
Introduction

The science of nanomaterials has created greater excitement and expectations in the last 

decade.  “Nanoscience”  is  the  emerging  science  of  objects  with  smallest  dimensions 

ranging from a few nanometers to less than 100 nanometers. It is the study of fundamental 

principles of nanostructures. Research and development on the nanoscale has evolved to a 

wide ranging and highly competitive field of research bridging the classical disciplines of 

chemistry,  physics  and  biology.  Nanotechnology  is  the  creation  and  utilization  of 

materials,  devices  and systems through the  control  of  matter  on the  nanometer-length 

scale. The nanostructures exhibit novel physical, chemical and biological properties and 

phenomena.  The  aim  of  nanotechnology  is  to  learn  and  exploit  these  properties  and 

efficiently manufacture and employ the structures. Once it is possible to control features 

such  as  size  and shape,  it  is  also  possible  to  enhance  material  properties  and  device 

functions beyond what are already established. 

Nanostructured metallic oxides have been considered to be important semiconductors and 

have attracted much attention due to their  exceptional  properties  in optics,  electronics, 

magnetics  and  catalysis.  The  properties  and  applications  of  such  semiconductors  are 

decided by the morphology, crystal structure, surface area, size distribution, porosity, band 

gap and surface hydroxyl group density to a great extent. Considerable efforts have been 

focused on the synthesis of oxide nanostructures with tailored  morphology for enhanced 

photocatalysis. 

Today,  the  whole  world  is  facing  a  serious  set  of  environmental  problems  due  to 

contaminated water,  soil  and air  with hazardous waste effluent coming from industrial 

sectors  due  to  advanced  industrialization  in  different  areas.  The  heterogeneous 

photocatalysis  of  various  industrial  wastewater  employing  photochemically  active 

semiconductors has attracted considerable interest  in recent years because it  offers the 

possibility of complete mineralization of harmful pollutants, resulting in CO2 and H2O as 

final products. It has been commonly accepted that titanium dioxide (TiO2) is one of the 

most popular photocatalysts among the semiconductors. It is environmentally benign and 

relatively inexpensive  with unique electronic and optical properties and has the distinct 

advantages  such  as  low operation  temperature,  ease  of  availability, non-toxicity,  high 
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photocatalytic  activity,  ease  of  handling  and  high  resistance  to  photo-induced 

decomposition. It also exhibits long-term stability against photo and chemical corrosion.

In  recent  years,  many  studies  have  been  focused  on  the  use  of  titanium  dioxide  in 

applications  such  as  gas  sensors,  waveguides,  solar  energy  cells  and  photo-catalysts. 

Among these  various  applications  of  TiO2,  the  photo-catalytic  effects  have  been  paid 

much more attention in the fields of purification and treatment of polluted water and air. 

The basic research and industrial development of high-efficiency TiO2 photocatalysts are 

still hot topics of frontier research due to its prospective importance.

Despite the positive attributes of TiO2, there are a few drawbacks associated with its use; it 

has a high bandgap (Eg > 3.0 eV) and it is excited only by UV light (λ < 400 nm) to inject 

electrons into the conduction band and to leave holes into the valence band. Thus, this 

practically  limits  the  use  of  sunlight  or  visible  light  as  an  irradiation  source  in 

photocatalytic reactions on TiO2. In addition, the high rate of electron–hole recombination 

on TiO2 particles results in a low efficiency of photocatalysis. To date, for the purpose of 

overcoming  these  limitations  of  TiO2  as  a  photocatalyst,  numerous  studies  have  been 

performed to enhance electron–hole separation and to extend the absorption range of TiO2 

into the visible range. These studies include loading metal ions into the TiO2 lattice, dye 

photosensitization on the TiO2 surface, addition of inert support and deposition of noble 

metals.  However,  the  efficiency  of  TiO2-based  photocatalysts  directly  depends  on  the 

ability to obtain nanostructured materials with tailored features and to generate electron–

hole pairs with a reduced recombination rate.             

Scope of the present investigation

Recently, photocatalysis has received enormous attention for pollution control and indoor 

air  purification.  An  inexpensive  photocatalyst,  operating  under  room temperature  and 

pressure and capable of complete oxidation of carbon and hydrogen containing pollutants 

into CO2 and H2O is the ultimate goal for a pollution free world. TiO2 photocatalysis is a 

promising  technique  for  decontamination,  purification  and  deodorization  of  air  and 

wastewater and has  also  been applied  to  inactivate  bacteria,  viruses  and cancer  cells. 

