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ABSTRACT
The Au I TiO2 nanocomposites were synthesized by the incipient wetness impregnation method.
The TiO 2 supports were first prepared and then Au was loaded on them. The TiO 2 nanomaterials
were synthesized by the hydrothermal method, using TiO 2 (P-25 Degussa) containing 80 %
anatase and 20 % rutile and NaOH, NH4 OH, and KOH. TiO2 was treated with 18 M NaOH and
then NH4 OH was introduced as co -solvent, using different volumes. The materials were then
characterized by SEM, TEM, XRD, BET, EDX and FTIR, to determine morphology and
structure. 18 M NaOH concentration did not transform the spherical morphology of TiO 2 but
there was structural transformation. The samples treated with NH4OH were also found to be
spherical in shape, but they were composed of clustered aggregates. NH4 OH did not influence
the morphology and the structure of the material, since it is considered to be a weak base.
Then KOH and NaOH were used with three different mole ratios to check the influence of these
bases on the structural and morphological transformation of the material. It was observed that the
morphology transformation was dependent on the amount of KOH that was added. The
morphology transformation decreased with a decrease in the amount of KOH. A mixture of
nanotubes and nanorods were obtained, with average diameters of 4-11 nm and 3-18 nm for
samples BI and B2 respectively. The variation in the amount of KOH resulted in nanobelts and
nanorods.
The samples were then calcined at 300 °C. It was found that the calcination temperature did not
affect the crystallinity but it affected the morphology because no unreacted material was
observed.
Then the loading of Au followed. Incipient wetness impregnation was used. Samples B 1 and B2
and TiO 2 P-25 Degussa were used as supports for Au particles, and they were later re-named
samples C2, C3 and Cl respectively. HAuC'4.3H 2O was used as the source of Au. The TEM
results showed the presence of Au particles. The Au particles were found to be well dispersed on
the spherical morphology than on the tubular morphology. EDX also confirmed the presence of
Au on the materials. The surface areas of samples C2 and C3 increased due to the structural
transformation.
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Definition of concepts and abbreviations
CONCEPTS
Doping- is a process of intentionally introducing impurities into an extremely pure
semiconductor to change its properties.

Nanoparticles- ultrafine particles sized between I and I 00 nm .

I
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Nanocomposite- Multiphase solid material where one of the phases has one, two or three
dimensions of less than I 00 nm.

Band gap- The term "band gap" refers to the energy difference between the top of the valence
band and the bottom of the conduction band; electrons are able to jump from one band to
another.

Plasmon absorption band- range of wavelengths, equivalently, in the electromagnetic spectrum
which is able to excite a particular transition in a substance.

Calcination- is a thermal treatment process applied to ores and other solid materials in order to
bring about thermal decomposition, phase transition, or removal of a volatile fraction .

Desiccator - is a sealable enclosures containing dessicants that are used for preserving moisture
sensitive reagents or chemicals

Deionised water - is the water from any source that is physically processed to remove impurities
Mesoporous material - it is a material that contains pores with diameters between 2 and 50 nm.
Precursor - a compound that participates in the chemical reaction that is transformed into
another.

Catalyst - a substance that accelerates a chemical reaction without itself being affected.

In situ expresses that the object has not been "newly" moved.

XII

LIST OF ABBREVIATIONS
SEM- Scanning electron microscopy
TEM- Transmiss ion electron microscopy
XRD- X-ray diffraction
FTIR - Fourier transform infrared spectroscopy
UV - VIS- ultra violet v isib le spectroscopy
HRTEM - High resolution transmission electron microscopy
HAuCl4 - Chloroauric ac id
KOH - Potassium hydroxide
NaOH - Sodium hydroxide
NH 4 0H - Ammonium hydroxide
Ti0 2 - Titanium dioxide or titania
Au-Gold
Au I Ti0 2 - Gold titanium dioxide
BET - Brunauer - Emmett - Teller method
EDX- Energy dispersive x- ray spectroscopy
EtOH - Ethanol
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CHAPTER!
1.lBACKGROUND
Nanoscience is the study of materials on the nanoscale level between approximately 1 and
100 nm, and it helps in controlling the formation of 2- and 3- dimensional assemblies of
molecular-scale building blocks into well defined nanostructures or nanomaterials. At the
nanoscale, properties of matter are novel and they exhibit astonishing biological, chemical
and physical properties as compared to those observed at the microscale (tJ_ Nanotechnology
is the manipulation of matter at the nanoscale. It can provide exceptional understanding about
materials and devices and is likely to impact many fields of research. Nanotechnology is
commonly considered as a general- purpose technology and has become a common
technology for almost all technology sectors because of its ability to create super-functional
properties at the nanoscale. It is a promising technology which is multidisciplinary in various
fields such as physics, chemistry, materials sciences and biology. This technology was
predicted by Richard Feynman, when he was addressing the American Physical Society in
1959 r21. Feynman said that there is plenty of room at the bottom, which means that by
reducing bulk matter to atomic scale there is an increase in surface area and that results in
enhanced properties. And this implies that matter can be controlled and manipulated at a
smaller scale. The important nano- objects include quantum dots and nanocrystals of metals,
semiconductors, oxides and other materials as well as one-dimensional nanostructures such as
nanotubes, nanospheres, nanorods and nanowires.
Nanotechnology has grown rapidly that it spurred a major importance in the environmental
applications of nanomaterials. Due to their large specific surface area, nanomaterials are
excellent adsorbents, catalysts and sensors. Nanomaterials possess novel properties that can
be used in the development of new technologies and in the improvement of existing ones,
owing to their size. These novel properties such as large surface area, potential for self
assembly, high specificity, high reactivity and catalytic potential, makes them excellent
candidates for the removal of contaminants in water. Several nanomaterials have shown to
have strong antimicrobial properties. They have been shown to have the potential to replace
or improve conventional disinfection methods if they are appropriately incorporated into
treatment processes. Recently, nanoscience has been applied in electronics, catalysis and
biomedical research. Nanotechnology is a promising field that is attracting general attention
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in the international scientific community. Although there has been an extensive application of
this technology in different areas such as medicine, pharmaceuticals, biotechnology and
electronics, its application in the treatment of drinking water has been limited
3

only recently that it has picked up [ l_
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TiO 2 nanomaterials are known to have novel properties, and they have been applied in
sunscreens because they are able to absorb Ultraviolet light, and they have also been used in
optical devices, coatings, paints, toothpaste and cosmetics. These nanomaterials have high
photosensitivity and because of that they have been regarded as photocatalyst in the treatment
of air and water, since they are known to be non-toxic and chemically inert. When TiO 2 is
irradiated with Ultraviolet light, it works wonders in the degradation of organic pollutants.
But because of its wide band-gap (Eg = 3.2 eV), it cannot absorb Ultraviolet light effectively.
And this can be solved by loading and doping with other metal oxides and metals [4J. Several
metals such as Au, Ag, Pt and Pd are the most common ones. TiO 2 that is either loaded or
doped with Au have unique and improved properties. Au nanoparticles have been of great
interest in both the industrial and environmental applications. TiO2 has been regarded as the
best support for Au. Au / TiO 2 nanocomposites have been synthesized for different uses such
as carbon monoxide oxidation and this helps in environmental remediation, they have also
been used in chemical industries and in commercial applications for the removal of offensive
odour. Many methods have been employed in the synthesis of Au / TiO2 nanocomposites, and
they include incipient wetness- impregnation, deposition-precipitation, sol-gel, gas-phase
grafting etc.
Not only are scientists and technology developers fascinated by the interesting opportunities
of this emerging field, but policy makers also believe that nanotechnology is one of the key
technologies of the 21 st century that will create new markets and consequently prosperity
rs,6,7,&,9J. In this study Au / TiO 2 nanocomposites were synthesized using the incipient wetness

impregnation method.
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1.2 Introduction
Titanium dioxide (TiO2) 1s the most popular semiconductor metal-oxide with novel
properties. It is chemically stable, cheap and non-toxic and because of its non-toxicity, it has
been used in the environmental applications. It is an excellent support material for some
metals, such as Au and Ag and Pd. However, it has a wide band- gap and that leads to some
limitations for some applications. It is well known that the loading of some noble metals
such as Au can enhance the properties of titania. TiO2 P-25 Degussa is available
commercially and it usually consists of 80 % anatase and 20 % rutile, and it has a surface
area of 49 m 2 / g r9, 10·11 l.
Naturally Au is inert in bulk form but when it is at the nanoscale it becomes catalytically
active. Au nanoparticles have attracted much interest in both industrial and environmental
applications. The activity of these nanoparticles is greatly influenced by the support on
which they are deposited.
There are many methods employed in the synthesis of Au / TiO 2 and they include incipientwetness impregnation, deposition-precipitation and co-precipitation. In the preparation of Au
/ TiO2 nanocomposites, TiO 2 which is the support is usually prepared first and the loading
follows later. For the preparation of TiO2 support, there are many methods that can be
employed such as sol-gel, microemulsion and hydrothermal method. Sol-gel leads to the
amorphous phase, which then needs to be calcined at higher temperatures to make it
crystalline, but that can lead to agglomeration and reduced surface area. Microemulsion is
expensive and it leads to very low titania yield. However hydrothermal technique is rapid,
convenient and cheap r9, 11 ·12l .
Hydrothermal method is known to produce titania nanomaterials using some bases such as
KOH, NaOH and NH4 OH. Various morphologies such as nanotubes, nanowires, nano belts,
nanorods and nanospheres have been obtained by following this route ri3J_
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1.3 Problem statement
Many communities lack adequate sanitation services especially the people from the rural
areas who are still depending on rivers and lakes for their water supply. Water needs to be
treated for the removal of pollutants. The conventional disinfection methods are chlorination,
chloroamination, uv - disinfection, and ozonation. Chlorination is effective for the removal
of pathogenic microbes. The drawback of this method is that chlorine can react with naturally
occurring organic compounds in the water supply to produce disinfection BY-PRODUCTS
(DBPs) which are carcinogenic. Chloroamination provides longer lasting water treatment but
its disadvantage is that it also reacts with organics to form DBPs. The disadvantage of UVdisinfection is that unlike chlorination it leaves no residual disinfectant in water. Ozonation is
an effective method to inactivate harmful protozoa and other pathogens. However, it also
forms toxic by- products in water.
TiO 2 is a well known semiconductor photocatalyst and is known to degrade organics and
inactivate pathogenic microbes. Since titania is non-toxic, its photocatalytic properties have
been utilized in various environmental applications to remove contaminants from both water
and air for health protection. The antibacterial activity of TiO 2 is related to the production of
reactive oxygen species (ROS). TiO 2 has a large band gap of 3.2 eV which is too wide to
absorb visible light efficiently and that leads to some major limitations for its applications.
Nano Au has novel properties and enhances the photocatalytic activity of a metal oxide
support such as TiO 2 . Au / TiO 2 nanocomposites are used as active catalysts for the catalytic
degradation of organic compounds and pathogenic microbes. Owing to the risks associated
with the use of conventional disinfection technologies, the current project will investigate an
optimum method for the synthesis of Au I TiO 2 nanocomposites that will be used for water
disinfection.
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1.4 Objectives
(a) To synthesize Ti02 nanomaterials using various bases (NaOH, KOH, NH40H) and to
characterize the obtained materials
(b)To check the influence of the base on the morphology transformation
(c)To load Au on the Ti02 and to characterize Au / Ti02 nanocomposites that are
obtained
(d)To check the effect ofloading Au on the Ti02 support
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CHAPTER2
Literature survey
2.1 Significance of TiO 2 and Au
2.1.1 Ti02

