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PREFACE

In the present era, environmental pollution and depletion of conventional energy
resources are the two major problems for human beings. Semiconductor-based
photocatalysis and solar cells have received considerable attention as alternative
approaches for solar energy harvesting. The wide band gap semiconducting oxide acts as
the photoanode for dye sensitized and quantum dot sensitized solar cells, which provides
the scaffold for light harvesters (either dye molecules or quantum dots) and electron
collection. The performance of these semiconductors as photocatalyst and photoanode
is closely related to the design of these materials at the nanoscale. Among various
nanostructures, one-dimensional (1D) nanostructured photocatalysts and photoelectrodes
have attracted increasing interest owing to their distinct optical, structural, and electronic
advantages. Optimization of the functional properties relies with modulation of the shape
and structure of the photoanode, as well as on application of different materials (TiO,,
ZnO, SnO,) and/or composite systems, which allow fine tuning of electronic band
structure. This aspect is critical because it determines exciton and charge dynamics in the
photoelectrochemical system and is strictly connected to the photoconversion efficiency
of the solar cell. Being an ecofriendly and chemically stable material, TiO, nanostructures
have been widely studied for the last several years. However, the wide band gap
(>3.0 eV) of TiO, restricts its utilization of the visible light in the solar spectrum, and the
low charge-mobility often leads to the high recombination rate of photogenerated
electrons and holes in TiO, nanoparticles. So the one-dimensional (1D) nanostructures
including nanorods, nanoneedles, nanotubes, nanofibers and nanowires of titania can be
used for the efficient electron transportation by serving as an electron express way along
the axial direction with a shorter collection time. Nowadays Titania nanotubes (TNT) are
widely used in dye sensitized solar cells because of its peculiar properties such as high
transport rate of electrons from the adsorbed photo excited dye to the Ti electrode onto
which TNT are attached compared to titania nano particle (TNP). So it is expected that
the peculiar and regular texture of TNT definitely improve the photocatalytic efficacy for

pollutant removal in air and water with respect to TNP. There are different methodologies



for improving the activity of photocatalyst and photoanode efficiency. The various
methods of photocatalyst engineering include synthesis of heterojunctions of
semiconductors with correct band alignment, which enhance charge separation by
electron or hole transfer from one semiconductor to another (or to a metal), facet
engineering strategies such that electrons and holes are driven toward different surfaces,
doping with different elements such as metals and nonmetals and another important
methodology is the quantum confinement which is purely a size effect.

First chapter describes general introduction to nanomaterials, titania the most
widely experimented photocatalyst and photoanode material. Then it describes the
process of photocatalysis and factors affecting photocatalysis and different synthesis
methods for titania nanotubes. Also it covers the literatures related to titania nanotube
as a photocatalyst and chalcogenide sensitized titania nanotube for solarcell
applications. Finally it explains the advantages of chalcogenide quantum dots and
importance of one dimensional nano structures for channeled electron flow. At the

end motivation of the present work is also included.

Chapter-2 discusses the various synthesis methods and characterization
techniques used to characterize the photocatalyst and photoanode materials. Also, this
chapter discusses the theory of some of the important characterization techniques like
X-ray powder diffraction (XRD), Raman spectroscopy, UV- Visible absorption
spectroscopy, Photoluminance Spectroscopy, BET surface area analysis, surface
characterization techniques such as SEM, TEM and X-ray Photoelectron

spectroscopy (XPS) .

Third chapter describes the role of titania nanotube, as a catalyst support for Pd
metal particle. One of the major limitations of the catalytic reaction is the separation
and distribution of the catalyst. These issues are effectively addressed by using various
catalyst support to immobilize the particle in heterogeneous catalysis. In our study Pd
nanoparticles decorated titania nanotubes are prepared by hydrothermal technique, also
we investigated the role of palladium nanoparticle loading on titania nanotubes on the

catalytic reduction of p-nitophenol. The catalytic properties of palladium loaded titania



nanotubes were systematically examined by studying the reduction of p-nitrophenol
with sodium borohydride (NaBH,;) to p-aminophenol. The current investigation
revealed that there is an optimum loading for metal nanoparticles to be more
catalytically active. Also the morphology as well as the crystalline phase of the titania
nanotube is found to play an important roles in their catalytic activity.

The major factors which restrict many practical applications of widely used
semiconductor titania are the rapid charge recombination of the electron-hole pairs,
thereby suppressing the quantum efficiency, and the wide band gap of the material,
which restricts light absorption only to UV region of solar spectrum. In this scenario
sensitisation of wide band gap semiconductors with those having a smaller band gap
is receiving considerable attention for enhanced solar cell and photocatalytic
applications through the effective utilization of solar radiation. Here the fourth
chapter describes the synthesis of PbS sensitized titania nanotube by SILAR method
and the effect of coating cycle on its photocatalytic and solarcell applications. Also it
studied the stability of PbS sensitized titania as a photocatalyst by studying the
recyclability of the photocatalyst and we correlated the results of photocatalytic

activity to the observed changes in XPS results.

In chapter five we reported titania nanotubes sensitized with CdS
nanoparticles of different sizes prepared using the successive ionic layer (SILAR)
deposition method. The red shift in the UV/visible spectra indicates CdS absorption
upon increasing the number of SILAR cycles may be due to an increase in CdS
particle size. The stability of CdS particle sensitized on the surface of titania
nanotubes were monitored using X-ray photoelectron spectroscopy (XPS). The
formation of CdSO, species on the surface of CdS particles was evident from the XPS
analysis. Smaller CdS particles, formed using a lower number of SILAR cycles, are
more prone to oxidation than the larger particles formed using a greater number of
SILAR cycles. The photocatalytic activity and solar cell efficiency are found to be

dependent on the number of SILAR cycles employed.
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1.1 Introduction

Nanotechnology and nanomaterials have attracted a great deal of
attention in the last few years having huge potential to bring benefits to many
areas of research and applications including drug delivery, micro/nano
electromechanical ~ systems, development of smart fabrics etc.’®
Nanotechnology is the technique of manipulating the matter on an atomic and
molecular level having scale and size in the nanometer range. Generally it
deals with structures sized between 1 to 100 nanometers, and involves
developing materials or devices possessing at least one dimension in that size
regime. An important aspect of nanotechnology is the vastly increased ratio of
surface area to volume associated with nanomaterials, which makes possible
new quantum mechanical effects. Thus the change in properties from macro
scale to nanoscale can be due to the increase in surface energy with the overall
surface area which inturn is strongly dependent on the dimension of material.
Nanoparticles can adopt a range of different morphologies including
nanotubes, nanowires, nanofibres, nanodots and a range of spherical or
aggregated dendritic forms of different fractal dimensions. Structures that are
having at least one dimension in nanometer scale are receiving considerable
attention because of their peculiar and fascinating properties, and applications
superior to their bulk counterparts.**There are two main streams for the
synthesis of nanomaterials. One is bottom-up approach and second one is top-
down approach. Bottom-up approaches, use the chemical properties of single
molecules to cause single-molecule components to self organize or self
assemble into some useful conformation, or rely on positional assembly. These
approaches utilize the concepts of molecular self-assembly and/or molecular
recognition. In top-down approach, nano objects are constructed from larger

entities without atomic-level control. Recently ,one dimensional (1D)
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nanostructures such as wires, rods, belts and tubes have also become the focus
of intensive research owing to their unique applications especially in the
fabrication of nanoscale devices.® It is generally accepted that 1D
nanostructures provide a good system to investigate dependence of electrical
and thermal transport or mechanical properties on dimensionality and size
reduction (quatum confinement).They are also expected to play an important
role as both interconnects and functional units in fabricating electronic,
optoelectronic, electrochemical and electromechanical devices with nanoscale
dimensions apart from their huge application potential in energy and

environment.
1.2 Titanium Dioxide

Titanium dioxide is a member of transition metal oxides known for many
years as a constituent of naturally occurring mineral ilmenite (FeO.TiO,).
Presently titanium dioxide is well recognized as a valuable material with
application as a white pigment in paints, as filler in paper, textile and in
rubber/plastics.” Titania has received great attention due to its chemical stability,
non-toxicity and low cost.The very high refractive index (2.4) and low visible
absorptivity favour in the field of anti-reflection coatings and in thin film optical
devices, but the wide band gap (3.2 eV) combined with the high ultraviolet
absorption could be exploited in the field of optical coatings. Further, it finds
use as wastewater purification® inorganic membranes and as catalyst support.”™*
Titanium dioxide is also being used in heterogeneous catalysis, as a
photocatalyst, for the production of hydrogen and oxygen by water splitting, and
electrical energy in solar cells.**** Because of the excellent biocompatibility
titania is widely used in bone implants and also finds applications in the area of

Li based batteries™ and electrochromic devices.®
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Titania mainly exists in three polymorphic forms rutile, anatase and
brookite. Anatase (Tetragonal,Da,-141/amd a=b=3.7845 A°c=9.5143 A°), rutile
(tetragonal, Duy-P42/mnm, a=bh=4.5937 A° ¢=2.9587 A% and brookite
(rhombohedral, Do— Pbca, a=5.436 A°b=9.166A A°).1**® Anatase and rutile
are in tetragonal structure and brookite is orthorhombic. In all three TiO,
structures, the stacking of the octahedra results in threefold coordinated oxygen
atoms.®Thermodynamically rutile structure is most stable. Brookite has an
orthorhombic crystal structure and spontaneously transforms to rutile at ~750 °C.%°
Its mechanical properties are very similar to those of rutile, but it is the least
common of the three phases and is rarely used commercially. In all the three
crystalline forms each of the Ti*" ions is surrounded by an irregular octahedron
of oxygen atoms. Both in rutile and anatase the six oxygen atoms that surround
the Ti*" ions can be grouped into two. The two oxygen atoms are farthest from
Ti*" and the other four oxygen ions are relatively closer to Ti**. In rutile these
distances are 0.201 nm and 0.192 nm respectively and in the anatase they are
0.195 nm and 0.191 nm (Figure 1.1). Anatase transforms irreversibly and
exothermally to rutile in the temperature range 600-800 °C.** The schematic

diagram of unit cells for rutile and anatase is shown in figurel.1

[010) Anatase [001] Rutile

1,946 A titanium

[001] 1

Figure 1.1 Unit cells of anatase and rutile titania.