Research  efforts  are  undergoing  to  develop  a  novel  method  that  provides  TiO2 

photocatalyst  with sufficient photosensitivity  in the visible light region. To accomplish 

this goal, many methods have been proposed, including loading of  transition metal and 

rare  earth  element,  noble  metal  deposition  and  dye  sensitization.  Fabricating  noble 
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metal/TiO2 or metal oxide/TiO2 composite nanomaterials is an effective way to enhance 

the  photocatalytic  efficiency  of  TiO2 photocatalysts  owing  to  efficient  separation  of 

photoinduced charge carriers thus, promoting interfacial charge-transfer reactions. 

In the present investigation, we have prepared  phase pure anatase and rutile nanotitania 

with  different  morphologies  viz.,  cubes,  spheres  and  rods  through  simple  microwave 

irradiation technique.  In an attempt to modify the optical properties of titania synthesized 

by microwave irradiation, noble metals like Au, Ag, Pt and Pd were loaded into titania 

nanostructures  which  shifted  the  absorption  into  visible  region.  To  the  best  of  our 

knowledge no one has reported previously the preparation of noble metal  loaded TiO2 

using TiO2 synthesized by microwave irradiation technique. Microwave heating techniques 

have stimulated much interest in recent years because of their potential advantages. It is a 

novel route to produce nanophased materials. Furthermore, microwaves can allow reactions 

to occur at low temperatures. Microwave reactions reach high temperature rapidly and do 

not require long time for completion. Shorter reactions are advantageous, not only because 

they  save  time  and are  more  economical, but  also  due  to  the  fact  that  they  allow the 

synthesis of kinetically stable or meta stable compounds, which are difficult to synthesize 

otherwise. Often times, microwave heating can result in products with different morphology 

and  microstructures. The  utilization  of  microwaves  in  solid  state  inorganic  synthesis 

however, has been limited, even though this technique can offer several advantages over 

other solid state synthetic methods. 

In this doctoral investigation, the preparations of noble metal loaded nanotitania catalysts 

were carried out by using the metal sol method.  As-synthesized  titania and noble metal 

loaded titiania nanostructures were characterized by X-ray diffraction (XRD), BET surface 

area,  photoluminescence  (PL),  field  emission  scanning  electron  microscopy  (FESEM) 

with EDX, transmission electron microscopy (TEM) and atomic force microscopy (AFM) 

techniques.  The surface enhanced Raman spectral studies were also carried out. The band 

gap values were determined using UV-visible spectroscopy. The catalytic performances of 

three different crystalline titania nanostructures and their noble metal (Au, Ag, Pd and Pt) 

loaded nanostructures were studied for dye degradation of methylene blue under sunlight. 

The dye degradation capabilities of noble metal loaded nanotitania catalysts were found 

superior  to  bare  titania  nanostructures.  Optical  characterization  by  UV-visible 

spectrophotometer showed a shift in optical absorption wavelength to the visible region 

due to the incorporation of noble metal nanoparticles into titania nanostructures.
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Results and discussion

Chapter 1 gives a general introduction on nanoscience and nanotechnology, microwave 

synthesis  and  titanium  dioxide followed  by  a  brief  review  on  the  photocatalytic 

applications  of  nanotitania.  The  chapter  concludes  with  the  aims  of  the  present 

investigation. 

Chapter  2 encompasses  the  detailed  description  of  the  characterization  techniques 

employed for the present investigation. 

Chapter 3 describes the microwave synthesis of nano TiO2 with different morphologies 

viz., cubes, spheres and rods and their characterization. The photocatalytic activities of the 

three nanostructures were investigated. The morphology of the samples was effectively 

controlled by changing the pH of the media. The synthesized nano TiO2 was structurally 

and  physicochemically  characterized.  Structural  and  physicochemical  characterization 

revealed  the  dependence  of  photocatalytic  activity  of  nanotitania  on  different 

morphologies. The TEM images clearly reveal that the samples have cubical,  spherical 

and  rod  shaped  morphologies.  The  surface  area  and  porosity  of  the  three  titania 

nanostructures  were  determined  by  BET  and  BJH  methods.  Anatase  nanocubes  (S1) 

exhibit a much higher BET specific surface area than rutile nanospheres (S2) and nanorods 

(S3).  Anatase  nanocubes  (S1,  3.2  eV) is blue  shifted  compared  to  that  of  the  rutile 

nanospheres (S2, 3.17 eV) and nanorods (S3, 3.15 eV).