Ti02 which is known as titania or titanium dioxide is a widely studied photocatalyst because
of its outstanding properties which include strong oxidizing power and excellent chemical
inertness. Titanium dioxide is the most stable semiconductor photocatalyst, it is available,
affordable and non-toxic. For a solid to be a photocatalyst it must be stable and durable under
irradiation [2l . And because of titania' s non-toxicity it has been used for environmental
remediation such as air and water purification. In cosmetic industries it has been used in
toothpastes and sunscreens due to its ability to absorb ultraviolet light. It has a wide bandgap but it is too wide to absorb visible light efficiently. In order to overcome the problem of
photoresponse of Ti02 to visible light and to enhance the photocatalytic activity, doping or
loading with noble metals or transition metals can be performed. Ti02 exists in 3 crystalline
phases : anatase which is metastable but the most active; rutile which is stable; brookite
which is photocatalytically inactive. Various methods have been employed in the synthesis of
Ti0 2 nanoparticles and these include: the sulphate process, the chloride process,
impregnation, co-precipitation, hydrothermal method, direct oxidation of TiC14

,

the metal

organic chemical vapor deposition method and the sol- gel method. The sol gel method is the
most popular method but its disadvantage is that it leads to an amorphous phase which can be
made crystalline by calcination at moderate temperatures and that leads to a reduced surface
area and agglomeration of particles. The photocatalytic activity is greatly influenced by the
crystal structure, the size of the crystalline particles and the surface area. [l ,2J
2.1.2 Au nanoparticles

Naturally Au in bulk form is the least active of the platinum group metals and it has been
regarded as not suitable for heterogeneous catalysis. Bond and Parvano [3l had done some
extensive work regarding the catalysis of gold, and later on that work was reviewed by
Wachs and Schwank [3l who then reported that there had been a little use of gold in practical
heterogeneous catalysis. Recently gold nanoparticles have been studied and their physical and
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chemical properties are very different from the bulk material. The properties of gold
nanomaterials depend on both the particle size as well as the particle shape. The strong light
absorption in the visible region is shown in gold nanoparticles this is due to the nanoparticles'
coherent oscillation of the free electrons on the particle surface which is called the surface
plasmon resonance. This surface plasmon resonance effect is one of the best characteristics of
gold nanoparticles and include the manner in which they interact with the thiol groups which
can be controlled and their non-toxicity. And because of its amazing chemical stability,
biocompatibility, and the most distinctive catalytic activity gold nanoparticles have been
applied in a broad range of applications in areas that include biomedical research, electronics,
information storage and photovoltaic devices. Amongst all the most outstanding examples
include cancer diagnosis, molecular ruler, for DNA sequence detection, carbon monoxide
oxidation at very low temperatures, as well as thermal and colormetric sensing. These
nanoparticles have attracted researchers because of their exceptional optical electronic
properties. It has been found that when gold nanoparticles are finely dispersed with particle
diameters smaller than 10 nm and supported on a certain metal-oxide semiconductor support,
particularly TiO 2, they exhibit a high catalytic activity. It has been reported that Au
nanoparticles depend on both size (which must be lower than 5 nm) and the support used. [3,4l

2.2 Synthesis of TiO 2 nanomaterials
Many methods have been used to synthesize TiO 2 nanomaterials, and they include the sol-gel,
microemulsion and hydrothermal method. The microemulsion method is expensive and it
leads to a small TiO 2 yield. However, the hydrothermal method is low cost , rapid and yields
good results when handled correctly.
Sikhwivhilu et al

[SJ

synthesized TiO 2 nanomaterials by the hydrothermal treatment. The

authors used TiO2 (P-25 Degussa) with various bases such as LiOH, NaOH, KOH and
N~OH. The effect of the base on the morphology transformation of the nanomaterials was
investigated. After characterisation the authors observed the presence of tubular and nontubular structures. Different

structures were obtained with the variation of KOH

concentration. At the concentration of 18 M KOH, 100% tubular structures were obtained.
Xiong et al [Ilsynthesized titanate nanotubes via the hydrothermal method. TiO 2 (P-25
Degussa) was treated with 10 M NaOH, the mixture was thoroughly stirred and then
autoclaved at 130 °c for 72 hours. The solid product was washed with ethanol until pH 7 was
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reached. The obtained powder was then calcined at 400

°c

for 2 hours. The SEM results

showed that the material had a tubular structure. The authors then studied the adsorption and
photocatalytic degradation of methylene blue over titanate nanotubes and titanium dioxide,
the studies were done for comparison. Titanate nanotubes were found to show higher
adsorption ability to methylene blue than titanium dioxide.
Wong et al [6l synthesized titania nanotubes by the hydrothermal method usmg mild
temperatures. The authors then reviewed and analysed the mechanism of titania nanotube
formation by this method. The authors further investigated the parameters that affect the
formation of titania nanotubes such as the starting material, sonication pretreatment,
hydrothermal temperature, washing and calcination processes. The authors finally analysed
the effects of the presence of dopants on the formation of titanium dioxide nanotubes. The
authors then concluded that in order to enhance the photocatalytic activity of titania
nanotubes, optimum conditions are needed to focus on the relationship between the
photocatalytic activity and physical properties of TiO 2 nanotubes.
Moghaddam, and Nasirian, l7l synthesized TiO 2 nanostructured materials by the sol-gel
method. TiC14 was used with ethanol. The TiC14 - ethanol solution was prepared in an argon
gas environment, with and without the application of ultrasonic waves. Each sol-gel solution
was vaporised at 80

°c until a dry gel

was obtained, and was calcined at 400

°c for

1 hour

until a Ti 0 2 powder was formed. The XRD confirmed that all the peaks present were anatase
phase. The SEM results showed that the use of

ultrasonic waves resulted in greater

homogeneity in the average size and smaller particles were obtained. The authors then
concluded that smaller and more controlled nanoparticles can be produced using ultrasonic
waves.
Bavykin et al

[SJ

used the alkaline hydrothermal method for the treatment of different types of

TiO2 structures. TiO2 (P-25 Degussa) was used with NaOH, KOH, HCl, H2SO4 and H2O2,
(Ti-(O-iPr)4), 25% aqueous solution of NH3 , EtOH, glycerol and NH4F. The macroporous
tubular TiO 2 were first prepared with Ti-(O-i Pr) 4 and the NH3 solution without stirring the
macroporous TiO 2 structures, sea urchin shapes and anodic nanotube arrays were prepared
and then KOH and NaOH were used to transform the morphology of the materials to
nanotubes. The sea urchin shapes were prepared with Ti- (O-IPr)4

and HCl. The anodic

nanotube arrays were prepared by anodic oxidation of Ti foil in H2O-glycerol electrolyte
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containing fluoride ions. The above three structures prepared above were then treated with
KOH and NaOH in order to transform the morphology. The mixtures were then placed in
PF A round-bottomed flask equipped with a thermometer and H2O jacketed condenser. The
Hel was used to wash the samples in order to convert titanate nanotubes into their protonated
form. The effect of the size and geometry of these structures on the morphology of the
forming agglomerates was investigated. The authors succeded in transforming the spherical
morphology to the titanate nanotubes.
Aruna et al [9l synthesized titania nanomaterials using the hydrothermal method . The authors
used titanium isopropoxide, isopropanol and a solution of pH 0.5. During the treatment one
set was stirred and the other was not. The mixtures were then autoclaved . After
characterisation , the TEM results showed that the material that was stirred had smaller
particles that were uniform while the unstirred sample showed bigger particles with irregular
shapes. The XRD results showed that the stirred samples consisted of pure rutile while the
unstirred sample had a mixture of rutile (61 %) and anatase (39%). The authors concluded that
stirring and aging control the experiment, and most of the TiO2 condensation occurs during
the autoclaving step .. They also concluded that the large colloid particles and the formation of
anatase structure in the absence of stirring are due to the inhomogeneity developed in the
solution under the extreme conditions of the hydrothermal process.
Li and Wang

[I DJ,

synthesised TiO2 nanomaterials by the microemulsion method. They used

Tiel4 solution as the titania source and ammonia in reversed microemulsion systems. Two
microemulsion systems were prepared, containing 0.5 M Tiel4 aqueous solution and a 2.0 M
ammonia. The Tiel4 solution was prepared by adding Hel to H2O before adding Tiel4 in
order to avoid the formation of Ti(OH)4. The microemulsion was formed by mixing the oil
phase, surfactant and aqueous phase in a beaker at 13

De

in a water bath. The obtained

powder was white and then it was characterized. The powder was amorphous and then it was
calcined at temperatures from 200 to 750
temperatures higher than 750

De

De and it transformed to anatase. After heating at a

rutile was formed . Most particles were found to be

spherical.
Kasuga et al

[I IJ

synthesized titania nanotubes by treating sol-gel derived needle-shaped TiO2

materials with 5-10 M NaOH for 20 hours at 110

De.

The needle-shaped products that were

produced were subsequently characterized by TEM and BET which revealed that a tubular
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structure with a surface area of 400 m 2.g- 1 .This material showed great potential for use in
the preparation of catalysts, adsorbants, and deodorants with high activities.