[Source: L. Lietal In Advanced Catalytic Materials - Photocatalysis and Other Current
Trends; Norena, L. E., Wang, J.-A., Eds.; InTech: Rijeka, 2016, p Ch. 07.]
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The distortion is greater in anatase than rutile. The structures of anatase
and rutile crystals have been described in terms of chains of TiOg octahedra
having common edges. Two or four edges are shared in rutile and anatase,
respectively. In the third form of titanium dioxide, brookite, the inter-atomic
distances and the O-Ti-O bond angles are similar to those of rutile and anatase.
The essential difference is that there are six different Ti-O bonds ranging from
0.187 to 0.204 nm. The tetragonal crystal structure of anatase and rutile are
shown in figurel.2. A comparison of layers in figure 1.2 shows that the rutile
structure is more densely packed than anatase. As a point of reference, the
densities of the anatase and rutile phases are known to be 3.83 g/cm® and 4.24
glcm® respectively.?? Typical properties of the major two crystal forms of

titania are provided in Table 1.1

[010] [100]
»

[001]
'

\
010 [001]

Figure 1.2 Crystal structure of anatase and rutile titania.

[Source : Li, L.; Wang, M. In Advanced Catalytic Materials - Photocatalysis and Other Current
Trends; Norena, L. E., Wang, J.-A., Eds.; InTech: Rijeka, 2016, p Ch. 07.]
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Table 1.1 Typical properties of TiO,

Crystal form Anatase Rutile
Density(g/cm®) 3.83 4.24
Hardness(moh) 5-6 6-7
Crystal structure Tetragonal, Uniaxial, negative  Tetragonal, Uniaxial, positive
Dielectric constant 48 114
Band-gap energy(eV) 3.2 3.0

1.2.1 TiO, Photocatalysis

Photocatalytic applications of titania gained considerable emphasis in
the 1990s with the emerging demands on clean energy and protecting the
environment. Other important semiconducting oxides for such applications
include zinc oxide, cadmium sulphide and zinc sulphide. Zinc oxide is also a
reasonable substitute for titania, except for its property of undergoing
incongruent dissolution resulting in formation of zinc hydroxide coating on the
ZnO particles which in turn leads to slow catalyst inactivation. Ideally, a
semiconductor photocatalyst should be chemically inert, stable under light
illumination, efficiently activated by sunlight, to act as a catalyst, cheap and
environment friendly. Titanium dioxide can be considered as an ideal
photocatalyst, displaying almost all the above properties. The single exception
is that it does not absorb visible light owing to its wide band-gap of 3.2 eV.

2326 \yith anatase

Both anatase and rutile, are commonly used as photocatalysts
showing a greater photocatalytic activity for most reactions.?’?® This increased
photoreactivity is due to anatase’s slightly higher Fermi level, lower capacity
to adsorb oxygen and higher degree of hydroxylation (i.e., number of hydroxyl
groups on the surface).”3' There is considerable scatter in data in the
literature with regard to the reactivity of the different crystalline modifications
of TiO,. Reactions in which both crystalline phases have the same

photoreactivity have been reported 3 where as higher reactivity for rutile is
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also reported.**Furthermore, there are also studies which claim that a mixture
of anatase (70-75%) and rutile (25-30%) is more active than pure anatase.***®
The disagreement of the results may be due to the intervening effects of
various coexisting factors, such as specific surface area, pore size distribution,
crystalline size, preparation methods etc. Degussa P25, a commercial
photocatalyst, consisting of an amorphous phase together with a mixture of
anatase and rutile in an approximate proportion of 80/20, has been reported to
be more active than both the pure crystalline phases for many reactions.>” The
enhanced activity arises from the increased efficiency of the electron-hole
separation due to the multiphase nature of the particles. Another commercial
TiO; photocatalyst, Sachtlebem Hombikat UV 100, consisting only of anatase,
has been reported to have high photoreactivity due to fast interfacial electron-

transfer rate.>®

Figure 1.3 Electron-hole separation in anatase/ rutile heterostructure and
their band alignment

[Source: Xiong et.al. Journal of Materials Chemistry A 2014, 2, 9291]
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1.2.2 Titania as a Catalyst Support

Todays chemical industry largely depend on catalyst and catalytic
reactions. The attractive future evolution of this industry involves attaining
more selective products, energy-efficient processes, use of environment
friendly products and a better use of raw materials. The major challenge for
most heterogeneous catalysts is lack of stability and agglomeration of particles
during operations which block the active sites of the catalyst, leading to its
instability. Therefore, the selection of an appropriate catalyst’s support
material has been of great interest. For choosing a catalyst support the main
idea is that the catalyst should be dispersed on a suitable support to make the
catalytic nanoparticles stable and obtain optimal performance and decrease the
amount of costly metal being utilized, which accordingly decrease the total
catalyst expenses. Also in the case of heterogeneous catalysis, the problem of
catalyst separation and recovery from the reaction matrix are addressed by
using various catalyst supports to immobilize them. Therefore, heterogeneous
catalysts with supports such as Al,Os, TiO,, ZrO,, ZnO and others are applied
based on their processability and cost-effective modes of synthesis. In this
scenario TiO, based heterogeneous catalysts have become a crucial part of
many industrial activities, such as organic synthesis, oil refining, and pollution

control, 3840

Due to its non toxicity, long-term photo stability, high
effectiveness, good mechanical resistance and stabilities in acidic and
oxidative environments, TiO, has become a prime candidate for

heterogeneous catalyst support.
1.3 Anatase — Rutile Phase Transformation

Anatase and rutile are the two polymorphs of titania at atmospheric

pressure. The room temperature phase is anatase and the high temperature
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phase is rutile. Anatase transforms irreversibly and exothermically to rutile in
the range 600 °C to 1200 °C ** depending on parameters such as the method of
preparation, grain size, morphology, degree of agglomeration, nature of
impurities and reaction atmosphere.**** At atmospheric pressure the
transformation is time and temperature dependent and is also a function of
impurity concentration. The complexity of the transition is typically attributed
to the reconstructing nature. The transition is a nucleation-growth process and

follows the first order rate law with an activation energy of ~90 kcal/mol.*

The anatase — rutile transformation involves an overall contraction of
oxygen and movement of ions so that a cooperative rearrangement of Ti** and
O% occur. The transformation implies that two of the six Ti-O bonds of
anatase structure break to form a rutile structure. The removal of the oxygen
ions, which generate lattice vacancies, accelerate the transformation and
inhibit the formation of interstitial titanium. The impurities that have most
pronounced inhibiting action are chloride, sulphate and fluoride ion. Those
ions with valency greater than four reduce the oxygen vacancy concentration

and will retard the reaction.*®

The effect of reaction atmosphere such as vacuum conditions,
atmosphere of hydrogen, static air, flowing air, oxygen, argon, nitrogen and
chlorine will also have effect on anatase — rutile phase transformation. It is
found that the transformation rate in hydrogen atmosphere is greater than in
air and under vacuum, the rate of transformation decreases as oxygen partial
pressure increases.”” Oxygen vacancies are formed in hydrogen atmosphere
whereas the interstitial Ti*"ions are generated under vacuum.The rate constant
of the transformation in hydrogen was 10 times larger than in air.*® Sameway
the nature of dopant and the site where the dopnat is going in the lattice also

have effect on anatase — rutile phase transformation.*’
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1.4 1D-Nanostructures

One dimensional (1D) nanostructures became the focus of extensive
studies worldwide due to their unique physical properties and potential to
revolutionize broad areas of nanotechnology. Importance of 1D nanostructures
is that it represent the smallest dimension structure that can efficiently
transport electrical carriers, and thus are ideally suited to the critical and
ubiquitous task of moving charges in integrated nanoscale systems. Secondly,
1D nanostructures can also exhibit device function, and thus can be exploited
as both the wiring and device elements in architectures for functional
nanosystems. In this regard semiconductor nanostructures have shown
particular promise. One dimensional nanostructures of metal oxides can act as
a better sensitive and selective chemical or biological sensors compared to
their thinfilm counterparts, because of large surface-to-volume ratios and
Debye length comparable to their small size, and also the electronic property
of 1-D nanostructures is strongly influenced by the surface processe, such as
charge transfer.®** Currently bottom-up method has become one of the
important strategy for the synthesis of one dimensional nanostructures. 1-D
nanostructures, such as nanowires, nanotubes, nanorods, nanobelts, nanorings,
and hetero-nanowires, can be produced for a variety of materials, including
metal oxides, I11-V and 1I-VI group semiconductors, metals, polymers, by
using techniques like solution methods, template-assisted methods, vapor-

phase methods, hydrothermal, electrochemical, electrospinning etc.>?>

1.4.1 Titania Nanotubes

One-dimensional (1D) nanostructures including nanorods, nanoneedles,
nanotubes, nanofibers, and nanowires have been used in field effect transistors