The synthesized mesoporous anatase nanotitania with cubical morphology exhibit higher 

photocatalytic  activity  than  spherical  and  rod  shaped  rutile  titania  nanostructures. 
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Moreover,  the  synthesized  mesoporous anatase  TiO2 with BET surface area 96 m2 g-1 

exhibit  much  higher  photocatalytic  activity  than  the  commercial  Degussa  P25  TiO2 

photocatalyst in the degradation of the dye, methylene blue in aqueous solution under UV 

light irradiation. The higher photocatalytic activity of the anatase nanocubes may be due to 

the higher surface area, porosity, crystallinity and the lesser electron-hole recombination 

rate compared to the rutile nanostructures.

Chapter 4 details the synthesis, characterization and photocatalytic activity studies of gold 

loaded TiO2 nanostructures.  It is seen that loading of gold particles  could improve the 

photocatalytic properties of the titania nanostructures under sunlight. Among the various 

titania  nanostructures,  Au-loaded  titania  nanocubes  exhibit  enhanced  photocatalytic 

activity  compared  to  Au-loaded  titania  nanospheres  and  nanorods.  Irrespective  of  the 

morphology,  titania  nanocubes,  nanospheres  and  nanorods  showed  improved 

photocatalytic activity compared to commercial  Degussa P25 TiO2 photocatalyst  in the 

degradation  of  methylene  blue  under  solar  light  irradiation.  The  trend  in  higher 

photocatalytic activity of Au-loaded nanotitania compared to commercial Degussa P25 is 

also exhibited by the Ag, Pd and Pt loaded titania nanostructures. 

Chapter  5 narrates  the  synthesis,  characterization  and  photocatalytic  studies  of  silver 

loaded nanotitania. Loading of silver particles could improve the photocatalytic properties 

of titania  nanostructures  under  sunlight.  Ag-loaded titania  nanocubes  exhibit  enhanced 

photocatalytic activity compared to Ag-loaded titania nanospheres and nanorods. Despite 

the  varying  morphologies,  the  synthesized  silver  loaded  titania  nanostructures  showed 

improved photocatalytic activity compared to virgin titania nanostructures and commercial 

Degussa P25 photocatalyst in the degradation of the dye. The high activity of silver loaded 

TiO2 samples compared to bare TiO2  is mainly attributed to the decrease in band gap, so 

that the visible light can excite electrons from valence band to conduction band.

Chapter  6 deals  with  the  synthesis,  characterization  and  photocatalytic  studies  of 

palladium loaded nanotitania. Photocatalytic performance of the samples was evaluated by 

measuring their activities for the degradation of methylene blue in aqueous solution. The 

palladium particles have strong influence on the photoactivity  of TiO2 support and the 

catalytic performance of TiO2 support is enhanced after palladium is loaded. It has been 

generally  accepted  that  metal  particles  can  act  as  electron  acceptor  in  the  metal-TiO2 

photocatalytic system. As has been reported, the photocatalytic reaction rate of bare TiO2 

is not high enough owing to a quick recombination of charge carriers. After palladium is 
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loaded, the recombination of electron-hole pair, may be minimized due to the capture of 

electrons by palladium. As a result, higher catalytic activity is observed after palladium 

particles  are  loaded.  UV-visible  absorption  spectra  of  palladium  loaded  titania 

nanostructures showed  significant  absorption  in  the  visible  region.  The  red  shifted 

photoresponse of  these samples  may lead to  high photocatalytic  activity  under  visible 

region  which  helps  in  the  enhancement  of  photocatalytic  activity  under  sunlight. 

Photoluminescence studies showed a decrease in the PL intensity for the Pd loaded titania 

nanostructures  compared  to  the  bare  titania  indicating  a  significant  reduction  in  the 

recombination. The higher activity of Pd loaded TiO2 is expected due to the enhancement 

of electron hole separation by the electron trapping of Pd particles as evident from the 

photoluminescence  measurements.  This  explanation  hold  valid  for  the  higher 

photocatalysis of Au, Ag and Pt loaded titania nanostructures.

Chapter 7 reveals the synthesis, characterization and photocatalytic studies of platinum 

loaded  titania  nanostructures.  To  investigate  the  photocatalytic  activity  of  synthesized 

TiO2 samples in solar light, the degradation of methylene blue was studied in presence of 

platinum  loaded  and  virgin  TiO2 nanoparticles  under  sunlight.  For  comparison, 

photocatalytic  studies  were  also  performed  with  commercially  available  photocatalyst, 

Degussa P25. Photoluminescence (PL) intensity of TiO2 is decreased on platinum loading. 