2.3 Loading of TiO 2 with Au nanomaterials
When titania is doped, in order to obtain a stable and durable materials the metal used should
be chemically inert especially towards photo-oxidation and because of this reason noble
metals have been used since they suit the purpose. Noble metals such as Pt, Pd, Ag and Au
has been used for doping and the photocatalytic activity has been investigated. But Au
supported on titanium dioxide has attracted much attention because Au / TiO2 has been used
recently in the field of heterogeneous catalysis and this field has expanded to photocatalysis.
Haruta l121 and co workers has done some excellent work on Au I TiO2 and they found that
these nanoparticles can oxidize CO to CO 2 at very low temperatures, and that is very
important in pollution control. The best way to improve Au / TiO2 is to use titania support
with a high surface area. Many methods have been employed to synthesize Au / TiO2
nanoparticles, and they include: reduction of Au nanoparticles in the presence of TiO2
particles, the sol gel method, the deposition precipitation method, gas- phase grafting, ion
implantation, uv- photolysis. Using deposition precipitation method yields the best
nanoparticles with the particle size less than 5 nm. And the smaller the particle size, the
higher the photocatalytic activity. l12·13•14l_
Since the excellent work that was done by Haruta [121 and his co -workers to synthesis Au /
TiO 2 nanomaterials, many researchers have done some work to synthesis these materials.
The objective of loading titania is to produce stable and durable nanocomposites. The metal
used for loading, the dopant, should be chemically inert especially towards photooxidation.
Noble metals meet this requirement.
Sonawane and Dongare [l sJ, prepared thin films of Au/TiO 2 by a simple sol- gel method for
photocatalytic degradation of phenol in sunlight by using a sol of colloidal Au doped titanium
peroxide (Au/TiO2 sol). The authors started by preparing the colloidal Au/ TiO 2 sol and then
the Au/ Ti02 thin films .. The photocatalytic activity of the thin films was tested by using an in
house fabricated quartz reactor. The kinetic study showed that the rate of decomposition of
phenol using Au / TiO 2 photocatalysts was improved by 2 to 2.3 times than the undoped
TiO2.
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Hernandes-Fernandes et al (161prepared Au/TiO2 photocatalysts for the oxidation of nitrogen
monoxide (NO) in a gas phase by the controlled sol-gel method. Titanium tetraisopropoxide,
and HAuCl4 were dissolved in 2-propanol and distilled water. The

reaction was prepared

under acidic conditions. The evaluation of the photocatalytic activity was performed in-situ
by using an FTIR spectrometer with a high sensitivity and UV-VIS spectrometer. The
photocatalytic conversion of NO to NO 2 was studied by FTIR , and it reached 85 % in 1 hour.
The authors then concluded from their results that doping TiO 2 with Au exerts little effect on
the band gap. The Au nanoparticles were found to be less than 10 nm.
Wu et al

(l?J

synthesized core-shell Au/TiO2 nanoparticles by using a simple hydrothermal

procedure. The materials (the products) were then characterized by using TEM, HRTEM,
XRD and UV - VIS .
Yu, et al

(l &J prepared

the Au/TiO2 nanocomposite microspheres by the hydrothermal method.

Tetrabutyl titanate was mixed with a solution of water, ethanol, Au colloidal particles at 180
°C for 7 hours. The photocatalytic activity was then evaluated by the photocatalytic oxidation
decomposition of formaldehyde in air. The authors then concluded from their results that Au
nanoparticles slightly depressed the growth of anatase thus resulting in smaller crystallite size
and greater specific surface areas. It was again observed that the absorbance and
photoluminescence of TiO 2 was modified by Au nanoparticles and that led to an increase in
band gap, decrease in photoluminescence intensity and prolonged the life of photo- generated
electrons and holes.
Sangeetha et al

(t

9

J prepared the Aul TiO 2 by the deposition-precipitation method, and they

used various bases such as NaOH , NH4OH and urea. A high dispersion of Au and narrow
size distribution was obtained.Au / TiO 2 catalysts prepared by using NaOH as a base agent
showed higher deposition of Au on the TiO2 as compared to other base agents and it was
found to be a better catalyst. The catalytic activity of these catalysts was then investigated for
preferential oxidation of carbon monoxide in hydrogen stream.
Delannoy et al l201, synthesized the Au/TiO 2 nanocomposites by using the incipient-wetness
impregnation method. The authors then confirmed that a new gold compound formed upon
washing, and it was found to be amino -hydroxo- aquo cationic gold complex .
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Narkherde et al [211 synthesized Au/ TiO 2 catalysts by using deposition-precipitation
procedure. The conventional deposition precipitation technique was employed for gold
encapsulation in the mesoporous TiO 2- MCM-48 matrix. The catalysts exhibited 50% of
carbon monoxide conversion to carbon dioxide between 262 and 282 K with good
reproducibility.
Bamwenda et al [221 used the deposition-precipitation method to synthesize Au/ TiO2 for the
photocatalytic activity for hydrogen generation_ The reagents used were powdered TiO 2,
HAuCk 4H2O, H2PtCk6H20 and ethyl alcohol. No significant change of Au/ TiO 2 samples
was observed after H2treatment.

I NWU- .. ·1
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Li et al [23 l used deposition- precipitation for preparing Au catalysts supported on TiO 2.The
gold amount used should have resulted in a nominal gold loading of 4.48%. Chemical
analysis revealed loadings of 1.22% at pH 10 that is, the gold was not completely precipitated
onto the support. The gold loading was somewhat higher at lower pH (1.62% at pH 8 as
compared to 2.06% at pH 7). Reproducible catalysts were obtained.
Anandan and Ashokkumar [24l prepared the Au/Ti0 2 photocatalysts sonochemically by three
different procedures. The photocatalytic and sonophotocatalytic efficiencies of the prepared
materials were evaluated by studying the degradation of a representative organic pollutant
nonyl phenol ethoxylate (NPE) surfactant in aqueous solution.
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CHAPTER3
3.1 Introduction
Au I TiO2 nanomaterials have been successfully prepared using different methods. The TiO 2
support is always prepared first and then the loading of Au follows. These nanomaterials
possess very unique and important properties that are more dependent on the size and shape
of the material. The preparation of the nanomaterials that possess the required size and shape
has been the focus of research in the field of nanotechnology, and it is not a very simple task
to produce materials that are stable with controlled size. Therefore there is a need to develop
a new general method and to improve the existing methods. The reason for the use of TiO2 as
the best support is driven by the fact that it is the best semiconductor and it is reducible.
Methods such as the hydrothermal method, sol-gel method and microemulsion are the most
common in the preparation of the TiO2 support. Whereas incipient wetness impregnation,
deposition-precipitation, co-precipitation and deposition are employed for loading Au on the
TiO 2 support[ 1,2•3l_

3.2 Chemicals and reagents
KOH, NaOH, TiO 2 (P- 25 Degussa), NH4 OH (33 %), HAuC1 4 .3H2O .These chemicals were
of analytical grade and they were purchased from either Merck, Sigma-Aldrich or Riedel-de
Haen. Deionised water was used for all the experiments.

3.3 Equipments
An autoclave, model PARR 4843 , was used with a stirring rate of 500 rpm and a temperature
of 150°C for 24 hours. This was done for all the experiments. After 24 hours it is very
important to always release the pressure from an autoclave and allow the sample to cool
before you remove it.
A centrifuge, model Allegra X 22R from Beckmann Coulter was used to separate the solid
from the mixture. The stirring speed was 4500 rpm and the rotor of 4250 with an acceleration
of 9 and a temperature of 4 °c for 10 minutes were employed. The solid was washed with
deionized water until the conductivity of the supernatant liquid was less than 100 µS iem.
A conductivity meter was employed to check the conductivity of the mixture.
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The samples were then vacuum-dried for ± 14 hours in an oven at 100 °C.
The obtained powder was then characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Energy dispersive x-ray (EDX) spectroscopy, xray diffraction (XRD), Brunauer- Emmett-Teller (BET) method and fourier transform
infrared (FTIR) spectroscopy. After characterization the samples were then

calcined at

300°C for 4 hours in a furnace, model Lenton from Elite Thermal Systems Limited. The

calcination was done to make the samples crystalline and to remove volatile substances.

3.4 Methods of synthesis of TiO 2 support
3.4.1 Hydrothermal method

This method is the synthesis method of single crystals that depend on the solubility of
chemicals in high temperatures under high pressure. The hydrothermal phase equilibrium is
the theory that was first studied by the geochemists and mineralogists since the last century,
and that makes the hydrothermal technique to be of geologic origin. The hydrothermal
method has been previously reported to be a very effective synthesis tool for the synthesis of
nanomaterials, and this method is very important during the processing of monodispersed and
highly homogeneous nanoparticles. Since it has the advantage of preparing the nanomaterials
for a wide variety of applications, it has become one of the most important tools for the
processing of advanced materials. Nanostructures can be synthesized by simply controlling
the grain size, morphology of particles, the crystalline phase and the surface chemistry and
this can be achieved by adjusting factors such as the composition of the sol, pH, reaction
temperature, pressure, aging time and nature of the solvent . But this method was originally
designed for the single- growth of particles such as various mechanisms for crystallizing
substances from high-temperature aqueous solutions at high pressures. Hydrothermal
synthesis usually takes place in a steel pressure vessel which is called an autoclave, and it is
often referred to as the pressure cooker. For the crystal to grow, the temperature-gradient has
to be maintained at opposite ends of the growth chamber, for the hotter end to dissolve the
nutrient whereas the cooler end causes the seeds to grow. This method is advantageous in that
it has the ability to create crystalline materials that are unstable at their melting points, and it
can produce materials with high vapor pressure near their melting points. For example, some
materials are insoluble in water but at high temperatures and high pressures they become
soluble. TiO 2 nanomaterials with different morphologies have been yielded under various
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hydrothermal conditions. This method can yield well crystalline anatase titania nanoparticles
which are uniform and well dispersed. In the industries it is the most excellent among the
solution phase techniques because it is low cost and rapid. [4,5,6,71•
3.4.2 The sol-gel method

This method is versatile and has been employed in the production of a variety of materials
with photonic, electronic, mechanical, chemical, biological and biomedical properties. It can
be used to produce important materials by carefully improving the processing method. The
sol-gel method is considered to be amongst the important methods used in the production of
materials with novel properties, and it is one of the resourceful methods for the preparation of
metal oxide nanomaterials such as Ti02 nanomaterials. When this technique is employed in
the synthesis of Ti02 nanomaterials, usually it involves the hydrolysis and the condensation
of titanium alkoxides to produce oxopolymers which can then be transformed into an oxide
network. By simply tailoring the chemical structure of the primary precursor and by
controlling the processing variables carefully, nanomaterials with high level of purity can be
obtained. The sol-gel technique allows flexibility in parameter control with its relatively slow
reaction process since it is a solution method. Therefore, tailoring of certain desired structural
characteristics such as compositional homogeineity, grain size, particle morphology and
porosity is permitted. By simply controlling the hydrolysis and condensation steps carefully,
the constituent materials can be homogeneously mixed easily at the molecular level. The
disadvantage of this method in the synthesis of Ti0 2 nanomaterials is that it yields the
amorphous phase which then needs to be calcined at higher temperatures and that can lead to
particle agglomeration and reduced surface area [S,9, 10, 11 J_
3.4.3 Microemulsion method

The microemulsion method is a very promising technique in the preparation of nanometersized materials and is currently an area that has attracted much interest. Microemulsions have
gained increasing importance in both basic research and different industrial fields, owing to
their novel properties that include ultra low interfacial tension, large interfacial area,
thermodynamic stability and their ability to solubilize immiscible liquids. Microemulsions
are mostly used and applied in both chemical and biological fields . This method has a wide
range of applications such as oil recovery and in the synthesis of nanoparticles. The
nanomaterials that have been synthesized by this method have resulted in significant
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applications such as catalysts, high performance ceramic materials, microelectronic devices,
high-density magnetic recording and in drug delivery. This technique is regarded to be
amongst the versatile preparation methods, as it enables the control of particle properties such
as size, geometry, morphology, surface area and homogeneity of the material. The
microemulsion method has been previously employed in the preparation of colloidal metals
such as colloidal Fe3O4 , and colloidal AgCl, and it has also been used in the preparation of
nanocrystalline materials such as Fe2O3, TiO 2 and AbO 3. However, when it comes to the
synthesis of TiO2 nanomaterials this method is expensive, since the ratio of the aqueous
phase to oil phase and surfactant in these systems is very small and this leads to a small
amount ofTiO 2 yield [12·13·141 .