(FET)’s to enhance the electron transport. Titania nanotubes (TNT) are widely
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used in dye sensitized solar cells because of its unique properties such as high
transport rate of electrons from the adsorbed photo excited dye to the Ti
electrode onto which TNT are attached when compared with that of titania
nano particle (TNP).>*®® So it is expected that the unique morphology of TNT
would significantly improve the photocatalytic efficacy in many reactions with
respect to TNP. Studies show that the TNT prepared by different synthesis
routes have different activity. It is widely accepted that TNT prepared by
anodic oxidation exhibit better performance. Also there are numerous factors
influencing the efficacy of TNT and the interrelations of these factors are more
complex and more important in the context of their photocatalytic

applications.
1.4.2 Methods for Synthesis of Titania Nanotubes

1.4.2.1 Hydrothermal Method

Hydrothermal is a widely used synthesis technique for the titania
nanotubes. It is normally conducted in steel pressure vessels called autoclaves
with or without teflon liners under controlled temperature or pressure with the
reaction in aqueous solutions. The temperature and the volume of solution
added to the autoclave largely determine the internal pressure produced. It is a
method that is widely used for the production of small particles in the ceramics
industry. TiO,-derived nanotubes were obtained when TiO, nanopowders were
treated chemically with NaOH aqueous solution at various reaction
temperatures and subsequently, washing with HCI aqueous solution. While
increasing temperature, the morphology altered from spherical particles to
sheets at initial stage and then to nanotubes when temperature became higher.
Therefore, the reaction temperature is a key factor in elucidating the aspect
ratio of tubes and specific surface area.
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1.4.2.2 Template Assisted Synthesis

It has been demonstrated that template synthesis is a general and
versatile method for preparing nanostructured materials of nanotubules and
nanofibrils composed of conductive polymers, metals, semiconductors and
other materials®’, which entails synthesizing the desired material within the
pores of a mesoporous template membrane.”***Due to cylindrical pore
geometry and monodisperse diameters, corresponding cylindrical and oriented
nanostructured materials with a narrow diameter distribution are obtained.
More recently, template synthesis of semiconductor nanostructures has been
well developed and a broad range of semiconductor materials have been
fabricated. There are mainly two kinds of templates such as ‘hard’ template
and ‘soft’ template. The hard templates include inorganic mesoporous
materials such as anodic aluminium oxides (AAO) and zeolites, mesoporous
polymer membranes, carbon nanotubes, etc. The soft templates generally refer
to surfactant assemblies such as mono-layers, liquid crystals , vesicles,
micelles etc. Porous AAO membrane is formed via the anodization of
aluminium metal in acidic solutions. AAO film possesses regular and highly
anisotropic porous structure with pore diameter ranging from several to
hundred nanometers. These characteristics allow the use of AAO as template
for the growth of metal or semiconductor nanowires and tubes. Titania
nanotube array films on Al substrates have been prepared from (NHa)2TiF,
aqueous solution by immersing AAO templates on aluminum substrate via
Liquid Phase Deposition method at ambient temperature. The nanotube array
films’ morphology depends on the anodic aluminum oxide (AAO) structure
and deposition time. When AAO was immersed into (NH4),TiFg solution at
room temperature, AAO was dissolved in the solution and the holes became

wide. The hydrolysis reaction occurs and TiO, particles locked in-situ on the
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inner surface of the anodic alumina pore induced by hydroxyl group, thus
nanotube array film was obtained. However, the disadvantages associated with
template—assisted method are the difficulties of prefabrication and post-

removal of the templates and usually results in impurities.
1.4.2.3 Anodized Titania Nanotubes

Synthesis and processing of nanomaterials and nanostructures are very
important. Studies on new physical properties and applications of
nanomaterials and nanostructures are possible only when nanostructured
materials are made available with desired size, morphology,crystal and
microstructure and chemical composition. There are various methods such as
electrochemical deposition in nanoporous alumina templates, sol-gel methods,
seeded growth, electrospinning, and hydrothermal methods for the synthesis of
titania nanotubes (TNT). However, the disadvantages associated with these
complex, multistep methods involve the difficulties to scale up beyond lab
scale and a low yield of nanotubes. Recently it was reported that TNT can be
synthesized in a simple, cost effective manner by means of electrochemical
anodization of titanium metal in fluoride-ion containing electrolytes. Now the
anodization process has become the standard synthesis method for highly
ordered arrays of vertically aligned nanotubes. The synthesis of TNT is
initiated by the application of a DC bias voltage in the presence of the
electrolyte containing both oxidizing and reducing agents to form an oxide
layer on the surface of the metal anode (Al or Ti). This is followed by the
field-enhanced dissolution of the oxide, which results in corrosion pits. When
equilibrium between oxidation and dissolution is reached, the corrosion pits
grow continuously into vertically aligned nanopores or nanotubes. Since the

nanotubes produced by anodization are amorphous, the samples must be
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annealed in air, oxygen, or a nitrogen atmosphere at 300-500 °C, with a slow

heating and cooling rate (1-5 °C/min) to produce crystalline material.

Power Supply

_Q ( )

Figure 1.4 The anodization setup for titania nanotube synthesis

A significant advantage of anodization over other fabrication methods
is that it offers precise control over the shape, structure, and morphology of the
produced nanotubes simply by controlling different synthesis parameters. For
instance, anodization voltage can be used to control nanotube diameter, while
the time of anodization can be modified to control the average length of the
tubes. The viscosity, pH, and concentration of fluoride ions within the solution
influence the oxide dissolution and rate of chemical reaction. These
parameters have a direct effect on the tube formation rate, maximum
achievable tube length, and smoothness of the tube walls. The water content
controls the strength of the attachment between the nanotube arrays and the
original Ti substrate.
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The properties of the nanotube arrays are dependent on their specific
architecture, including length, wall thickness, wall roughness, pore diameter,
and tube to tube spacing. The geometrical features of the nanotube arrays are
controlled by a variety of parameters including anodization potential,
electrolyte composition and properties thereof (conductivity, viscosity), as
well as anodization time and temperature. It is possible to make identical tubes
in dissimilar electrolytes by the control of different anodization variables.®®®
Control of fabrication parameters has enabled titania nanotubes with different
pore size, outer diameter, wall thickness and tube to tube spacing. In general it
is observed that for getting very long titania nanotube arrays, polar organic
electrolytes should be used with minimum water content. With organic
electrolytes the donation of oxygen is more difficult in comparison to water
and results in a reduced tendency to form oxide, while the reduction in water
content allows for thinner or lower quality barrier layer through which ionic
transport may be enhanced. From earlier reports it is confirmed that there
occurs an optimal length and geometric area for titania nanotubes for
photocatalytic and photoelectrolysis applications where the absorption of the
incident light is balanced by recombination of the photogenerated charge
carriers. That is low light absorption will take place with titania nanotubes
which are too short in length. Also low photoconversion efficiency is reported
with titania nanotubes which are too long in size because of the recombination
of the photogenerated electron-hole pairs. A large surface area ensures the
availability of a larger number of active sites for chemical reaction to occur
and allows photogenerated holes to access a large number of solution ions.
Also greater nanotube length enables higher absorption of incident photons
and results in larger surface area for fixed nanotube pore size and outer

diameter. Therefore the maximum photocurrent is a measure of the generation,

Titania Nanostructures for Catalytic and Solar Cell Applications



Chapter 1

and subsequent collection of charge carrier and correlates well with the surface
area of the nanotubes. Another important factor on which photoconversion
efficiency depends on is the separation process of the photogenerated electron-
hole pairs, that is its recombination characteristics, which for the nanotube
arrays are a complex function of the temperature and extent of crystallization,
the wall thickness of the nanotubes, barrier layer thickness and the
incorporation of dopants from the electrolyte during anodization. Figure 1.5
indicates the various dimension ranges of titania nanotubes most frequently
reported by various research groups.®”® It is found that one can vary the
thickness, width and length of TNT by making suitable changes in the
preparation conditions.

4-40nm 0 to nms

Up to 1 mm

10-1200 nm

Figure 1.5 Features of titania nanotubes with reported dimensions
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Main expectations for improved photocatatlytic pollutant removal by
using TNT is as follows. The texture will be most often irregular in the case of
titania nanoparticles (TNP) so that a part of the TiO, surface is not easily
accessed by the reactants. On the contrary, the reactants are expected to diffuse
easily in the straight tubes of TNT, secondly the increased recombination rate
of photoproduced charge carriers due to the large interparticular connection in
the case of TNP compared to TNT. In addition to this a higher light harvesting
is expected because of scattering within the tubes.

