Figure B.12 compares the XRD patterns generated for PEG 6000 g/mol analysed as
received and analysed as homogenised flakes. From figure B.12, homogenisation
affected PEG crystallinity. Some peaks (ca. 24° 26 and 30.5° 20) that were present in
the as received polymer were not present post-homogenisation. Other peaks such as
the doublet at ca. 26 — 27° 26 decreased in intensity and shifted in 28 position post-
homogenisation. Despite this, at higher 20 values (> 32° 20), many peaks were

present post-homogenisation that were absent in the as received polymer.

TOOD =
GO |
S000 ‘

00

3000 |

Intensity {a.u.)

Ho Ilmgl,:llim:d (no water)

. q i As receivec
:mm—- ﬁ lli j'i |‘ A |

U

Figure B.12: Comparison of XRD patterns generated for as received and
homogenised PEG 6000 g/mol.
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B.4 Homogenised PEG with Excess Distilled H,O
This analysis would reveal changes in the XRD pattern of PEG as a result of PEG
homogenisation in excess distilled H,O. Only PEG 6000 g/mol was selected for use in

this analysis.

24.0 ml H,O was added to 27.2406 g PEG 6000 g/mol. The mixture was heated and
concurrently stirred to induce complete homogeneity. Thereafter, the mixture was left
ca. 30 cm beneath 2 infrared light bulbs for a fortnight to effect complete solvent

evaporation. Following this time, XRD analysis was conducted on the sample.

Figure B.13 compares the XRD patterns generated for PEG 6000 g/mol analysed as
received, after homogenisation, and after solvent assisted homogenisation. PEG
homogenisation in water does not appear to affect the position of any XRD peaks
compared with homogenisation without water. After homogenising in water, the
intensity of the peaks at ca. 18.5° 26 and 23.5° 20 increased compared with PEG

homogenised without water.

10000 5
E000 |
= i
I
il
= 60004 I
= [ — Homogenised (with water)
f I Homogenised (no water)
o As received
5 4000 -
L
2000 - oo
[ |
Lo AW
:' o f ::'.'_V;I A | | (| ! _'*I
N e ) G W S SN
—_— e e e
10 15 20 25 30 35 40 45 50 55

20

Figure B.13: Comparison of XRD patterns generated for as received,

homogenised without water, and homogenised with water PEG 6000 g/mol.
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B.5 Empty Zero-background Sample Holder
This analysis would reveal the XRD pattern from the zero-background sample holder
used throughout this study. In doing so, any contributions from the zero-background

sample holder to the XRD patterns of synthesised products can be ascertained.

Figure B.14 shows the XRD pattern collected from an empty Si zero-background
sample holder. From this figure, no diffraction peaks were observed. This implies
excellent sample holder performance for XRD analysis with synthesised samples.

100
20

6l

[ntensity (a.u.)

40

20

Figure B.14: XRD pattern generated from an empty Si zero-background sample
holder.
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Appendix C. Effects of Solvent and PEG
Molecular Weight on Titania Polymorph and

Crystallite Size Formation

The tables show all the raw data pertaining to chapter 5. The symbols in the tables are
understood as follows:

EtOH - Ethanol

H,O — Water

PEG - Polyethylene glycol (the molecular weight is given in the table)
OPEG - Calcined samples

%A - Amount of anatase formed

Ave%A - Average amount of anatase formed

Error%A - Error in %A = Standard deviation + 4% of the average anatase
%R - Amount of rutile formed

Ave%R - Average amount of rutile formed

Error%R - Error in %R = Standard deviation + 4% of the average rutile
As - Anatase crystallite size

AveAs - Average size of anatase crystallites

StdevAs - Standard deviation of the anatase crystallite size

Rs — Rutile crystallite size

AveRs — Average size of rutile crystallites

StdevRs - Standard deviation of the rutile crystallite size
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Appendix D. Effects of an Enhanced Heating
Rate on Titania Polymorph and Crystallite

Size Formation

The tables show all the raw data pertaining to chapter 6. The symbols in the tables are
understood as follows:

EtOH - Ethanol

H,O — Water

PEG - Polyethylene glycol (the molecular weight is given in the table)
OPEG - Calcined samples

%A - Amount of anatase formed

Ave%A - Average amount of anatase formed

Error%A - Error in %A = Standard deviation + 4% of the average anatase
%R - Amount of rutile formed

Ave%R - Average amount of rutile formed

Error%R - Error in %R = Standard deviation + 4% of the average rutile
As - Anatase crystallite size

AveAs - Average size of anatase crystallites

StdevAs - Standard deviation of the anatase crystallite size

Rs — Rutile crystallite size

AveRs — Average size of rutile crystallites

StdevRs - Standard deviation of the rutile crystallite size
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Appendix E. Effects of Citric Acid on Titania