3.5 Methods of synthesis of Au I TiO 2 nanocomposites
Nanocomposite materials is a newly emerging area of materials and they are obtained by
tuning the molecular level interactions of different components to form new, unique materials
with improved properties. Generally, nanocomposite materials are produced by introducing
the filler into the matrix. These materials exhibit extremely improved properties such as
strength, modulus, dimensional stability, chemical and thermal stability, permeability for
gases, water and hydrocarbons, electrical and thermal conductivity, surface

properties,

optical properties and dielectric properties. Nanocomposites doped with semiconductors have
been widely studied due to their unique improved properties [l 5, 16•17l .
3.5.1 Incipient wetness impregnation

This is amongst the most well known techniques used to prepare catalysts supported on noble
metals. HAuC14 is the most common precursor and source of Au. This technique often leads
to the formation of large Au particles after post-thermal treatment. These large particles arise
from the presence of chloride ions. This method works very well with any type of metaloxide combinations even at low metal loadings r18 •191.
3.5.2 Deposition - Precipitation (DP) method

This method is one of the most common techniques often employed in the synthesis of Au /
TiO 2 nanomaterials for various applications such as catalysis and CO oxidation. Haruta [201
has proved that by using this method, you can actually obtain Au nanomaterials with an
average particle size of about 5 run. The Au / TiO 2 nanomaterials that are synthesized by this
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method have proved to be very active. When this method is employed, the most important
parameter is the pH value because it controls the speciation of Au3+ . HAuC14 is also the most
common precursor that is usually employed. Firstly, the pH of HAuC14 has to be adjusted in
the range of 6 - 10 and then the metal oxide support is immersed into the solution, and then
the solution has to be aged for at least 1 hour in order to allow the deposition of Au(OH) 3 on
the support. Adjusting the pH is very important as it plays a very huge role on the particle
size[20,21J.

3.5.3 Co-precipitation
This method is one of the most versatile techniques because it can yield stable precursor
powders on large scale without the use of a special apparatus. It is a very common method in
the processing of mass-produced fine powders. Co- precipitation was first employed in
obtaining gold nanoparticles in 1987. It was done by the addition of sodium carbonate to an
aqueous solution of HAuC14 and a metal nitrate that led to the production of the support. The
coprecipitates were washed and calcined in air. The high gold dispersion with particles
having a diameter less than 10 nm has been obtained by this synthesis route and the oxide
surface areas which are larger than the ones obtained in the absence of gold can be achieved.
This technique works only for certain metal oxides, since the rates of precipitation of the two
precursors and their attraction is the important key in the determination of gold nanoparticles
. e [22,23,24]
lZ
.
S

3.5.4 Photodeposition
This is one of the alternative methods to prepare titania supported gold nanoparticles. The
method gives good results when the support is a semiconductor typically TiO2. When the
semiconductor is irradiated with light of an appropriate wavelength, it produces the
photogeneration of electrons and holes, and these electrons can be used in the reduction of
gold tetrachloroaurate to gold metal and they will be deposited on the surface of the
semiconductor simultaneously. An alcohol has to be used in order to avoid the positive
charge accumulation (TiO2) during this method. This technique has been employed in the
preparation of gold nanoparticles supported on titania nanofibers. The typical average Au
particle size yielded by this method is between 10 and 30 nm in diameter which is very large
for many purposes such as catalysis. The intensity of the light is a very important parameter
when using this method [I IJ.
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3.6 Characterization of Au / TiO 2 nanomaterials
Characterization refers to the use of a technique to investigate and determine the physical,
chemical and mechanical properties of a material. Because the characteristics of a particle can
impact the quality and performance of the objects, the particles need to be characterized. The
characterization of particles is important in research and development, and in the manufacture
and quality control of materials and products. Characterization is an important tool in
scientific research. It is important for materials scientists to be able to characterize the
microstructure of materials because they can quantify the properties and anticipate the
capability of a material to perform well in a given application. Chemical characterization
helps in identifying and quantifying the chemical constituent of a material.
Characterization of nanomaterials is challenging because of the difficulties in determining
structures of such small size therefore , different characterization techniques are used and
they include the following : scanning electron microscopy (SEM), transmission electron
microscopy (TEM), x-ray diffraction (XRD) ,Brunauer Emmett Teller method (BET),
ultraviolet (UV) spectroscopy and fourier transform spectroscopy (FTIR) [25 •26•271 .

3.6.1 Scanning electron microscopy (SEM)
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Figure 3.1: A schematic representation of a scanning electron microscope 1281
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SEM is by far the most versatile instrument available in the examination and the analysis of
the microstructural characteristics of solid objects owing to its high resolution. This
microscope can image and analyse bulk specimens. The large depth of field is partly
responsible for the appearance of an image that is 3-dimensional. With this technique it is
possible to examine objects using a low magnification. Commercially available SEM
instruments possess the instrumental resolution on the order of 1-5 nm which is
recommended. The typical SEM instrument consists of the lens system, the electron gun, the
electron collector, the visual and photoreading cathode ray tubes [8l. During SEM analysis,
the electron beam scans through the surface of the sample and that results into the production
of a huge amount of signals. These signals are eventually converted to the image [29l_ The
SEM instrument that has the low voltage that ranges from 0.1 to 5 ke V is also referred to as
the low voltage SEM (L VSEM). For the virtual source , the smallest beam cross-section at
the gun has a diameter that follows the order of 10 - 50 µm and the diameter of 10 - 100 nm
in the case of field emission guns. This beam is then demagnified by using a 2 or 3 stage
electron lens system that allows the electron probe with a diameter of 1-10 nm consisting of
electron - probe current in the range 10 -9 to 10 -12A that occurs at the specimen surface. In the
case of the operation that utilizes an electron - probe current that is a bit higher, which is
approximately 10 -8 A there is an increase in the probe diameter to approximately 0.1 µm
[,30,3 1,32]
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3.6.2 Transmission electron microscopy (TEM)
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Figure 3.2: A schematic representation of a of a transmission electron microscope 1331

Transmission electron microscopy (TEM) is used as a major research tool, and it is the only
analytical instrument that can provide microstructural details of metals and their alloys
directly with their physical, chemical, and mechanical properties at the atomic level. Since
this technique uses more powerful electron beams than SEM, its high resolution provides
greater detail of materials in terms of crystallinity and granularity at the atomic scale [34l. In
electron microscopes (TEM, SEM), the electrons are used instead of photons since electrons
have a shorter wavelength than photons, and this is why it is possible for the observation of
matter at the atomic scale. For the TEM analysis, thin samples are needed, since the electrons
in the material have to be absorbed. Ernst Ruska and Max Knoll [35 l were the first to obtain
the TEM image. The TEM microscope utilizes electrons that are usually accelerated at a high
voltage to a velocity that approaches the speed of light. Typical TEM analysis involves the
irradiation of a sample with an electron beam that possesses uniform current density. The
acceleration voltage that is used routinely on instruments ranges from 100 - 200 kV for a
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normal TEM. In case of medium-voltage instruments a voltage of 200 - 500 kV is required
for better transmission and resolution, whereas a high- voltage microscope has an acceleration
voltage of 500 kV- 3mV. During characterization, there occurs an emission of electrons in the
electron gun by thermionic and field emission [ 351• In this case a 3 or 4 stage condenser lens
system is required in order for the area of the specimen that is illuminated and the variation
of the illumination aperture to be permitted. To observe the electron- density distribution that
is behind the specimen, a lens system is used for the imaging and it usually consists of 3 to 8
lenses that display onto the fluorescent screen. There are many ways for the image to be
recorded. It could be by direct exposure of an image plate that is inside the vacuum or by
digitally displaying the fluorescent screen coupled by a fiber- optic plate to a camera. There is
a strong interaction of electrons with atoms by elastic and inelastic scattering (361.