The lower PL intensity shows that the rate of recombination between electrons and holes 

is low. The electrons are excited from valence band (VB) to conduction band (CB) of TiO2 

under solar radiation and generate photo excited electrons and holes. Pt clusters on the 

surface of titania act as electron sink for conduction band electrons, thus preventing the 

recombination of electrons and holes. As the PL intensity is directly proportional to the 

total number of excited electrons recombining, the lower PL intensity of Pt loaded titania 

nanostructures show a direct evidence for the reduction in the rate of recombination.

Chapter 8 gives a comparative study of the photocatalysis of different noble metal loaded 

titania nanostrucrures. It was observed that change in morphology has a telling effect on 

the photocatalytic activity of titania nanostructures. Irrespective of the nature of the loaded 

noble metal, the trend in photocatalytic activity of noble metal (Au, Ag, Pd and Pt)  loaded 

titania nanostrucrures is in the order nanocube > nanosphere > nanorod.  The catalytic 

performances  of  noble  metal  (Au,  Ag,  Pd  and  Pt)  loaded  titania  nanostructures  were 

compared for dye degradation of methylene blue under sunlight and found to be in the 

order, Pt loaded TiO2 > Au loaded TiO2 > Ag loaded TiO2> Pd loaded TiO2. The higher 
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overall activity of Pt samples is probably due to the more effective trapping and pooling of 

photogenerated electrons by Pt. It can also be due to the enhanced reducing capacity of Pt 

compared to other noble metals.

Conclusions and future outlook of the present investigation 

A simple and efficient microwave method has been developed for the synthesis of nanotitania 

with different morphologies. Using this soft chemistry route, particle size and surface area can 

be effectively controlled. The morphologies of the samples were controlled by changing the 

acidity of the solvents. The synthesized nanotitania was structurally and physicochemically 

characterized. The mesoporous anatase nanotitania with cubical morphology exhibited higher 

photocatalytic activity than spherical and rod shaped rutile titania nanostructures. Irrespective 

of  the  morphology,  titania  nanocubes,  nanospheres  and  nanorods  showed  improved 

photocatalytic  activity  compared  to  commercial  Degussa  P25  TiO2 photocatalyst  in  the 

degradation of the dye, methylene blue. The loading of the metals viz., Au, Ag, Pd and Pt into 

the TiO2 nanostructures could improve the photocatalytic activity of the TiO2 structure and 

could shift the optical absorbance to the visible region. The photocatalytic activity of noble 

metal loaded titania nanostructures were compared and found to be in the order, Pt loaded 

TiO2 > Au loaded TiO2 > Ag loaded TiO2> Pd loaded TiO2. The reason for the above trend is 

the more effective trapping and pooling of photogenerated electrons by Pt compared to other 

noble  metals.  In  short,  this  may be  considered  as  the  enhanced reducing capacity  of  Pt 

compared to other noble metals. 

The present investigation reveals that a change in the surface and bulk electronic structure 

can  dramatically  alter  the  photocatalytic  property  of  nanotitania.  The  reason  for  such 

enhanced photodegradation rate is due to the chemical modifications in the semiconductor 

surface.  This modification is effected by hindering the electron–hole recombination by 

rapidly consuming the semiconductor conduction-band electrons. The fine tuning of the 

surface  and  electronic  structures  of  the  nanotitania  would  pave  the  way  for  a  better 

exploitation of sunlight for waste water treatment. 

Photocatalysis  of  nanotitania  can  be  used  as  a  green  technology  for  environmental 

applications. It only requires sunlight, rainfall and natural air movement.  Night time and 

day time processes of pollutant removal and the regeneration of the TiO2 photocatalyst is 

possible. Photocatalytic property of nano TiO2 can be used for the disinfection of hospital 

rooms from viruses,  oxidation of  volatile  organic compounds,  indoor  air  cleaning and 

wastewater/groundwater treatment. Self-cleaning photocatalytic lamp covers can be used 
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under fluorescent light to oxidize grease/soot in urban traffic tunnels. Road surfaces can be 

covered with catalytic cement which will help air purification for breathing. In addition to 

pollution abatement,  photocatalytic  white cement  can keep architectural  concrete  clean 

and white, maintaining their aesthetic appearance unaltered in time. This technology will 

give architects  and town planners  a  new weapon to the fight  against  pollution and to 

facilitate sustainable economical growth in the country. 

One of the most important research areas for future clean energy applications is to look for 

efficient materials for the production of electricity and/or hydrogen. When sensitized with 

organic dyes, inorganic narrow band gap semiconductors or noble metals, TiO2 can absorb 

light in the visible light region and convert solar energy into electrical energy for solar cell  

applications.  Photocatalytic  splitting of water  into H2 and O2  using TiO2  nanomaterials 

continues to be a dream for clean and sustainable energy sources.   
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