15.0kV 12.1mm x50.0k SE 1.00um J 15.0kV 12.1mm x90.0k SE

Figure 1.6 SEM images of titania nanotubes synthesized by anodization
of titania metal sample at 40V

1.5 Semiconductor Photocatalysis

Photocatalysis can be defined as a photoinduced reaction which is
accelerated by the presence of a catalyst. °* These types of reactions begin with
the absorption of a photon with sufficient energy corresponding or higher than
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the band-gap energy (Ebg) of the catalyst. The absorption of energy leads to a
charge separation due to promotion of an electron (e—) from the valence band
of the semiconductor catalyst to the conduction band, thus generating a hole
(h") in the valence band. Schematic diagram of the process is presented in
Fig.1.7. ® The recombination of these generated electron-hole must be
prevented for their effective reactions. The ultimate goal of the process is to
have a reaction between the activated electrons with an oxidant to produce a
reduced product, and also a reaction between the generated holes with a
reductant to produce an oxidized product. The photogenerated electrons could
reduce the dye or react with electron acceptors such as O, adsorbed on the
Ti(ll)-surface or dissolved in water, reducing it to superoxide radical anion
0, " . Sameway the photogenerated holes can oxidize the organic molecule to
form R", or react with OH™ or H,O oxidizing them into OH" radicals. The
resulting *OH radical, being a very strong oxidizing agent (standard redox
potential +2.8 V) can oxidize most azo dyes to the mineral end-products.
Along with other highly oxidant species (peroxide radicals) they are reported
to be responsible for the heterogeneous TiO, photodecomposition of organic
substrates and dyes. According to this, the relevant reactions at the
semiconductor surface causing the degradation of dyes can be expressed as
follows °: The widely accepted chain reactions are as follows:

Photoexcitation : TiO,/SC + hv — e +h" (1)
Oxygen ionosorption : (O2) ags + € — O (2)
lonization of water : H,O — OH + H* (3)
Protonation of superoxides : O, + H* — HOO' 4)

The hydroperoxyl radical formed in (4) has also scavenging properties

similar to O, thus
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prolonging the lifetime of photohole: HOO+ + e— — HO, (5)
HOO + H" — H,0, (6)

Both the oxidation and reduction can take place at the surface of the
photoexcited semiconductor photocatalyst. Recombination between electron and
hole occurs unless oxygen is available to scavenge the electrons to form
superoxides (O;"), its protonated form the hydroperoxyl radical (HO,") and
subsequently H,O,. Major disadvantage of the photocatalytic reacting system is
the energy-wasting back-electron transfer reaction to give back the starting
material. In fact for a heterogeneous semiconductor system, the inhibition of e —
h* recombination process has become a formidable obstacle for realizing high
efficiency. Thus the generated e —h" can be used to drive chemical reactions
provided. From the point of view of the materials, photocatalyst require a series
of characteristic properties depending on their applications including particle size,
specific surface area or space between the electronic levels etc. among others.

-eV Energy

T
0.0eV /T—D—m

Band gap ( hv2E,
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CB: Conduction band
VB: Valence band
SC: Semiconductor photocatalyst
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over SC Ox

(Oxidant/Acceptor)
Figure 1.7 Schematic diagram of photocatalytic process initiated by

photon on the semiconductor

[Source : Colmenares et. al. Materials 2009, 2, 2228]
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1.6 Influence of Operational Parameters

1.6.1 Light Intensity

Light intensity is an important factor in photocatalytic degradation
because electron-hole pairs are produced by light energy.TiO, has a wide band
gap in the UV region, which limits its absorption only in UV region of solar
spectrum.®’The wavelength and intensity of the UV light irradiation source
affects the degradation of dye in aqueous solution using TiO, catalyst powder
in photocatalytic reactor. The artificial UV irradiation is more reproducible
than sunlight and can bring higher efficiency in the degradation of textile dyes.
However, because of its abundance and non-hazardous nature, solar energy, is
expected to emerge as an alternative cost effective light source. The studies
reported for the effect of light intensity on the kinetics of the photocatalysis
process was reviewed by Ollis et al. and stated that®®:

1) At low light intensities (0-20 mW/cm?), the rate would increase
linearly with increasing light intensity (first order).

2) At intermediate light intensities beyond a certain value (approximately
25 mW/cm?), the rate would depend on the square root of the light
intensity (half order).

3) At high light intensities the rate is independent of light intensity since
at increased light intensity electron—hole pair separation competes with
recombination, thereby causing lower effect on the reaction rate.
However, as the light intensity increases, the number of activation sites
remains the same thus the reaction rate only reaches a certain level
even when the light intensity continues to increase. The photocatalytic
reaction rate is largely dependent on the radiation absorbed by the
photocatalyst. Recent reports revealed increase in the degradation rate
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with increase in light intensity during photocatalytic degradation.
Unfortunately, only 5% of the total irradiated natural sunlight has
sufficient energy to cause effective photosensitization. Furthermore
energy losses due to light reflection, transmission and transformation

into heat are inevitable in the photoprocess.

The overall quanta of light absorbed by any photocatalyst or reactant is
given by @ overant, the quantum yield:

® ,veran= rate of reaction/ rate of absorption of radiation

where the rate of reaction (mol/time) accounts for moles of reactants
consumed or product formed in the bulk phase and the rate of absorption of
radiation (Einstein /time) relates to the amount( mol or Einstein) of photons at

wavelength A absorbed by the photocatalyst.

The light scattering in solid-liquid regimes is particularly significant.
As metal oxides in a heterogeneous regime including TiO, cannot absorb all
the incident radiation due to refraction, so it is difficult to determine Quantum
yield experimentally. Another factor which limits photonic efficiency is the
thermal recombination between electrons and holes.

1.6.2 Nature and Concentration of the Substrate

Organic molecules which can effectively adsorb on the surface of the
photocatalyst will be more susceptible to direct oxidation.®® Thus, the
photocatalytic degradation of aromatics depends on the substituent group.
Nitrophenol has been reported to be a much stronger adsorbing substrate than
phenol and therefore degrades faster.”® Hugul et al. reported that
monochlorinated phenol degrades faster than di- or tri- chlorinated derivatives
in the degradation of chloroaromatics.”*In general molecules with electron

withdrawing groups including nitrobenzene and benzoic acid have been found
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to significantly adsorb in the dark compared to those with electron donating
groups.”® The concentration of organic substrates in time is also dependent on
photonic efficiency during photocatalytic oxidation.” At high—substrate
concentrations,however, the photonic efficiency decreases and the titanium

dioxide surface becomes saturated ,thus leading to catalyst deactivation.’*
1.6.3 Nature of the Photocatalyst

There is direct correlation between the surface of organic reagents and
surface coverage of TiO, photocatalyst.”’Kogo et al. reported that the number
of photons hitting the photocatalyst actually controls the rate of the reaction.’
The latter is an indication that the reaction takes place only in the adsorbed
phase of the semiconductor particle. A very important parameter influencing
the performance of nanomaterials in photocatalytic oxidation is the surface
morphology, namely particle and agglomerate size.”” Numerous forms of TiO,
have been synthesized by different methods with the aim to achieve materials
exihibiting desirable physical properties, activity and stability for
photocatalytic applications.”® There exist a clear connection between the
surface properties, the rational development of improved synthesis routes and
the potential usefulness of the material prepared for particular applications.”*
For, instance ,smaller nano-particle sizes have been reported to give higher
activities in gaseous phase photomineralisation of organic compounds

employing nanostructured titanium dioxide.
1.6.4 Influence of Particle Size on Band-gap Modulation

A single atom of semiconductor material has a bandgap equal to the
distance between ground state and first excited state, while in the bulk both
levels are broadened and they have band structure instead of discrete energy
levels. This broadening leads to narrowing of the bandgap. In a nanoparticle
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broadening must be less than in the bulk. In the nanoscale phenomena, as the
size of the particle approaches the size of the electron-hole distance known as
the Bohr radius, the energy level spacing of electronic states of atom increases
with reduction in dimensionality of particle and is called Quantum
Confinement (QC). That is electronic states of an atom are typically
characterized by discrete energy levels that are often separated by electron
volts. At the nanoscale, the dimension of energy states resides between these
limits. This can be easily understood by considering an electron confined
within a one-dimension (1-D) box of size ‘L’. The lowest energy level of this
system is given by , E= h.h/ 8 m L. L, where ‘h’ is the Planck’s constant and
‘m’ is the mass of the particle (electron). Since, if size of the box (particle
diameter) is reduced, then E increases, hence a drastic variation occurs in its

bulk properties.
1.6.5 Concentration of Photocatalyst

The rate of photocatalytic reaction is strongly influenced by the
photocatalyst concentration, as expected. Heterogeneous photocatalytic
reactions are known to show proportional increase in photodegradation with
increasing catalyst loadings.* Generally in any given photocatalytic
application ,the optimum catalyst concentration must be determined ,in order
to avoid excess catalyst and ensure total absorption of efficient photons.® This
is due to the observation of unfavourable light scattering and reduction of light

penetration into the solution with an excess of photocatalyst.®*
1.6.6 Effect of pH

Another important parameter that affects the photocatalyst activity is
the pH of the solution as it controls the surface charge properties of the
photocatalyst and size of the formed aggregates. It was reported that the acid-
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base properties of the metal oxide surface can have considerable implications
upon their photocatalytic activity.*The surface of titania can be protonated or
deprotonated under acidic or alkaline conditions,respectively,according to the

following reaction :
TiOH +H* — TiOH,"
TIOH+OH —— TiO® + H,0

Thus a titania surface will remain positively charged in acidic medium
(pH less than 6.9) and negatively charged in alkaline medium (pH greater than
6.9) .Titanium dioxide is reported to have higher oxidizing activity at lower
pH ,but excess H" at very low pH can decrease reaction rates because the TiO,
particles tend to agglomerate leading to reduction in surface area available for
dye adsorption and photon absorption.2®Therefore pH changes influence the
adsorption of dye molecules onto the TiO; surfaces, an important step for the
photocatalytic oxidation to take place. Thus pH changes can result in
enhancement of the efficiency of photoremoval of organic pollutants in
presence of titanium dioxide without affecting the rate equation. So an

optimized condition is required for improved degradation of compounds.
1.6.7 Reaction Temperature