3.6.3 X- ray diffraction (XRD)

Figure 3.3 : A schematic representation of an x-ray diffractometer 1371

X-ray diffraction (XRD) measurements are widely used and applied in the study,
identification and monitoring of the crystalline structure of materials, particularly in fine
grained samples and various experimental configurations l3&l_ This technique gives
information of the particle size and it is able to identify crystalline phases l39l. It is the most
commonly used technique for quantitative analysis. This technique is based on the fact that
the intensities of the diffraction lines are proportional to the amount of the crystal phase l40l
.One of the important advantages of XRD is that it is possible to perform a study while the
catalyst is in its working environment [411 • The crystallite size of the sample is estimated by
using the Debye-Scherrer equation:
S = KA I ( fJ cos 0)

(1.1)
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Where Sis the crystallite size, A is the wavelength of the x-ray, K is a constant,

fJ is the line

width at half maximum height and 0 is the diffraction angle [421.
3.6.4 Brunauer -Emmett - Teller (BET) method
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Figure 3.4 : A schematic representation of a Brunauer Emmett Teller 1431

In the characterization of novel porous materials, the surface area 1s one of the most
important quantities. The BET analysis is the best method to determine the surface areas from
nitrogen- adsorption isotherms. It was originally derived for multilayer gas adsorption onto
flat surfaces. The surface areas are commonly referred to as BET surface areas since they are
obtained by simply applying the Brunauer, Emmett, and Teller theory to nitrogen adsorption
isotherms usually materials measured at 77 K. This is a very standard method as it allows for
comparisons among different materals. This procedure assumes that adsorption occurs by
multilayer formations and that the number of layers that are adsorbed is infinite at the
saturation pressure. It simply means that it assumes that the materials adsorption occurs as if
they are on a free space.
The term adsorption was firstly introduced by Kayser l44l to describe the increase in the
concentration of gas molecules in neighbouring solid surfaces in 1881. And it was a
phenomenon that was noted by Fontana and Scheele [44 l _ Kayser then suggested the first
empirical formula of the adsorption isotherm:

V=a + bP

(1.2)
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Where Vis the adsorbed volume of a gas related to the volume of a sample, P is the pressure
in torr and a and b are the temperature dependent constant.
Ostwald [44l introduced the term adsorption isotherm. McBain [44l was the first to separate the
phenomena of adsorption and absorption. The

first theoretical equation of adsorption

isotherm was derived by Langmuir. Brunauer, Emmett and Teller used the derivation of the
Langmuir isotherm to derive the BET adsorption isotherm which is also known as the
Brunauer-Emmett-Teller (BET) adsorption isotherm[45 .46l.
3.6.5 Fourier transform infrared spectroscopy (FTIR)
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Figure 3.5: A schematic representation of a fourier transform infrared spectrometer 1471

Fourier transform infrared spectroscopy (FTIR) is one of the most versatile characterization
methods. It has significant advantages over the dispersive system infrared technique. It has
been used by chemists as a powerful tool. This technique is able to provide information about
the chemical bonding of organic and inorganic materials. During FTIR analysis, IR beam is
passed through the sample, some of this radiation is absorbed by the sample and some is
transmitted. The transmittance and reflectance of the sample of the infrared rays at different
frequencies is then translated to an infrared absorption plot. This Infrared spectrum of a
compound is known to give exclusive "fingerprint". FTIR offers reliable information about
aliphaticity, aromaticity, and oxygenation rate and it can give more accurate data such as the
average distribution length of aliphatic chains, oxygenation and substitution modes of
aromatics. It is also applicable in evaluating the efficiency of antiviral drugs L4&.4 9•5oJ.
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3.6.6 Ultraviolet - Visible spectroscopy (UV/ VIS)

l

4

Figure 3.6 : A schematic representation of an ultraviolet- visible spectrometer 151 1

Ultraviolet-visible (UV /VIS) spectroscopy is one of the oldest and simplest forms of
spectroscopy for analyzing the biological macromolecular structure. Since UV is the
spectroscopy of photons in the UV and VIS region, the electromagnetic radiation generated
by an ultraviolet spectrometer ranges from 200 to 800 nm. In this region of the
electromagnetic spectrum, molecules undergo electronic transitions. The instrument then
scans this range and the absorption spectrum is displayed on a computer screen with the
relative absorbance on the vertical scale (0 to 1.0) and the wavelength on the horizontal scale.
First the sample is dissolved in a solvent and placed in a cell that does not absorb in the
targeted UV region. A reference cell containing only the solvent is used and the absorbance,
A, of the sample is reported as the log of the ratio of the beam intensity of the incident light,

10 , divided by the intensity of the light, I, that is transmitted through the samples. A is also
proportional to the sample concentration, c, the length or thickness of the sample cell, and the
molar absorptivity, e, which is also called the extinction coefficient and is calculated from the
equation. And this can be represented as an equation called the Beer-Lambert law : [52 ,53 ,54l

I0
A= log-= el c
] sample

The Beer-Lambert law is valid for dilute solutions [55 l .

(1 .3)
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CHAPTER4
Hydrothermal processmg of TiO 2 nanostructures: The effect of NaOH /
NH4 OH ratio on TiO 2 nanostructures
4.1 Introduction
In this chapter, NaOH and NHiOH were individually used for the hydrothermal processing of
nanomaterials with TiO 2 P-25 Degussa. This was followed by using the co-solvent approach.
This comprised the preparation of the co-solvent solution at different ratios of the base
solvents. The co-solvent solution of a given ratio was reacted with the TiO2 P-25 Degussa.
The objective was to investigate the effect of different bases and ratios on the morphology of
the TiO2.

4.2 Experimental
4.2.1 Hydrothermal processing of TiO2 nanomaterials
The hydrothermal method was carried out in an autoclave reactor at 150 °C using TiO 2 as a
starting material. The synthesis was carried out by first reacting NaOH with TiO 2 P-25
Degussa. The synthesis was then carried out by reacting TiO 2 P-25 Degussa with the cosolvent approach at different ratios. A volume of 90 cm3 of 18 M NaOH was transferred into
a 1 litre beaker. A mass of 12.00 g of TiO 2 was added into the beaker. The mixture was
stirred with a glass rod until a suspension was formed. The mixture was then transferred to a
Teflon-lined autoclave and was heated at 150 °C for 24 hours with constant stirring (500
rpm). The mixture was then allowed to cool to room temperature. The solid product was then
separated from the mixture by centrifugation at 4500 rpm for 10 minutes. The solid was
washed with deionised water several times until the conductivity of the supernatant liquid
was less than 100 µS /cm. The solid was eventually vacuum-dried overnight in an oven at
100 °C. The above synthesis procedure using 70 cm3 NaOH and 20 cm3 NH4 OH was
repeated for the experiments on the four co-solvent ratio solutions. The synthesis procedure is
summarized in Table 4.1.
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Table 4.1 : Experiments for synthesis ofTiO 2 nanomaterials

Sample

TiO2/g

NaOH/ cm3

NH4 OH/cmj

Al

12.0

90.00

0.0

A2

12.0

70.00

20.0

A3

12.0

45.00

45.0

A4

12.0

40.00

50.0

AS

12.0

50.00

40.0

4.2.2 Characterization of TiO2 nanomaterials

Various characterization techniques were used. Two different scanning electron microscopes
were used, the reason being that the FIB-SEM gives very good images whereas the field
emission scanning electron microscope that was used for EDX does not.
4.2.2.1 X-ray diffraction (XRD)

The XRD analysis was performed to determine crystallinity of the nanomaterials using the
PANalytical X' Pert Pro PW 3060/60 x-ray diffractometer. A Cu x-ray tube was used with Ka

A. = 0.154 nm. The diffractometer was operating at 45.0 kV and 40.0 mA. The data was
collected in the 28 angle ranging from 1 to 90° with a step size of 0.02°. Prior to analysis the
sample holder was first cleaned with iso propanol to avoid contamination, and this was done
for all the samples.
4.2.2.2 Scanning electron microscopy (SEM)

SEM analysis was performed to determine the morphology of the materials. The morphology
was checked with a focused- ion beam (FIB - SEM) of model Auriga from Carl Zeiss. The
instrument was operated at a voltage of 3.0 kV. The carbon tape was used, it was pasted on
the aluminium stubs and the sample was mounted on the carbon tape, and then the stubs were
placed on the SEM sample holders. Prior to SEM analysis, the samples were first carbon
coated by using EMITECH K950X carbon evaporator, to make the sample surface
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conductive, because the surface of Ti02 is not conductive and that causes sample charging
during this analysis.
4.2.2.3 Transmission electron microscopy (TEM)

The morphology of the nanomaterials was further determined by transmission electron
microscopy (TEM) using the JEOL TEM - 2100 electron microscope. For the TEM sample
preparation, the samples were suspended in ethanol, and this was followed by sonication for
10 minutes. Then the suspension was placed on a copper grid.
4.2.2.4 Energy dispersive x-ray spectroscopy (EDX)

Energy dispersive x-ray spectroscopy (EDX) was performed to determine the chemical
composition of the materials. A JEOL JSM-7500F field emission scanning electron
microscope was used, the sample preparation was the same as the one for the SEM analysis.
4.2.2.S Brunauer-Emmett-Teller (BET) method

The surface areas of the nanomaterials were measured by using a Micromeritics Tristar II
equipment. Prior to analysis, the samples were out- gassed in vacuum using a Vac Prep 061
Sample Degas System at 100 °c overnight, in order to remove the moisture and the volatile
substances. The specific surface areas and the pore volunies of the nanomaterials were then
determined by the Brunauer - Emmett- Teller (BET) method.
4.2.2.6 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was used to provide information about the
chemical bonding present in the material

and the presence of -OH groups. The model

spectrum 100 FTIR spectrometer from Perkin Elmer was used.

4.3 Results
4.3.1 XRD

The XRD patterns of the starting material (P-25 Degussa Ti0 2) is shown in Figure 4.1. The
material consists of 80% anatase at 20

=

25 ° and 20% rutile at 20

=

27 °, and these peaks

corresponds to (101) and (110) diffraction lines of Ti 0 2. Anatase Ti0 2 was again observed at
20 = 48 ° corresponding to (200) diffraction line, while rutile was observed at 20 = 36 ° and
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20 = 55 ° corresponding to (004) and (211) respectively

23
[J , , l_

These peaks are very sharp.

After reaction with 18 M NaOH, Figure 4.2 a (sample Al) the material became amorphous,
and there were no peaks that could be assigned to any of the titania polymorphs. The peaks
are now broad. The XRD patterns of the Ti0 2 nanomaterials synthesized by the hydrothermal
method using co-solvent approach, whereby NaOH and NH40H (samples A2-A5) were used
with different ratios also shows no sharp peaks at all, the patterns do not differ much from the
100% NaOH prepared (sample Al). The material is amorphous with no definite peak
formation that can be assigned to any structure.
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4.3.2 SEM images

SEM image of the starting material (P-25 Degussa TiO 2) is shown in Figure 4.3. This
material consists of conglomeration of spherical clusters

[IJ _

Figure 4.4(a) shows the SEM

image of the sample treated with 18M NaOH in a 90 ml. The material is spherical in shape,
but with a lot of clusters. Figure 4.4 (b-e) shows the SEM images of the materials prepared by
the co-solvent approach, whereby NaOH and NH4 OH were used at the same time. Figure
4.4(b) shows the SEM image of sample A2, the material is composed of spherical clusters
that is very clustered. As compared to the other five samples (Figures a-e ), this one is
homogenously dispersed. Figure 4.4(c) shows the SEM image of sample A3 , the material is
also spherical with clusters. Figure 4.4(d) shows the SEM image of sample A4, this material
also consists of spherical structures. The material also consists of clustered aggregates. Figure
4.4(e) also has a spherical structure, but with a few clustered aggregates.