Polymorph and Crystallite Size Formation

The tables show all the raw data pertaining to chapter 7. The symbols in the tables are

understood as follows:

EtOH — Ethanol

H.O - Water

PEG - Polyethylene glycol (the molecular weight is given in the table)
OPEG - Calcined samples

%A - Amount of anatase formed

Ave%A - Average amount of anatase formed

Error%A - Error in %A = Standard deviation + 4% of the average anatase
%R - Amount of rutile formed

Ave%R - Average amount of rutile formed

Error%R - Error in %R = Standard deviation + 4% of the average rutile
As - Anatase crystallite size

AveAs - Average size of anatase crystallites

StdevAs - Standard deviation of the anatase crystallite size

Rs - Rutile crystallite size

AveRs - Average size of rutile crystallites

StdevRs — Standard deviation of the rutile crystallite size
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Appendix F. Effects of Polyethylene Glycol
Molecular Weight and Stoichiometry on
Titania Polymorph and Crystallite Size

Formation

The tables show all the raw data pertaining to chapter 8. The symbols in the tables are

understood as follows:

EtOH — Ethanol

H,O - Water

PEG - Polyethylene glycol (the molecular weight is given in the table)
OPEG - Calcined samples

%A - Amount of anatase formed

Ave%A - Average amount of anatase formed

Error%A - Error in %A = Standard deviation + 4% of the average anatase
%R — Amount of rutile formed

Ave%R - Average amount of rutile formed

Error%R - Error in %R = Standard deviation + 4% of the average rutile
As - Anatase crystallite size

AveAs - Average size of anatase crystallites

StdevAs - Standard deviation of the anatase crystallite size

Rs - Rutile crystallite size

AveRs — Average size of rutile crystallites

StdevRs — Standard deviation of the rutile crystallite size
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Appendix G. Effects of Rapid Heating on
Titania Polymorph and Crystallite Size

Formation

The tables show all the raw data pertaining to chapter 9. The symbols in the tables are
understood as follows:

EtOH - Ethanol

H,O — Water

PEG - Polyethylene glycol (the molecular weight is given in the table)
OPEG - Calcined samples

%A - Amount of anatase formed

Ave%A - Average amount of anatase formed

Error%A - Error in %A = Standard deviation + 4% of the average anatase
%R - Amount of rutile formed

Ave%R - Average amount of rutile formed

Error%R - Error in %R = Standard deviation + 4% of the average rutile
As - Anatase crystallite size

AveAs - Average size of anatase crystallites

StdevAs - Standard deviation of the anatase crystallite size

Rs — Rutile crystallite size

AveRs — Average size of rutile crystallites

StdevRs - Standard deviation of the rutile crystallite size
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Appendix H. Effects of Precursor Variation

on Titania Polymorph and Crystallite Size

Formation

The tables show all the raw data pertaining to chapter 10. The symbols in the tables

are understood as follows:

EtOH
H,O
PEG
OPEG
%A
Ave%A
Error%A
%R
Ave%R
Error%R
As
AveAs
StdevAs
Rs
AveRs

StdevRs

Ethanol

Water

Polyethylene glycol (the molecular weight is given in the table)
Calcined samples

Amount of anatase formed

Average amount of anatase formed

Error in %A = Standard deviation + 4% of the average anatase
Amount of rutile formed

Average amount of rutile formed

Error in %R = Standard deviation + 4% of the average rutile
Anatase crystallite size

Average size of anatase crystallites

Standard deviation of the anatase crystallite size

Rutile crystallite size

Average size of rutile crystallites

Standard deviation of the rutile crystallite size
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Appendix I. Attempts at Directly Observing
Titanium Dioxide Formation Using Resin-gel

Synthesis

100 nm

Figure 1.1: This TEM image was obtained from a sample synthesised without
any polymer. The wrapping effect of the holey carbon film is evident in the

formation of this pseudo-superstructure.
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100 nm

Figure 1.2: Side profile view of the formation of a pseudo-superstructure. This
structure was obtained from a sample synthesised without PEG and shows
associated nanoparticles with the wrapped holey carbon film. Note that these
structures occurred as a doublet giving rise to a ‘tuning-fork’ structure or

individually as represented in this image.
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Appendix J. Inference Based on Findings

hapter 11 contains concluding remarks based on reproducible results
obtained from this study. The purpose of this appendix is to aid in providing
plausible explanations for the remarks in chapter 11. Since the discussion
was developed over numerous parameter variation exercises, several hundred
samples, several thousand data points, and discussed over many chapters, this
appendix contains the entire discussion of particle formation using resin-gel synthesis

In a convenient summary. It is intended to be read in conjunction with chapter 11.