The dependence of the reaction rate with temperature is widely
experimented in the area of organic compounds degradation since 1970s. Many
researchers reported experimental evidences for temperature dependency of
photocatalytic activity.®*® Generally, the increase in temperature enhances
recombination of charge carriers and desorption process of adsorbed reactant
species , resulting in a decrease of photocatalytic activity. These facts are in
good agreement with the Arrhenius equation, for which the apparent first order

rate constant LnKzp, should increase linearly with exp(-1/T).%!
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1.7 Literature Review: Titania Nanotube as Photocatalyst

Nowadays titania nanostructures have gained much attention due to
their unique properties such as high surface area,ion exchange ability and
better electrical properties. There are numerous reports related to
photocatalytic applications of titania nanotubes. The influence of structural
parameters of titania nanotubes (TNTSs) including pore diameters, length, inter
nanotube-distances and crystallinity on their photocatalytic properties was
studied by Mohammed etal.”> Composites of rutile nanoparticles and titania-
nanotubes exhibits enhanced photocatalytic activities toward the
decomposition of nitric oxide and the degradation of methylene blue compared
with commercial P25 TiO,.* Hierarchical porous TiO, nanotubes were
synthesized through a facile and efficient template synthesis strategy exhibited
higher dye degradation effect.** The photocatalytic study of TiO, nanotube
array films with highly dispersed Pt nanoparticles showed that an optimum
calcination temperature occurs for higher activity.*Liang et al reported higher
photocatalytic activity for double walled titania nanotubes fabricated by
electrochemical anodization at low temperature with subsequent annealing
compared to single walled titania nanotube due to higher surface area
associated with them.* Post annealing effect on synthesized titania nanotubes
was studied and it was found that annealing beyond 400 °C leads to decreased
activity because of the reduced surface area associated with collapsed
nanotubes at that temperatures. Titania nanotubes (TNT) functionalized with
fullerenes (Cgp) have been successfully synthesized through a simple
impregnation method using ethanol and toluene as co-solvents. Cgo-sensitizing
was found to effectively enhance the photocatalytic degradation of an organic
molecule in the gas phase. Photocatalytic decomposition of isopropanol was

carried out and showed high degradation in the visible region, where the TNT
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samples loaded with 5 wt% C60 showed the best activity.” Titania nanotubes
and Titania nanowires (TNW) were fabricated via a sonication-hydrothermal
combination approach using TiO, Degussa P25 nanoparticle as precursors.
The titania nanotube shows higher photocatalytic activity than TNW and
titania precursor sample. Results showed that activity of the catalyst not only
depends on the morphology of the catalysts, but also on the crystalinity and
surface area.”® Phosphorus-doped titania nanotubes fabricated using a facile
wet chemical method shows higher activity. Eventhough the surface area is
reduced with phosphorus doping band gap shifting occurs towards visible
region that increases the quantum efficiency.”® Pore structure analysis of
titania nanotube aggregates synthesized by hydrothermal method shows that
pores of smaller sizes are mainly contributed by the nanotubes while those of
larger sizes are contributed by the inter space region of the aggregates. The
study shows that both the hydrothermal treatment temperature and washing

conditions affect the properties of the titania nanotubes.'®

Xue et al reported
cerium impregnated titania nanotubes with enhanced photocatalytic activity.
Photodeposition of copper on the surface of titania nanotube arrays exhibited
better photocatalytic activity than the titania nanotube arrays due to the strong
synergistic interactions between titania and copper.'®*Single crystalline titania
nanotubes prepared by hydrothermal method shows enhanced photocatalytic
phenol degradation. Kim et al. reported enhanced photocatalytic activity in
composites of titania nanotubes and CdS nanoparticles. Titania nanotubes with
Fe,Cr,Co,Ce having enhanced photocatalytic activity have also been reported
by several authors. Silver decorated titanium dioxide nanotube arrays with
improved photocatalytic activity for visible light irradiation was reported by
Chen et al.® Lin et al reported a cost-effective way for the synthesis of TiO,

nanotube (NT) powders using anodic oxidation and ultrasonication. They
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prepared highly crystalline NT powders with intact tube structures and pure
anatase phase, without the substrate effect arising from underlying Ti metals,
using high-temperature heat treatment. The application of NTs with different
crystallinity for the photocatalytic decomposition of methylene blue (MB) was
then demonstrated. The results showed that with increasing annealing
temperature, the photocatalytic decomposition rate was gradually enhanced,
and the NT powder electrode annealed at 650 °C showed the highest
photoactivity. Compared to typical NTs annealed at 450 °C, the rate constant
increased by 2.7-fold, although the surface area was 21% lower. These
findings indicate that the better photocatalytic activity was due to the
significantly improved crystallinity of anatase anodic NTs resulting in a low
density of crystalline defects.®® In the case of TiO, nanotubes synthesized by
the solvothermal process at low temperature in a highly alkaline water—
methanol mixture. The ratio of methanol and water, as well as calcination
temperature, affected the morphology, nanostructure and photocatalytic
performance. Kontos et al used self assembled titania nanotubes with tailored
morphological properties such as vertical arrangement,variable thickness
prepared by electrochemical anodization. The NTs exhibited significant UV
photocatalysis against toluene and benzene at ppb concentrations, under
normal conditions of temperature and pressure. The photocatalytic activity
depends on the length and thickness of the NT arrays. The optimum NT
structures show enhanced activity compared to standard Degussa P25 films.'%*
A novel TiO, nanotube photocatalyst was prepared by Chen et al that has a
p—n junction. The photocatalyst particle surface is physically divided into
reduction and oxidation surfaces, which posses a potential driving force for the
transport of photogenerated charge carriers.'®Vijayan et al studied the effect

of calcination temperature on the photocatalytic reduction and oxidation
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process of hydrothermally synthesized titania nanotubes.'®. Highly oriented
titania nanotube arrays with {1 0 1} crystal face were prepared on the surface
of titanium substrate by liquid chemical deposition method.'” The
semiconductor quantum dots (QDs) can be effectively used to tune the
response of photocatalyst TiO, nanotube to visible light. In this study, CdS
QDs formed in situ onto the surfaces of TiO, nanotubes (TNTSs) to form
TNTs/CdS QDs nanocomposites by use of a simple bifunctional organic
linker, thiolactic acid.’®The effect of sandwiched Ag in the wall of TiO,
nanotube on the photocatalytic performance was studied by Liu et al."®Ag and
Au loaded titania nanotube shows enhanced photocatalytic activity.'*° Tang et
al reported efficient removal of herbicide 2,4-diphenoxyacetic acid from water
using Ag/reduced graphene oxide co-decorated titania nanotube arrays
produced by combining electrodeposition and photoreduction processes.*** A
series of Nd-TiO, powders have been prepared by hydrothermal method and
the doped samples show enhanced visible light activity."> Gd**, N-codoped
trititanate nanotubes have been prepared by hydrothermal and ion-exchanging
method. The photocatalytic activity of TiO, has been enhanced significantly
under visible light irradiation after Gd**, N-codoping.**Liu et al reported the
degradation of 4,4’-dibromobiphenyl, one of polybrominated biphenyls,
through photoelectrocatalytic process with TiO,, Zr/TiO, and Zr, N/TiO;
nanotube arrays. Study shows that photoelectrocatalytic process was more
efficient than photocatalytic and electrolytic process alone.** Copper sulfide
quantum dots functionalized TiO, nanotubes were successfully prepared by a
stepwise crystallization of CuS nanoparticles onto the nanotubes, using
cysteine linkers. The effect of CuS QDs was investigated by studying the
photodecomposition of malachite green and phenol.**® Surface modification of

TiO, nanotube arrays with CulnS, nanoparticles for photocatalytic
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d.**® photocatalytic

degradation of 2,4-dichlorophenoxyacetic acid was reporte
degradation of anthracene-9-carboxylic acid was investigated by using a new
ZnTe modified TiO, nanotube array catalyst prepared by pulse potential

electrodeposition of ZnTe nanoparticles onto TiO, NT arrays.*’
1.8. 1 D-Nanostructures in Dye Sensitized Solar Cells (DSSC)

Third generation solar cells include nanocrystal based solar cells,
Polymer based solar cells , dye sensitized solar cells and concentrated solar
cells. Dye-sensitized solar cell is a promising candidate, that realizes the
optical absorption and the charge separation processes by the association of a
sensitizer as light-absorbing material having a wide band gap semiconductor

of nanocrystalline morphology.
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Figure 1.8 Schematic diagram of DSSC
[Source: Highfield, J. Molecules 2015, 20(4), 6739]
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To date the maximum efficiency reported for these cells is 11%.™® The d
block binary metal oxides such as titania, zinc oxide and Nb,Os are the best
candidates as photoanode due to the dissimilarity in orbitals constituting their
conduction band and valence band. This dissimilarity decreases the probability
of charge recombination and enhances the carrier lifetime in these materials. So
far,the most impressive DSSCs are the ones based on TiO, nanoscopic
crystalline particle films loaded with a ruthenium-polypyridine complex dye
(such as N3 and N719 dyes). Unfortunately, the record high conversion
efficiency of DSSCs (11%) plateaued in an unchanged level over the last 15
years. Further increase in conversion efficiency is difficult due to large energy
loss from recombination between electrons and either oxidized dye molecules or
electron-accepting species in the electrolyte during the charge-transport process.
Such a recombination is related to the lack of a depletion layer on TiO,
nanocrystallite surfaces, and becomes comparatively serious as the thickness of
TiO, photoanode film increases. Various morphologies such as nanotube,
nanorod and nanofibers need to be explored for enhancing the energy
conversion efficiency of DSSC, as enhanced grain boundary density and
random network of nanoparticles increase the loss in DSSC due to carrier
recombination. For the usual nanoparticle network used in DSSC, with porosity
~60%, the average diffusion length has been estimated to be 15-20 um.**° This
inferior electron transport limits the electrode thickness for DSSC and adversely
affects the final conversion efficiency. One possible way to improve the
diffusion coefficient, and therefore, transport properties is to grow the electrode
materials as one dimensional nanostructures such as nanotubes, nanorods,
nanowires and nanofibers.*® Figure 1.9 explains this concept of channeled
electron transport through one dimensional nanostructures. In other words the

electrons are constrained to move unidirectionally in nanotubular structure.
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Figure 1.9 Schematic of electron diffusion between (A) sintered spherical
nanoparticles and (B) one-dimensional (1-D) nanostructures.
(C) shown in the box explains how reduction of diameter of
the 1-D structure make the electron flow more channelled.