Figure 4.3: SEM image of the starting material (TiO 2 P-25 Degussa
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Figure 4.4: SEM images of a) sample Al (b) sample A2 (c) sample A3 (d) sample A4 and (e) sample AS

4.3.3 TEM images

The TEM image of the starting material (P-25 Degussa) is shown in Figure 4.5. The material
is spherical in shape and consists of agglomerates with an average diameter of 6-39 nm. After
treatment with 18 M NaOH (Figure 4.6 a), the spherical structure was still observable but the
spheres seem to have formed clustered agglomerates with an average diameter of 3-34 nm.
When the co-solvent approach was introduced (NaOH and NRiOH), Figures 4.5 ( b - e),
samples A2-A5 , the TEM images look very similar to one another. The clusters are more
agglomerated and the samples had average diameters of 3-11 nm, 11-77nm, 18-55 and 18-65
nm respectively.
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Figure 4.5 :TEM image of the starting material (P-25 Degussa TiO 2)

Figure 4.6:TEM images of (a) sample Al (b) sample A2 (c) sample A3 (d) sample A4 and
(e) sample AS.
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4.3.4 BET surface areas

The specific surface area and the porosity of the nanomaterials were later determined by the
Brunauer- Emmett-Teller method, and the results are given in Table 4.2. The specific surface
area of the starting material was 47.3307 m2 / g. After treatment with 18 M NaOH 90 cm3,
(sample Al) , the surface area increased to 60.7072 m2/g, and then for samples A2- AS
(NH4 OH treated ) the surface area decreased to 26.56 m2/g. It was less than that of the
starting material since NH4 OH was introduced as a co- solvent with varying volumes, the
surface area increased with an increase in NH4 OH , the increase was ranging from 26.56 31.77 m2 / g.
Table 4.2: BET surface areas

Sample name

Surface area (mz / g)

P- 25 Degussa TiO2

47.3307

Sample Al

60.7072

Sample A2

26.5685

Sample A3

27.4066

Sample A4

25.7020

Sample AS

31.7701

4.3.5 FTIR spectroscopy

FTIR spectroscopy was used to determine the -OH groups that may be present in the
samples. In Figure 4.7, all the samples (Al - AS) have a strong O-H stretching vibration
observed between 3600-2500 cm- 1 • A peak is observed at around 1625 cm- 1 which is due to
the O-H bending in the material. And all the samples Al -AS, have a broad peak from 3617
- 3023 cm- 1 , which is due to the -OH stretching vibrations of surface hydroxyl groups. The
two -OH stretch vibrations observed suggest the presence of different chemical enviroments
of the hydroxyl groups in the material [4l. The Ti - 0 bonds were also observed at 600 - 500
cm-1 [5,6J_
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4.4 Discussion
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The XRD patterns for the starting material have sharp peaks due to the crystallinity of the
material. The XRD is indexed according to the JSPD fi le from the article[4,5l_ Sample Al
does not have any peaks that can be assigned to the titania polymorphs. Instead, the patterns
have broad peaks that are due to smaller particle sizes decreasing at structural transformation.
The XRD patterns for the samples treated with the co-solvent approach (NaOH and NH4OH)
were found to be identical to the one for 100 % NaOH, and this shows that N~OH has no
influence on the structure of the material [61 •
The SEM images of sample Al show that the morphology was not transformed, it is similar
to the one for TiO 2 P-25 Degussa (starting material). And this can be due to the concentration
of 18 M NaOH that was used. It has been shown that a concentration of a base has an
influence on the morphology of the materials [5•61 • The images of samples A2 - AS also show
that the morphology was still spherical with a lot of clusters and aggregates . This shows that
NH4 OH does not influence the morphology transformation of the nanomaterials. This is
because it is a weak base [61 . NH4OH only influenced the formation of clustered aggregates.
The TEM image of sample Al shows that the diameter has decreased from 6 - 39 nm to 3 11 nm. This can be attributed to the structural transformation. The images for the samples
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treated by the co-solvent approach (samples A2 - AS) show that the average diameters have
increased, they are greater than the one for the starting material. This is due to the formation
of clusters.
The increase m the surface area of sample A 1 can be attributed to the structural
transformation of the material. Because the morphology was not transformed but the surface
area increased, and this shows that the surface area does not only depend on the morphology
transformation but also on the structural transformation. The surface areas of samples A2 AS decreased. This is because NH40H is a weak base, and it does not affect the crystal

structure of Ti0 2. The low surface area can also be attributed to the presence of amorphous
material.
The -OH groups observed from FTIR is from the water obtained from moisture in the
environment and the water that was used in the experiment.

4.5 Conclusion
The nanomaterials were successfully prepared by the hydrothermal method, using Ti02 P-25
Degussa which is a commercially available Ti02 and 18 M NaOH. The morphology of the
nanomaterials was similar to that of the starting material (Ti02). The hydrothermal
processing of Ti02 with NaOH has previously been done and nanotubular materials have
been obtained

[SJ_

But NaOH is known to transform the morphology of Ti02 P-25 Degussa

when it is in the concentration of 10 M. But in this study, a concentration of 18 M was used,
and it was observed that this concentration does not transform the spherical morphology of
the starting material (P -25 Degussa Ti02). For this sample the surface area increased a bit
but the morphology did not, this is due to the structural transformation. And this shows that
the concentration of a base has an influence on the morphology of the nanomaterials. Even
the nanomaterials prepared by co-solvent approach (NH40H and NaOH), they have a
morphology similar to that of the starting material. This shows that N~OH has no influence
in the morphology of Ti02 nanostructures when it is used together with 18 M NaOH since it
is a weak base. The XRD results show that NH40H has no influence on the microstructure on
the materials.
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CHAPTERS
Hydrothermal processmg of Ti0 2 nanostructures :The effect of KOH/
NaOH mole ratio on the Ti0 2 nanostructures
5.1 Introduction
This chapter is a study of the effect of the various KOH / NaOH mole ratios on the
morphology of TiO2 P-25 Degussa. Section 5.2.1 describes the experiments that were
conducted for the synthesis of TiO 2 nanostructures. Section 5.2.2 outlines the characterization
of the products from the preceeding section. Section 5.3 presents the results that were
obtained. Finally, sections 5.4, 5.5 and 5.6 give respectively the discussion, conclusion and
references.

5.2 Experimental
5.2.1 Synthesis of TiO2
The hydrothermal method was used here for the synthesis of the TiO2 nanostructures. The
mole ratios of KOH to NaOH were prepared: 50 % KOH / 50 % NaOH ; 30 % KOH / 70%
NaOH ; 10 % KOH / 90 % NaOH. The three samples were then named Bl , B2 and B3
respectively. A 90 cm3 solution of each mole ratio was transferred into a 1 litre beaker to
which 12.00 g of TiO 2 (P-25 Degussa) was added. The procedure outlined in chapter 4,
section 4.2.1 was followed. A summary of the procedure is given in Table 5.1.
Table 5.1: Synthesis of Ti02 by treatment with NaOH and KOH

Sample

NaOH

designation

G

NaOH

%

KOH
g

mol

KOH

TiO2/ g

%
mol

Bl

32.4

50.00

32.4

50.00

12.00

B2

28.8

44.00

36.0

56.00

12.00

B3

25.9

40.00

38.9

60.00

12.00
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5.2.2 Characterization of TiO2
The Ti02 nanostructures that were obtained were characterized according to the procedure
outlined in chapter 4, section 4.2.2.

5.3 Results
5.3.1 XRD patterns
The XRD patterns of samples Bl - B3 are shown in Figure 5.1. For sample Bl , there are
peaks observable at 20 = 25° and at 20 = 27° which are the characteristic peaks of anatase
and rutile Ti 0 2, respectively and these peaks corresponds to (101) and (110) diffraction lines
of Ti 0 2. A peak observed at 20 = 48°, indicates anatase and it corresponds to (200) diffraction
line [IJ _There is also a peak that is observed at 20 = 10° which can be assigned to the titanate
structure [2J. Because of the presence of peaks we can deduce that this material is crystalline.
For sample B2, the same peaks were also observed, but they were less intense and
unresolved. This material has very little crystallinity than sample Bl. No diffraction peaks
were observed for sample B3. this material was found to be amorphous. As the amount of
KOH was decreased, the crystallinity decreased. KOH played a huge role in the crystallinity
and the morphology transformation of the materials.
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Figure 5.1: Indexed XRD patterns of samples Bl- B3
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5.3.2 SEM images

The SEM images are shown in Figure 5.2 (samples Bl - B3). Sample Bl consists of more
nanotubes and nanorods than Ti02 clusters. Morphology transformation in sample B2 was
marked by the presence of nanotubes, nano belts and Ti0 2 clusters. However , they were in a
small proportion. Morphology transformation decreased with the amount of KOH. Figure 5.2
c (sample B3) does not have nanobelts and nanorods. The SEM micrograph indicates that the
material has spherical structures. Morphology transformation of the Ti0 2 P-25 Degussa was
insignificant as there are more unreacted materials that are amorphous.

Figure 5.2: SEM images of (a) sample Bl (b) sample B2 and (c) sample B3
5.3.3 :TEM images

TEM images are shown in Figure 5.3 (samples Bl- B3). Sample Bl shows the presence of
nanotubes and nanorods which are randomly distributed and thin- walled, with an average
diameter of 4 - 11 nm. Sample B2 comprises bundles of nanorods and nanobelts with an
average diameter of 3 -18 nm. There is still some unreacted material. The TEM image of
sample B3 indicates that there was no morphology transformation on the Ti0 2 P-25 Degussa,
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this means that the nanomaterials still retained the spherical structure. This sample has an
average diameter of 8 - 20 nm.
b

NWU- ,..·]·

[L1BRARY
Figure 5.3 :TEM images of (a) sample Bl (b) sample B2 and (c) sample B3

5.3.4 BET results

The BET results are summarized in Table 5.2. The surface area of the starting material was
47.3 m2 I g. The surface area increased to 134.09 m2 / g after treatment ofTiO 2 P-25 Degussa
with 50 % KOH / 50 % NaOH solution. The surface area of B2, the product of the reaction of
30 % KOH I 70 % NaOH solution with TiO 2 P-25 Degussa, increased to 65.59 m2 / g. The
surface area of B3 , the product of the reaction of 30 % KOH / 70 % NaOH was found to be
30.8337 m2 I g.
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Table 5.2 : BET surface areas

Sample name

Surface area (m

TiO2 (P -25 Degussa)

47.3307

Sample Bl

134.0964

Sample B2

65.5968

Sample B3

30.8337

2

/

g)

5.3.5 FTIR spectroscopy
FTIR spectra are illustrated in Figure 5.4 (Bl -B3). All the samples have a strong O-H
stretching vibration between 3600-2500 cm-' . A peak is observed at around 1625 cm- 1
which is due to the O-H bending in the material. And all the samples Bl - B3 , have a broad
peak from 3617 - 3023 cm- 1

,

which is due to the -OH stretching vibrations of surface

hydroxyl groups [4l_ The Ti - 0 bonds were also observed at 600 - 500 cm- 1 [5,61 .
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Figure 5.4: FTIR spectra of Bl- B3
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5.4 Discussion
The peaks observed in sample B 1 show that there is anatase and rutile and there is also
structural transformation, which is marked by the presence of a titanate structure. KOH
played a huge role in the morphology transformation of the nanomaterials. The little
crstallinity observed in sample B2 could be attributed to the decrease in the amount of KOH
that was added. Sample B3 showed no diffraction peaks that could be assigned to any of the
titania polymorphs. Instead there were broad peaks present and they can be due to the
structural transformation. This material is amorphous.
The SEM images of

sample B 1 show that the morphology was transformed. This

morphology transformation is because of KOH. Sample B2 showed the presence of
nanowires and nanobelts but the yield had decreased. This is because the amount of KOH
was decreased. Sample B3 did not show any morphology transformation, and that is due to
the small amount of KOH that was used.
The TEM images show that the diameters of all the three samples (Bl - B3) have decreased,
and this is due to the structural and morphological transformation. Sample B3 did not change
morphology but the diameter also decreased. The decrease is attributed to the structural
transformation [7l.
The increase in surface areas of samples B 1 and B2

is due to the morphological and

structural transformation. The decrease in surface area of sample B3 is due to the amorphous
material present [4l .
The - OH groups observed from FTIR is from the water obtained from moisture in the
environment and the water that was used in the experiment.