Conclusion 2

With reference to the variation in phase formed between PEG and PEI, the absence of
TixNy products from the sample containing PEI implied that metal ions did not
coordinate to the nitrogen groups on PEI. The formation of anatase using PEI was
likely due to the branched nature of the polymer that better protected the nucleated
anatase phase from transformation into rutile. With reference to the superstructures
exhibiting short-range crystallinity found in unignited samples, it was assumed that
features such as loops, folds, and cavities within the polymeric superstructures could
potentially serve as titania nucleation sites. This idea was developed with further

parameter variation studies.

Conclusion 3

From the solvent variation experiment, and based on the thermodynamic stability of
small anatase crystallites, it was gleaned that certain PEG chain lengths stabilised
anatase and inhibited its transformation into rutile. Any transformation that occurred

formed rutile crystallites that coarsened by taking up material from the matrix.

The formation of polymer reaction chambers was used to explain the pseudo-
oscillation of the amount of rutile formed as a function of increasing PEG molecular
weight according to the following hypothesis: PEG reaction chambers were formed
from PEG that underwent chain scission at specific points (or multiples of specific
points) during heating and ignition. Individual fragments then folded upon themselves
leading to the formation of reaction chambers (loops, folds, and cavities). The sizes of
the chambers were hypothesised as being critical to the formation of anatase, rutile, or

a mixture of phases. If the reaction chambers were of a sufficiently large size to
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protect and stabilise anatase, then small anatase crystallites would nucleate. Larger
reaction chambers did not protect and stabilise anatase as effectively and allowed

rutile to nucleate. This concept was refined and tested with subsequent studies.

The following was proposed to include the effects of the solvent in the proposed
polymer reaction chamber model: hydroxylated metal ion complexes formed from the
addition of TiCl, to both water and ethanol. The size of the solvent counter ions
remaining after the formation of these complexes sterically stabilised these
complexes. Ethanol produced larger counter ions than water. Larger counter ions
better stabilised the anatase phase. According to the formation Kinetics of titania,
anatase is the first nucleated phase. Therefore, anatase was better stabilised in ethanol
than in water. The combination of steric protection and stabilisation effects from the
solvent counter ions and the polymer then governed the phase that formed.

Finally, it was hypothesised that the counter ions remaining from ethanol limited the
number of hydrogen bonds that could be formed between the solvent and the polymer,
compared with water. Since hydrogen bonds served to stabilise the structural integrity
of the polymer, water better stabilised PEG than did ethanol. Thus, in ethanol, the
PEG structure was less rigid and more conforming to the changing conditions during
heating and ignition. This was advantageous to the formation of anatase that required

intimate steric stabilisation from the polymer.

Conclusion 4

To explain the consistency in anatase mass percentage and crystallite size formed
using PEG 35000 g/mol across heating rates, the following was proposed: in keeping
with the reaction chamber mechanism, it was concluded that long chain polymers
have a greater propensity to undergo chain entanglement. This had the effect of
forming larger chambers that did not effectively stabilise the anatase phase,

encouraging rutile transformation.

The effects of enhanced heating in study were rationalised by considering that for any
given PEG chain length, enhanced heating caused faster polymer chain scission that
occurred at better-defined points, forming chambers with a smaller size distribution.
Consequently, short chain PEG formed smaller chambers as opposed to long chain
PEG that formed larger chambers. The effects of the size of polymer chambers on

crystallite stabilisation were described in the previous study.
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Conclusion 5

A plausible explanation for the action of citric acid favouring the anatase phase and
inhibiting transformation into rutile dealt with the stabilisation effect afforded by the
larger counter ion remaining after the formation of metal-hydroxylated species. Citric
acid has the ability to form numerous hydrogen bonds with the polymer, improving its
structural integrity. As previously observed, this has the effect of favouring rutile
formation. Given that anatase was produced nearly exclusively, crystallite capping
and protection was a greater determinant of phase formation than PEG structure
stabilisation. Since the average anatase crystallite size across all samples was 8.7 nm,
it was inferred that the anatase to rutile phase transformation was inhibited by citric

acid limiting anatase coarsening.