[Source: Jose et. al. Journal of the American Ceramic Society 2009, 92, 289]

1.9 Chalcogenide Sensitized Titania for Solar Cell Applications

Nowadays nanostructured materials and quantum dots (QDs) light
harvesting assemblies have emerged as highly promising building blocks for
the development of photocatalyst and third generation solar cells making
efficient utilization of solar energy. Light harvesting through photocatalysis***
(PC) and dye sensitized solarcells (DSSC) are related to excited state charge
transfer across nanostructured oxide surfaces. Photocatalysis consists of the
absorption of photons at the oxide surfaces with the consequent generation of
electron/hole pairs and eventual reduction/oxidation of adsorbed contaminant
species. On the other hand in the case of DSSC the photogenerated

electron/hole pairs at the oxide surface migrate to the external circuit for
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photocurrent generation through an electrical load. With the advantages of low
cost, transparency and flexibility, among different technologies, dye sensitized
solar cells (DSCs) '# hold great promise as an alternative renewable energy
system.'?® In DSCs the efficient harvesting of solar energy is done by making
use of nanocrystalline semiconducting electrodes sensitized with molecular
dyes (the most efficient being polypyridyl ruthenium(ll) complexes). The
working principle of DSC involves the charge separation at the
photoelectrode/sensitizer interface via electron injection from the dye into the
conduction band of the semiconductor, followed by diffusive electron
transport through the interpenetrated mesoporous network of the TiO;
semiconductor to the charge collector, while dye regeneration occurs via a
redox electrolyte. Even though such devices have reached high performance
and stability standards '**, the need for developing inorganic hybrid
heterojunctions with enhanced selectivity, efficiency and robustness offering
cost reduction and simplification in the area of DSCs manufacturing is
attracting a great deal of attention. One of the most attractive approaches for
the utilization of inorganic heterojunctions in DSCs is the exploitation of the
exceptional electronic properties of chalcogenides such as CdS, CdSe, PbSe,
PbS and CdTe nanocrystals as light harvesting antennas.*?**?" Because of the
unique quantum confinement effects, QDs offer unique high extinction
coefficients and band gap tunability from the visible to the infrared spectral
range by size control. Also the QDS have the property of multiple exciton
generation (MEG) with single-photon absorption.*?*3 The theoretical power
conversion efficiency (PCE) of QDSCs can reach up to 42% in view of MEG
effect of QDs, which is much higher than that of semiconductor solar cells
(31%) according to Schockley-Queisser limit.******Moreover, they can form

favourable heterojunctions such as QDs/TiO, and QDs/dye/TiO, for efficient
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charge extraction.”****® A major drawback underlying the relatively low light
harvesting ability and the associated reduction in photocurrents in quantum dot
sensitized solar cell devices is the amount of QDs adsorbed on the TiO,
electrode. Two main approaches have been so far employed for the
sensitization by QDs, one is in situ growth of QDs on TiO; by chemical bath
deposition (CBD)™’ and the other is successive ionic layer adsorption and
reaction (SILAR)**3 or attachment of preformed colloidal QDs to the TiO-
mesoporous structure by means of bifunctional linker molecules or direct
adsorption using a suitable solvent in the colloidal solution.*****" Linker-
assisted and direct QD adsorption onto TiO; allows fine control of the QD
size, exploiting colloidal synthesis. However these systems are associated with
disadvantages such as low QD loading and relatively weaker electronic
coupling between QDs and TiO,. Eventhough chemical bath deposition
permits enhanced electron transfer to the wide band gap TiO, electrode, QD
aggregation occurs at significantly higher loading that finally deteriorates solar
cell performance. In view of these things, direct growth of QDs by SILAR has
recently emerged as a promising deposition route combining high QD loading
together with low degree of aggregation and efficient electron transfer to TiO,.

Krbal et al. studied the effect of tube diameter on the
photoelectrochemical property of Sn-S-Se chromophore attached titania
nanotubes using titania nanotubes of different diameter. The increased
photocurrent with increasing tube diameter can be ascribed to the better
interfacial contact and improved charge transport facilitated between the
chromophore and nanotube walls.***The photocurrent enhancement of heat
treated composite materials of CdSe nanoparticle /titania nanotube arrays were
studied by varying the annealing temperature from 200 to 350 °C. The study

shows that the increment in annealing temperature has resulted in greater
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amount of CdSe deposition and also a suitable annealing temperature can
enhance the particle interaction leading to considerable improvement in
photoelectrochemical performance.’**CdSe decorated titania nanorods by
hydrothermal method with enhanced efficiency was reported by Bang et al.**
Green synthesis route for carbon quantum dots embedded titania nanowires
was reported.™ Solar cells based on a mesoporous structure of TiO, and the
polysulfide redox electrolyte were prepared by direct adsorption of colloidal
CdSe quantum dot light absorbers onto the oxide without any particular
linker.**® By optimizing the CdSe deposition time and the length of the
nanotube, a power conversion efficiency of 3.18% has been achived by a
fibrous quantum dot sensitized solar cell , designed and fabricated by using
CdS and CdSe co-sensitized TiO, nanotubes on Ti wire as the photoanode and
highly active Cu.S as the counter electrode.**” Nanocomposites with different
Cd to Ti molar ratio were synthesized from P25- nanopowder using
microwave-assisted hydrothermal method. The results of the photocatalytic
tests under high-intensity discharge lamp revealed that CdS/titania powders
with low Cd to Ti molar ratios exhibited much higher activities than P25.*
Zhou et al reported PbS quantum dots grown on mesoporous TiO; film using
a successive ion layer absorption and reaction (SILAR) method. The growth of
QDs was found to be highly dependent on the concentration of the precursor
solution.’*® The optical and structural properties of cadmium and lead sulfide
nanocrystals deposited on mesoporous TiO, substrates via the successive

ionic layer adsorption and reaction method was studied by Kontos et al.**°

1.9.1 Advantages of Quatumdots as Sensitizers

The major advantages of QDs compared to other dye materials widely
used for solarcells are tunable energy gaps, ability of multiple exciton
generation, photostability, low cost and high absorption coefficient, which is
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known to reduce the dark current and increase the overall efficiency of solar
cells.” Out of these, tunable energy gaps and multiple exciton generation

features are the most desirable characteristics of the QDs,'*>1°%1%%

1.9.1.1 Tunable Energy Gaps

The ability of QDs as sensitizer in QDSSC is studied by various
research groups.’*****The main motivation of using QDs as sensitizers in solar
cell is because of their tunable energy bandgaps, which can control their
absorption range.’*® There are number of reports in the literature showing that
CdS and CdSe with tunable bandgap are capable of converting visible light to
electric energy.®>" ™ The efficient charge separation by tuning the size of the
QD utilizing the quantization effect was achieved byVogel et al.'*® .
Kongkanand etal.™ separately reported CdSe QDs with various size
assembled on TiO, films, showed improvement in photoelectrochemical
response and photoconversion efficiency. With the decrease of CdSe particle
size, photocurrent increases due to the shift of the CB to more negative
potentials which in turn increases the driving force for charge injection. As a
result, higher Incident Photon Conversion Efficiency is obtained at the
excitonic band. This size dependent effect is made possible because of the

quantum confinement effect exhibited by the QD itself.X%*¢

Quantum
confinement effect can be observed when QDs in colloidal solution show
different color corresponding to the change of particle size, which results in a
different absorption band of light. When the QD particles are sufficiently
small, the effective bandgap energy of the QD is wider. Subsequently, the
optical absorptions and emissions in relation with excitations across the

bandgap shift towards higher energies.**

Quantum size effects have been
demonstrated by Gorer et al. with the observed blueshift of the optical spectra

of CdSe films as the crystal size decreases.'®® This phenomenon is also high-
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lighted in CdS QDs,as reported by Thambidurai et al.'®where the same
blueshift was observed in the optical spectra of smaller CdS QDs. Therefore, a
combination of different quantumdot sizes in a cell will have better efficiency
due to wider absorption of light by the quantum dots having a range of

bandgaps.