5.5 Conclusion
The nanomaterials were successfully prepared by the hydrothermal method using TiO 2 P -25
Degussa and KOH and NaOH with different mole ratios (samples Bl - B3). The morphology
transformation was found to be dependent on the amount of KOH since it is a stronger base
than NaOH . Morphology transformation increased with the amount of KOH. KOH reacts
better with P -25 Degussa than NaOH. Variation of the amount of KOH led to different
morphologies such as nanorods and nanobelts.
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CHAPTER6
The effect of calcination on the TiO 2 nanomaterials treated with NH4 OH/
NaOH solutions.
6.1 Introduction
Chapter 6 investigates the effect of calcinations on the TiO2 nanomaterials that were treated
with various solutions of NH4OH / NaOH. Section 6.2 outlines how the five samples (Al to
AS) were calcined and the various characterization techniques that were used. The next
section gives the results. Sections 6.3.1 , 6.3.2, 6.3 .3, 6.3.4 and 6.3 .5 describe the XRD
patterns, SEM images, TEM images, EDX plots and BET data. Lastly, sections 6.4, 6.5 and
6.6 give the discussion, conclusion and references.

6.2 Experimental
6.2.1 The calcination of the nanomaterials

The TiO 2 nanomaterials that were calcined are given in chapter 4, Table 4.1 (samples Al to
AS). The TiO 2 P-25 Degussa was initially reacted with 90 cm3 of 18M NaOH. The TiO2 P-25
Degussa was subsequently reacted with the co-solvent solutions (NH4OH I NaOH) at
different ratios. The powdered TiO2 nanomaterial products were calcined in crucibles in a
Lenton BCF 13/ 12-2416 CG furnace (supplied by Elite Thermal Systems) at 300 °C for 4
hours.
6.2.2 Characterization of the nanomaterials

The calcined nanomaterials were characterized according to the procedure outlined in chapter
4, section 4.2.2.
6.3 Results
6.3.1 XRD patterns

The XRD patterns of the samples are shown in Figure 6.1 . After calcining the samples at 300
°C for 4 hours, the material still remained amorphous. Samples A 1, A2, A3 and AS are
amorphous and they have no definite peak that can be assigned to any of the titania
polymorphs (anatase, rutile and brookite). Instead these four samples have broad peaks that

56

can be attributed to the structural transformation (presence of a titanate structure)

[IJ _ Sample

A4 has a peak at 20 = 10° and it can be attributed to the titanate structure and there are also
very small peaks at 20 = 25° and 20 = 27° and they can be assigned to anatase and rutile
respectively[], but these peaks are small due to the amorphicity of the material.
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Figure 6.1: XRD patterns of the calcined Samples Al-AS
6.3.2 SEM images

The SEM images of the samples are shown in Figure 6.2. For Sample Al , after calcination
the particles were still spherical and clustered. Morphology was not transformed, instead the
material is agglomerated. Sample A2 is also agglomerated and it consists of clustered
spherical particles and funny material which resembles nanorods and the tubular structure.
Samples A3 - AS have a similar morphology that consists of clustered spherical aggregates
which are also very agglomerated. For all the samples, although the calcination temperature
is low it somehow influenced the material because no unreacted material was observed.
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Figure 6.2: SEM images of the calcined samples Al-AS (a- e)

6.3.3 TEM images

The TEM images of the samples are shown in Figure 6.3. For sample Al , the material
consists of spherical clusters with an average diameter of 7 - 195 nm. Sample A2 also has
clustered spherical particles and material that resemble nanorods and nanotubes. The average
diameter is 69 - 277 nm. Sample A3 has clustered spherical aggregates with an average
diameter of 70 - 100 nm. Samples A4 and AS also consist of clustered spherical aggregates
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with average diameters of 64 - 170 run and 69 - 250 run respectively. The TEM images of all
these samples (Al -AS) shows that the material is agglomerated.

Figure 6.3 : TEM images of the calcined samples Al-AS (a - e)
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6.3.4 EDX analysis

EDX of the samples is illustrated in Figure 6.4, plots a-e. All the samples are composed of Ti,
Na and O - Ti overlap. And for all the samples treated with NH4 OH, there is N that is
observed but it is just an overlap. From the EDX we can deduce that the materials prepared
are made up of a titanate structure of the formula Na2ThO4 . The EDX of the of the samples
also consists of small amounts of Fe.
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Figure 6.4: EDX of the calcined samples Al-AS (a - e)
6.3.5 BET results

The BET results are shown in Table 6.1 . After calcination of the materials, the surface areas
of all the samples (Al-A5) decreased tremendously.
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Table 6.1 BET surface areas

Sample name

Surface area (mi/ g)

Calcined Sample Al

18.6454

Calcined Sample A2

26.3780

Calcined Sample A3

23.6929

Calcined Sample A4

25 .7020

Calcined Sample AS

23.4043

6.4 Discussion
The XRD patterns (section 6.3.1), there was no peak that could be assigned to any structures of
the titania polymorphs. The material still remained amorphous, this could be due to the low
calcination temperature of 300 °C. Most researchers have proved that the crystallinity of the
nanomaterials increases with the calcination temperature. A good crystallinity has been
achieved before when the temperature of 400 -500 °C was usedl21.
For the SEM (section 6.3.2) and TEM images (section 6.3.3), the agglomeration that was
observed could be attributed to the calcination temperature. This agglomeration also caused the
diameters of the nanomaterials to increase. When the nanomaterials are calcined they
agglomerate and form bigger particles[3l.
The EDX of sample Al(Figure 6.4a) shows the presence of Ti, Na, and 0. This means that
there was a structural transformation. The EDX plots of the samples treated with NRiOH
(Figure 6.4 b-e) shows the presence of N but it is just overlapping with Ti and 0. The EDX
plots shows that even after the co-solvent approach, the structure of the titanate was the same
as the one for sample Al.And this shows that NRiOH had no influence in the structural
transformation. Fe that was observed in the sample is from the autoclave since it is made from
steel and Fe is one of the components of steel. So after treating the materials for 24 hours, there
was black soot from the autoclave observed in the sample and it consisted of Fe.
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The BET results shows that the surface areas of the materials decreased, and this decrease is
attributed to the calcination temperature. When the material is exposed to heat, the particle size
increases and the larger the particle size the smaller the surface area[21.

6.5 Conclusion
The calcined materials were found to be amorphous, there were no peaks that could be
assigned to any structure of titania and this could be due to the low calcination temperature.
Previous studies have shown that the crystallinity increases with the calcination temperature.
The surface areas decreased because of the larger particle size. When the materials are
calcined, they agglomerate and then forms larger particles and that result in the increase in
diameters of the nanomaterials.
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CHAPTER 7
The effect of calcination on the Ti0 2 nanomaterials (KOH/ NaOH mole
ratio)
7.1 Introduction
This chapter investigates the effect of calcination on TiO 2 nanomaterials that were treated
with different mole ratios of KOH and NaOH. Section 7.2 outlines how the three samples (Bl
to B3) were calcined and the various characterization techniques that were used. The results
are given in the next section. Sections 7.3.1 , 7.3 .2, 7.3 .3, 7.3.4 and 7.3 .5 describe the XRD
patterns, SEM images, TEM images, EDX plots and BET data. Lastly, sections 7.4, 7.5 and
7.6 give the discussion, conclusion and references.

7.2 Experimental
7.2.1 Calcination of TiO 2 nanomaterials
The nanomaterials that were calcined are given in chapter 5, Table 5.1 (samples Bl to B3).
TiO2 (P-25 Degussa) was reacted with different mole ratios of KOH and NaOH. The
procedure that was outlined in chapter 6, section 6.2.1 was followed. After calcination, the
samples were then named calcined B 1, calcined B2 and calcined B3
7.2.2 Characterization of TiO 2 nanomaterials
The procedure that was outlined in chapter 6, section 6.2.2 was followed.