Conclusion 6

The results obtained from the PEG stoichiometry variation were modelled into the
polymer reaction chamber hypothesis as follows: short chain polymers (200 g/mol)
unlikely exhibited chain entanglement, forming reaction chambers that were
sufficiently large to nucleate anatase and rutile but small enough that they did not
undergo further decomposition to form smaller chambers. For this reason, anatase and
rutile was formed in a (1 : 0.5) ratio. In a (1 : 1) ratio, the increased amount of
polymer in the system resulted in longer and hotter ignitions, therefore increasing the
amount of the more stable rutile phase formed. During decomposition longer chain
PEG (400 — 1500 g/mol) formed longer chain fragments that were destabilised
relative to PEG 200 g/mol chain fragments. Therefore, these destabilised longer
fragments degraded into shorter chains that formed smaller reaction chambers. As
previously discussed, smaller reaction chambers favour anatase formation. This was
observed for (1 : 1) and (1 : 0.5) syntheses. Intermediate chain length (PEG 3000 —
6000 g/mol) also underwent degradation to form shorter chain fragments. However
since the starting chains were longer than PEG 400 — 1500 g/mol, larger reaction
chambers ensued. Larger chambers nucleate anatase and rutile. This was observed for
the (1 : 0.5) synthesis but not for (1 : 1) synthesis. In a (1 : 1) synthesis, the number of
polymer chains were doubled relative to (1 : 0.5) synthesis. Therefore, the volume of
polymer present in the synthesis caused entanglement that led to the formation of
larger chambers. Larger chambers favoured the formation of rutile. Finally, long chain
PEG (10000 — 20000 g/mol) degraded to form large chambers that favoured rutile
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formation. This was observed for the (1 : 0.5) synthesis. The decreased quantity of
rutile formed in the (1 : 1) synthesis was explained by considering that the sheer
volume of polymer in the system served to cause steric stabilisation of nucleated
particles. This caused rutile transformation inhibition. For (1 : 0.1) synthesis, short
chain PEG did not provide sufficient polymer to the system to form large chambers.
Therefore, anatase was nucleated. Long chain PEG increased the amount of polymer

in the system sufficiently to form larger reaction chambers and nucleate rutile.

The variation in results was explained by considering variations in PEG
decomposition, chain entanglement, and steric entrapment due to high polymer
concentrations. These factors were predicated on the formation of polymer reaction
chambers. Hence, the developing hypothesis was modified to account for the effects
of polymer concentration.

Conclusion 8

The mechanism of particle formation using resin-gel synthesis was modified to
include the effects of various metal ion precursors as follows: hydroxylated precursors
coordinate to PEG chains. The extent of this coordination is governed by the amount
of accessible oxygen sites available on the precursor. If the precursor has sufficient
sites for coordination to the polymer, the formed reaction chambers will be
sufficiently small to protect and stabilise the nucleated anatase phase. Additionally, if
the ligands attached to the metal ion are small, they do not sufficiently contribute to
the stabilisation of anatase favouring rutile formation. If the ligands are too large, they
inhibit polymer chains from engulfing the hydroxylated species, thus reducing
polymer protection effects. When the ligands attached to the metal ion are of a fair
size and possess sufficient accessible oxygen sites for association with polymer
reaction chambers, anatase is nucleated. This provides the best combination of

protection effects from the ligands and polymer for anatase nucleation.

Conclusion 10

The proposed formation for rutile superstructures is: several rutile seed crystals in
close proximity to each other begin growing anisotropically along [0 0 1] (growth
along [0 0 1] is a fundamental property of rutile). As the seed crystals impinge on
each other, they fuse to form the nucleus of the mesocrystal. Nanorods continue to
develop by taking up material from the solution, or via oriented attachment with

nearby crystals.
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The Grand Resin-gel Synthesis TiO, Particle Formation Hypothesis

Accounting for all of the parameters varied in this study, resin-gel synthesis forms
TiO, in the following way: hydroxylated metal ion species are formed from the
addition of metal ions to a hydroxyl-containing solvent. These species are protected
and stabilised by remnants of solvent components. The size of the ligands attached to
the metal ion precursor dictate the degree of protection and stabilisation afforded to
the hydroxylated species, by the precursor. These complexes are further coordinated
to polymer fragments that form reaction chambers of various sizes as degradation is
encouraged. The number of available oxygen sites on the hydroxylated species
governs the degree of association of the reaction chambers to the metal ion
complexes. An intimate association between the reaction chambers and hydroxylated
complexes increases the protection and stabilisation effects afforded by the reaction
chambers. Additionally, the sizes of the polymer chambers are governed by the
quantity of added PEG to the reaction mixtures, and to a lesser degree, the heating rate
employed in the synthesis. As the reaction proceeds further, anatase is nucleated. If
the combination of solvent components, precursor ligands, and association of reaction
chambers of appropriate sizes is insufficient to stabilise anatase, rutile is nucleated.
Rutile crystals grow anisotropically along [0 0 1]. Rutile mesocrystal growth is
encouraged if the polymer chambers have degraded sufficiently, or if they are

sufficiently large to accommodate these mesocrystals.
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