1.9.1.2 Multiple Exciton Generation
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Figure 1.10 Multiple-carrier generation in QDs, a high-energy photon is
absorbed at a high energy level in the QD, which then decays
into two or more electron-hole pairs at the first confined
energy level

[Source : Conibeer et. al. Materials Today 2007, 10, 42]

Carrier multiplication in solar cell research is the phenomenon where the
absorption of a single photon leads to the excitation of multiple electrons from
the valence band to conduction band. Conventional theory of solar cell suggests
one photon excite only one electron across the band gap of the semiconductor,
and if any excess energy is with the incident photon is dissipated as heat. But in
material with carrier multiplication, high-energy photons excite more than one
electron across the band gap, and so in principle the solar cell can produce more
useful work. Multiple exciton generation (MEG) in QDs from a single photon
have been reported by many research groups.®**® In general, it is the
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generation of more than one electron-hole pair upon the absorption of a photon.
This phenomenon was first observed in PbS and PbSe QDs systems.'®® Upon
absorption of solar radiation, photon with energies greater than the bandgap
creates electrons and holes. At this point, the excess Kinetic energy is equal to
the difference between the photon energy and the bandgap, which creates an
effective temperature condition for the carriers. The temperature of the carriers
is higher than the lattice temperature. Thus, the term hot carriers (or hot

electrons and hot holes) is used.
1.10 Motivation of the Present Study

The major factors which resist many practical applications of widely
used semiconductor titania are the rapid charge recombination of the electron-
hole pairs, thereby suppressing the quantum efficiency, and the wide band gap
of the material, which restricts light absorption only to UV region of solar
spectrum. In this scenario sensitisation of wide band gap semiconductors with
those having a smaller band gap is receiving considerable attention for solar
cell and photocatalytic applications. The effective use of the terrestrial solar
spectrum is very important for the energy and environmental applications.
Among the widely reported semiconductor photocatalysts, one dimensional
titanium dioxide has attracted worldwide interest due to its strong oxidation
activity and stability. One dimensional structures represent the smallest
dimension structure that can efficiently transport electrical carriers. In recent
years, because of the large band gap value (3.2eV) the modification of TiO;
photocatalysts for the enhancement of light absorption and photocatalytic
activity under visible light irradiation has become the main research direction.
To reach this goal, several modification techniques have been adopted that
involve doping TiO, with metals and/or nonmetal elements such as Pd,Fe, Cu,

C, and S, sensitization of TiO, by adsorbed dyes, and coupling TiO, with
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semiconductors having lower band gaps and more cathodic conduction band
(CB) such as CdS, PbS,CdSe due to their absorption characteristics in visible
and near infrared region. In this regard titania nanostructures have shown
particular promise as a support of such quantum dots for efficient charge
transfer, due to its chemical inertness and appropriate band position.
Eventhough chalcogenides have several advantages, the effectiveness has not
reached upto the desired level because of the stability issues associated with
them. Hence in this study we have chosen titania nanotubes sensitized with
quantum dots of chalcogenides and metal nanoparticles for visible light driven
photocatalytic activity and solar-cell applications. We have also followed the
stability studies of such heterostructures through detailed XPS studies.
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Chapter 2

Today the word nanotechnology implies design, fabrication and
applications of nanostructures or nanomaterials and the fundamental
understanding of the relationships between physical properties or phenomena
and material dimensions. Similar to quantum mechanics on nanometer scale,
materials or structures may possess new physical properties or exhibit new
physical phenomena. A key challenge in exploiting the novel properties
associated with nanomaterials is in the synthesis of nanoparticles with
precisely controlled sizes and morphologies. Nanoscale properties of materials
are size and shape dependent. Therefore there occurs an extensive effort to
control size, shape and surface composition of materials. Nowadays
environmental pollution and inadequate availability of non renewable energy
sources became the two critical issues of human being. All these issues can be
addressed by making use of two important technologies of science,
photocatalysis and solar cells. In view of these things we developed different
nanostructured titania, the most experimented semiconductor in the field of
photocatalysis and solar cell technology. The major disadvantages of titania
based photocatalysis includes the rapid charge recombination of the electron-
hole pairs and the wide band gap of titania (3.0 eV for rutile and 3.2 eV for
anatase) in the Ultra Violet region which restrics the efficient solar light
harvesting. There are various strategies like dye sensitization, metal, or
nonmetal doping and heterostructures of semiconductors have been developed
to improve the visible light activity of titania. In our study we prepared titania
nanotubes as base material. After that titania nanotubes were sensitized using
chalcogenide quantum dots and Pd metal particles. And these photocatalysts

were effectively used for photocatalytic, catalytic and solar cell applications.
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2.1 Hydrothermal Synthesis of Titania Nanotube

—
-
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Figure 2.1 Hydrothermal setup for the synthesis of titania nanostructures

Hydrothermal synthesis can be defined as a technique which involves
crystallization of material from mineral dissolved in water at high temperature
and pressure. Here the reaction was carried out inside a pressure vessel. In this
method various parameters such as concentration of chemical constituents,
temperature and the processing time are controlled for the development of

required nanostructures. To achieve the targeted morphology it is proposed to
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study different reaction conditions both in alkali and in acid conditions.
Preparation of the nanotube and nanorod require the following steps. For the
preparation of titania nanotube 50 ml of 10 M NaOH solution was added into
the Teflon cup. Then 2 g of titanium dioxide was weighed and added into the
cup and it was stirred well for one hour. Then it was placed under high
pressure and kept in an oven at 120 °C for 48 hours. The reaction with sodium
hydroxide leads to the breaking of two longer Ti-O bonds in the octahedrally
coordinated titania, thus leads to the formation of sodium titanate, which is
washed with HCI to form hydrogen titanate nanotube. These nanotubes are

calcined to form anatase titania nanotube.

2.2 Anodization Process

Figure 2.2 Anodization setup for the synthesis of titania nanotubes

Anodic oxidation is a common method of choice to grow ordered
nanostructures. This technique is simple, cheap, and provides a high degree of
control over the dimensions of the nanostructures. By controlling the
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anodization parameters of Ti such as applied voltage, temperature, concentration
etc, different titanium oxide structures such as a compact oxide, a disordered
porous layer or a self-organized nanotube structure can be produced. In the
presence of fluorine in the electrolyte, a tubular titania layer forms instead of
just a compact oxide layer. In the anodization process Ti is used as anode and Pt
wire as cathode. Titania metal sheet (assay 99.7%, Sigma Aldrich) of dimension
(3x1x0.25 cm®) is potentiostatically anodised under 40 V for 24 hours using
platinum counter electrode in an electrolyte consists of 96.5 ml ethylene glycol
(assay 99%, Merck), 3.5 ml water and 0.6 g ammonium fluoride (assay 98%,
Sigma Aldrich). The resultant amorphous titania nanotube arrays formed on the
surface of titanium metal surface was washed several times in distilled water to
make free from fluride ions. Then it was heated at 400 °C for one hour to form

crystalline anatase phase of titania nanotube.
2.3 SILAR Method of Deposition

SILAR method is considered as one of the recent soft chemical solution
methods for the deposition of thin films. It is relatively a new and less
investigated method and based on sequential reaction at the substrate surface,
rinsing follows each reaction, which enables heterogeneous reaction between
the solid phase and the solvated ions in the solution. The features of the
SILAR method include excellent material utilization efficiency, good control
over the deposition process along with the film thickness, low cost and large-
scale deposition capability on virtually any type of substrate. One SILAR
cycle consists of four steps: (1) adsorption of cationic species for 1minute, (2)
rinsing with washing solvent for 5 s to remove excess adsorbed or loosely
bounded cation species, (3) reaction with anionic precursor solution for 1
minute to form stable chalcogenide and (4) rinsing with purified washing

solvent for 5 s to remove excess or unreacted species or powdery substance.
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The higher concentration of precursor solutions will result higher growth rate

but the quality of the film will be poor due to powdery deposit.

LN O\ o AN

-

Figure 2.3 Schematic representation for Sensitization of titania nanotube
with chalcogenide by SILAR method

ATNT

2.4 Photoactivity Evaluation Study

The photocatalytic activity of the prepared photocatalyst were
measured by determining the degradation of Methylene Blue (MB) dye. MB is
a photostable dye having characteristic absorption at 663nm.The degradation
experiments were performed in presence of UV or visible light in a photo
reactor. In this experiment the concentration of MB is monitored at different
time intervals. Before illumination the solution containing MB and
photocatalyst was kept in dark for 2 hours in order to acquire adsorption-
desorption equilibrium of dye over the catalyst. After this the intial absorption
of the dye was recorded followed by irradiation of the solution in a
UV/Visible chamber for different time intervals such as 10, 20, 30, 40, 50, 60,
90, 120, 150, 180, 210, 240 and 270 min using an UV visible spectrometer
(Shimadzu, Japan, UV-2401PC). The degradation profiles were drawn by
plotting the maximum absorbance of the main intensity peak (663 nm) of MB
at regular intervals of light exposure. It was reported that the degradation of
MB was found to follow the pseudo-first-order kinetic model, so the change in

concentration of the dye, with respect to the intial concentration, was plotted
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as a function of time. In a pseudo first order reaction, we can manipulate the
initial concentration of the reactants. One of the reactants, A, for example
would have significantly high concentration, while the other reactant B would
have a significantly low concentration. We can then assume that reactant A
concentration effectively remains constant during the reaction because its
consumption is so small that the change in concentration becomes negligible.
The kinetic model to predict rate constant for the reaction ,in which the

reaction rate for photocatalytic reactions are independent of hydroxyl ion

. . —dc
concentration. Then the rate equation becomes TMB = K * Cyp Where Cy

represents the concentration of methylene blue. Then the rate equation can be

. c
written as - In —22

= k,ps * t The reference methylene blue solution having
dye 0

same concentration without the photocatalyst, did not show any degradation

under light illumination
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Figure 2.4 Chemical structure of methylene blue and Pseudo-first order
kinetics of degradation of MB in presence of photocatalyst

The schematic representation of the photocatalytic reactor is provided
in Figure 2.5. In a typical experiment, after adsorption desorption equilibrium,
the initial absorption of the methylene blue in the cuvette is monitored,
followed by irradiation of the solution over different time intervals in a visible

light chamber consisting of a 1000 W mercury lamp (Philips Belgium HPL-N)
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with a polycarbonate sheet and glass as the UV radiation filter. The
polycarbonate and glass filter out all the radiation below 400 nm and the light
after filteration having intensity of ~330 p\W/cm?was used for the photocatalytic
reaction. The transmission spectra of the polycarbonate sheet along with a
glass sheet and Emission Spectra of the mercury lamp after the filtration with
polycarbonate and glass sheet are shown in Figure 2.6 and Figure 2.7. The
change in concentration of the dye, with respect to the initial concentration,
was plotted as a function of time. In certain cases, specific catalytic reactions
were also studied to understand their efficacy for possible industrial

applications.