7.3 Results
The results obtained by five characterization techniques are given.
7.3.1 XRD patterns
The XRD patterns of the TiO 2 nanomaterials are shown in Figure 7.1. Calcined Bl shows
sharp peaks at 20 = 25° and 27° and correspond respectively to anatase and rutile

[ IJ_ Calcined

B2 show very small peaks. Samples B2 and B3 show no crystallinity and no diffraction peaks
that can be assigned to any titania polymorphs. Instead these two samples have broad peaks.
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Figure 7.1: Indexed XRD patterns of the calcined samples 12 •31

7.3.2 SEM images

The SEM images are shown in Figure 7.2 (a-c). Figure 7.2 a is the SEM image of calcined
B 1, after calcination the quantity of nanotubes and nanorods increased. The SEM image of
calcined B2 (Figure 7.2 b) shows the increase of nanobelts

and nanowires. Lastly the

calcined BJ shows the presence of clustered spherical aggregates. All these three samples are
very agglomerated.
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Figure 7.2:SEM images of (a) calcined Bl (b) calcined B2 and (c) calcined B3
7.3.3 TEM images

The TEM images of the nanomaterials are shown in Figure 7.3 (a-c). The calcined Bl
(Figure 7.3 a) shows the presence of nanotubes and a very small proportion of nanorods, with
an average diameter of 8 - 69 nm. The nanotubes are open-ended and single-walled. Figure
7.3 b represents the image of calcined B2, and it shows the presence of nanobelts and
nanowires that are bundled together and have an average diameter of 10 - 143 nm. Calcined
B3 (Figure 7.3 c) shows the presence of clustered spherical aggregates with an average
diameter of 21 - 107 nm.
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Figure 7.3: TEM images of (a) calcined Bl (b) calcined B2 and (c) calcined B3
7.3.4 EDX analysis

EDX analysis was done to determine the chemical composition of the materials. The plots are
shown in Figure 7.4 (a-c). For all the samples, there is Na, K, Ti and Oxygen present. There
are also small amounts of Al and Fe that are observed.
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Figure 7.4 : EDX analysis of the calcined materials

7.3.5 BET results

The surface areas of the samples were determined by the BET method, and the results are
tabulated in Table 7.1. For all the samples, the surface areas decreased.
Table 7.1 BET surface areas

Sample

Surface area (m 2 / g)

Calcined Bl

95.5787

Calcined B2

60.8703

Calcined B3

26.4945
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7.4 Discussion
The XRD patterns for the calcined B 1 show peaks. This is because anatase and rutile are
present in the sample. For the calcined B2 and B3 , there were no peaks that could be assigned
to any of the titania polymorphs. Instead these samples have broad peaks and they can be
attributed to the presence of the titanate structure. All these three samples have a titanate
structure because there is a structural transformation. For the SEM images, the increase in the
amount of nanotubes, nanorods, nanowires and nanobelts is due to the calcination
temperature. Although the used calcination temperature was low, it somehow managed to
influence the morphology of these samples. This is because the calcination temperature is
known to influence the morphology transformation of the samples. The agglomeration is also
due to the calcination, because when the materials are heated they form bigger particles [4 l.
The TEM images show that the diameter of the materials have increased, and this is because
of the increase in particle size. The EDX plots shows the presence of Na, K, Ti and Oxygen.
This is not suprising since NaOH, KOH and TiO2 were used in this experiment. Fe that was
observed is from an autoclave, and the Al is from the Al stubs that were used for this (EDX)
analysis. BET results show the decrease in the surface areas of the samples, and this is
because of the increase in particle size. When the materials are heated they increase in size
and the surface area decreases.

7.5 Conclusion
The nanomaterials were successfully calcined at 300°C for 4 hours. The calcination
temperature played a huge role on the morphology of the materials, but it did not have an
effect on the crystallinity. It was found that the amount of nanotubes, nanorods, nanowires
and nano belts increased after calcination.The surface areas decreased because of the increase
in particle size, previous studies have shown that when the materials are heated they increase
in size, therefore the surface area decreased. TEM results confirmed the increase in diameter
size. EDX confirmed the presence of K, Na and Ti, and we can deduce that the materials
consists of a titanate structure composed of Kand Na.
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CHAPTER 8
The effect of loading Au on the TiO 2 nanomaterials
8.1 Introduction
This chapter considers the loading of Au on a TiO 2 support. Section 8.2.1 describes how Au
was loaded onto the TiO 2 support. Section 8.2.2 describes the characterization of the Au /
TiO 2 nanocomposites by XRD, TEM, EDX and BET. Sections 8.3 and 8.4 give respectively
the results and discussion. Finally, sections 8.5 and 8.6 give the conclusions and references.

8.2. Experimental
8.2.1 Synthesis
Au loaded (5 % wt) samples were prepared by incipient wetness impregnation. Three samples
were loaded, TiO2 (P -25 Degussa), calcined B l and calcined B2 (Chapter 7, section 7.2.1).
2g of the TiO 2 support was mixed with 0.2632 g of HAuC1 4

•

3H2O salt and then enough

water to cover the mixture was added. The mixture was aged overnight. The mixture was
subsequently centrifuged five times in order to remove the chloride ions and was calcined in
a furnace at 300 °C for four hours. After four hours, the white colour of TiO 2 changed to
purple and that indicated that the loading of Au was successful, and the Au3+ was reduced to
Au 0 [IJ_ A summary of the synthesis is given in Table 8.1.
Table 8. 1: Synthesis of Au / TiO 2 nanocomposites

Ti02support used

Sample designation after loading

TiO2 (P-25 Degussa)

Cl

Calcined Bl

C2

Calcined B2

C3
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8.2.2 Characterization
The loaded materials were then characterized according to the procedure given in chapter 4,
section 4.2.2.

8.3 Results
8.3.1 XRD patterns
The XRD patterns of the loaded materials is shown in Figure 8.1. For Sample Cl , the peaks
are very sharp. There are peaks observed at 20 = 25 ° and 27 ° and they can be assigned to
anatase and rutile phases respectively. There are also peaks observed at 20 = 38.06 °, 44.59 °,
62.93 °, 75.31 ° and 82.98 ° and they correspond to (111), (200), (220), (311) and (222) Au
diffraction peaks respectively. And the peak at 20 = 38.06 ° was observed to be the overlap of
Au with Ti02 [2·3•41. For Sample C2, there are also anatase and rutile phases observed at 20 =
25° and 27 °. The Au diffraction lines were observed at 20 = 38.37 °, 44.31 °, and 62.84°. As
for Sample C3 , the anatase and rutile phases were observed at 20 = 25 ° and 27° whereas the
Au diffraction lines were observed at 20 = 38.65 °, 44.23 °, and 64.62° . But for Samples C2
and C3 , the peaks especially the Au diffraction peaks are not sharp and crystalline like the
ones for Sample C 1.

I Sample C3 I

I Sample c2 I

I Sample C1 I

111

0

20

40

60

80

100

2 Theta degrees

Figure 8.1: The indexed XRD patterns of the loaded materials

12 3 41
• •
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8.3.2. TEM images
The TEM images of the loaded samples is shown in Figure 8.2 (a-c). For sample Cl (Figure
8.1), the Au particles were found to be well dispersed on the Ti0 2. The Au particles were
found to have an average diameter of 6 - 9 nm. Figures 8.2 b and 8.2 c show the TEM images
of samples C2 and C3. The Au particles were found to be fairly distributed on the Ti02
support, with average diameters of 15 - 19 nm and 7 - 20 nm respectively. For all the
samples, Au particles were observed as dark spots on the surface of Ti0 2 (SJ_

Figure 8.2: TEM images of (a) Sample Cl (b) Sample C2 and (c) Sample C3
8.3.3 BET analysis
The BET surface areas are tabulated in Table 8.2. There was a slight increase in the surface
areas of the loaded materials especially for the modified titania (samples C2 and C3). The
surface area of sample Cl did not increase, in fact a slight decrease was observed.
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Table 8.1 BET surface areas of the loaded materials

Sample name

Surface area (m:.i / g)

Sample Cl

46.3755

Sample C2

105.3271

Sample C3

70.1533

8.3.4 EDX analysis

The chemical composition of the materials was examined by EDX, and the plots are shown in
Figure 8.3. For Sample Cl , the material is composed of Au, Ti and chloride ions. For
Samples C2 and C3 , the materials is composed of Au, Ti, Kand Na. These two samples did
not have chloride ions.

5000
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3000
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Figure 8.3 : EDX of the (a) Sample Cl (b) Sample C2 and (c) Sample C3
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8.4 Discussion
The XRD patterns of C 1, has sharp peaks because the material is very crystalline. Both
samples C2 and C3 have a lower crystallinity than C 1, this is because the supports that were
used to synthesize these samples had low crystallinity. And this show that the loading of Au
did not affect the crystallinity of these two samples. The difference in the XRD patterns of
these samples could be due to the difference in the structure of the materials.
The TEM images show that the Au loaded on the spherical morphology becomes well
dispersed than the ones on the tubular or rod-like morphology. And the average diameters of
the Au particles on the spherical morphology were found to be less than the ones for the
tubular and rod-like morphology. It has been shown that Au particles get well dispersed in the
tubular morphology, depending on the method used and this usually happens when
deposition-precipitation was used (61 . And in this study incipient wetness impregnation was
used.
The increase m the surface areas of C2 and C3 can be attributed to the structural
transformation. The slight decrease in the surface area of C 1 could be due to the presence of
chloride ions. This sample has a different structure than Cl. This is because the pH of Ti0 2 P-

25 Degussa was not adjusted with a base.

8.5 Conclusion
Au was successfully loaded on the Ti02 by incipient wetness impregnation. The TEM results
confirmed the loading and the Au particles was seen as dark contrasts on the Ti0 2 . EDX also
confirmed the presence of Au. Au particles were found to be well dispersed on the spherical
morphology than on the tubular morphology, and this could be due to the method used.
Incipient wetness impregnation method used here gave the best results when the support had
a spherical morphology because it yielded small Au particles unlike tubular morphology.
The surface areas of samples C2 and C3 increased due to the structural transformation.
Because the XRD patterns of C2 and C3 differs with the ones for C2, it is therefore
acceptable to say that their chemical structures also differs.
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CHAPTER9
GENERAL CONCLUSIONS AND RECOMMENDATIONS
9.1 GENERAL CONCLUSIONS
Treatment of TiO 2 (P- 25 Degussa) with 18 M NaOH yielded nanomaterials with spherical
shape. However when the co- solvent approach was introduced whereby NI-LiOH was used
together with NaOH , the morphology still remained spherical. It was observed that NH4 OH
did not alter the morphology and the structure of the nanomaterials. It was also observed that
the nanomaterials treated by 18 M NaOH has a decreased diameter, and the structure of the
material has been transformed. The nanomaterials prepared by the co-solvent approach
showed an increase in diameters, and this is due to the formation of clusters.
When TiO 2 was further treated with KOH and NaOH, the morphology was transformed. The
morphological transformation depended on the addition of KOH. When the amount of KOH
was decreased, the morphology transformation decreased. The variations in the concentration
of KOH led to different morphologies such as nanowires and nanobelts. The calcination
temperature of 300 °C did not give good crystallinity. These nanomaterials experienced both
structural and morphological transformations.
Au was loaded on the TiO 2 nanomaterials by incipient wetness impregnation method. TEM confirmed
the presence of Au particles and they were seen as dark contrasts on the TiO 2 support. The presence of
Au was further confirmed by EDX analys is.

9.2 RECOMMENDATIONS
The use of 10 M NaOH and 18 M KOH should be considered for future work to have a better
understanding of its effect on the morphological transformations of TiO 2 (P25 Degussa).
Loading Au / TiO 2 using deposition / precipitation method to compare the results with those
obtained from incipient wetness method.
After synthesizing these nanomaterials, they will be incorporated in the membranes and they
will be used to try to solve the problem of membrane fouling in membrane technology.