Mercury Vapour
Lamp

=

Sample immersed
in Methylene blu
solution in
cuvette

—> Glass sheet
Polycarbonate sheet

Figure 2.5 Schematic representation of the photocatalytic reactor

m Titania Nanostructures for Catalytic and Solar Cell Applications



Experimental and Characterization Techniques

80

70-
60-.
50-.
0-
30-.

20

% of Transmittance

10 =

—

T

1
200

L] = L] = L] = L]
400 600 800 1000
Wavelength (nm)

1200

Figure 2.6 The transmittance spectra of the polycarbonate sheet along
with a glass sheet
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Figure 2.7 Emission Spectra of the mercury lamp after the filtration with
polycarbonate and glass sheet
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2.5 Fundamental Characterisation Techniques

Important techniques used for the characterization of prepared
photocatalyst are X-ray diffraction technique (XRD),UV-Visible absorption
spectroscopy, Raman Spectroscopy ,X-ray Photoelectron Spectroscopy, PL

spectroscopy, BET surface area analysis technique, SEM and TEM

2.5.1 X- ray diffraction- determination of crystalline structure

Figure 2.8 X-ray Diffractometer

X-ray diffraction is one of the most important non-destructive
characterisation technique used in solid state chemistry and materials science.
It is used for the investigation of the fine structure of matter and it also
provides information about structures, phases, preferred crystal orientations,

and other structural parameters, such as average grain size, crystallinity, strain,
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and crystal defects etc.'A crystal may be defined as a solid with periodic
pattern of atoms arranged in three dimensions. X-ray diffraction technique had
its beginnings with VVon Laue's discovery in 1912.The regularly spaced atoms
of crystals can act as scattering centers for X-rays,also the wave length of X-
rays is in the order of interatomic distance in crystals. So the diffraction of X-
rays can be done by means of crystals. Using X-ray diffraction we can identify
the crystalline material and also its structure including how the atoms pack
together in the crystalline state and what the interatomic distance and angle
etc.? When a beam of monochromatic X-rays falls on a crystal, it is scattered
by the individual atoms in parallel planes. These parallel planes are called
Bragg planes. The basic principle in powder crystal method is that since
millions of tiny crystals in the powder have random orientations, all possible
diffraction planes will be available for Bragg reflection. By considering

constructive interference, the path difference= nA, then the Bragg law is
ni = 2dsin® 2(1)

Incident '\
plane wave %\

2d sin®

Constructive interference
when

® © o o o o nA =2dsin 6
Bragg’s Law

Figure 2.9 X-ray diffraction from different crystal planes
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Also one can determine the size and the shape of the unit cell for any
compound most easily using the diffraction of X-rays by applying scherrer
equation. This formula relates the size of sub-micrometre particles, or

crystallites, in a solid to the broadening of the peak in diffraction pattern.

_ KZ
- BCosO

The Scherrer equation can be writtenas : D 2(2)

where:

e D is the mean size of the ordered (crystalline) domains, which may be

smaller or equal to the grain size
o Kiis adimensionless shape factor, with a value close to unity.
e /1 isthe wavelength of X-ray;

e fis the line broadening at half the maximum intensity (FWHM), in

radians.
e 6isthe Bragg angle (in degrees)

Commonly in X-ray diffraction experiments the radiation used is that
emitted by copper, whose characteristic wavelength for the K radiation is
=1.5418 A. When the incident beam strikes a powder sample, diffraction
occurs in every possible orientation of 20. XRD patterns of titania
nanostructures synthesized by different routes were scanned in the 26 range 10

to 80° with a step of 0.01° and a scan speed of 4°/min
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2.5.2 Raman Spectroscopy

Figure 2.10 Raman Spectrometer

Reflection, absorption and scattering are the different processes occurs
when a monochromatic radiation is incident up on a sample. According to
raman scattering stoke’s and anti-stoke’s lines (with different wavelength) are
observed along with Rayleigh scattering (with incident wavelength). Raman
scattering gives information regarding chemical and structural property of the
sample.? Infrared spectroscopy deals with a change in the dipole moment of a
molecule where as Raman spectroscopy arises from a change in polarizability
of the molecule due to interaction of the light. The theory of Raman scattering
shows that the phenomenon results from the same type of quantized
vibrational changes that are associated with infrared absorption. Thus, the
difference in wavelength between the incident and scattered visible radiation
corresponds to wavelengths in the mid-infrared region. Raman spectra are
acquired by irradiating a sample with a powerful laser source of visible or
near-infrared monochromatic radiation. During irradiation, the spectrum of the
scattered radiation is measured at some angle (often 90 deg) with a suitable
spectrometer. The intensities of Raman lines are 0.001 % of the intensity of
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the source; as a consequence, their detection and measurement are somewhat

more difficult than the infrared spectra.

2.5.3 UV-Visible Spectroscopy

SN lIIIIIllIIlllIIIIIIIIIIIIIIHIIIIIIIII

Figure 2.11 UV-Visible Spectrophotometer

The electronic transitions in a material can be studied in absorption/
transmittance or reflectance mode by ultraviolet-visible spectroscopy. When a
beam of radiation (light) passes through a substance or a solution, some of the
light may be absorbed and the remainder transmitted through the sample. The
ratio of the intensity of the light entering the sample (lo) to that exiting the
sample (I) at a particular wavelength is defined as the transmittance (T).The
absorbance (A) of a sample is the negative logarithm of the transmittance.

A=-log (T) 2(3)
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Beer- Lambert Law

The absorbance of a sample at a given wavelength is proportional to the
absorptivity of the substance (a constant at each wavelength), the path length
(the distance the light travels through the sample) and the concentration of the

absorbing substance. In these cases the Beer- Lambert law holds:

A=a*b*c 2(4)
where

a = the absorptivity of the substance

b = path length

c = concentration of the substance

When working in concentration units of molarity, the Beer-Lambert law is

Written as :
A= g*b*c 2(5)
Where
&=is the wavelength-dependent molar absorptivity coefficient with units of

mol™cm™. As € and b, both are constant , then it can be written that Aa. ¢
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2.5.4 XPS Spectroscopy
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Figure 2.12 Basic components of a monochromatic XPS system
[Source: https://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy]

The elemental composition of material is analysed by X-ray
photoelectron spectroscopy (XPS). Using this technique the oxidation state,
chemical and electronic state of the material can be evaluated.® In this
technique when the material is irradiated with a monochromatic X-ray, the
kinetic energy of the escaping electrons will be evaluated from which the
binding energy is estimated. This technique requires ultrahigh vaccum of the
order of (P ~10™® to 10’ millibar).The detection limits of XPS can be varied
from parts per thousand to parts per million. Most of XPS analysis is starts
with a wide scan or survey spectrum because it allows one to set up high
resolution XPS spectra acquisition by showing all elements present on the
sample surface. In our work XPS analysis were carried out using a
Thermofisher Scientific (East Grinstead, UK) K-Alpha spectrometer with a
monochromated Al Kalpha X-ray source. The Cls peak at 285 eV is used for

charge reference during acquisition. Quantitative surface chemical analysis
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were calculated from the high resolution, core level spectra following the
removal of a non-linear background. Also high resolution X-ray photo
emission spectroscopy measurements are used to determine the valence band
offset. Valence band spectra (VBS) give information about the density and

occupancy of electronic states in the valence band of the material.
2.5.5 PL Spectroscopy

Photoluminescence spectroscopy is a non-contact and non destructive
method for characterizing the electronic structure of materials. In this technique,
when light is directed onto a sample, it is absorbed and photo-excitation occurs.
The photo-excitation causes the electrons in the material to jump to a higher
electronic state, and will then release energy or photons as it relaxes and returns
back to a lower energy level. So the spontaneous emission of light from a
material under photo excitation is known as photoluminescence. The difference
in energy between the excited state and the equilibrium state level is related to
the energy of the emitted light or amount of photoluminescence. Thus the
intensity of this photoluminescence will give a measure of various material
properties. The process involved in the photoluminance emission is as shown
in fig. 2.13. In semiconductor systems, the most common radiative transition
occurs between conduction and valence bands with photons having energy
equal to its band gap. Radiative transitions in semiconductors may also
involve localized defects or impurity levels therefore the analysis of the PL
spectrum leads to the identification of these specific defects or impurities, and
the magnitude of the PL signal can be a measure of their concentration also.
Nonradiative recombination can be estimated from the variation of the PL
intensity and decay time with temperature. At higher temperatures
nonradiative recombination pathways are activated and the PL intensity

decreases exponentially. In short photoluminescence is a process important for
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determining band gap, purity, crystalline quality, and impurity defect levels of

semiconducting material.
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Figure 2.13 Principle of Photoluminance Spectroscopy (PL)
2.5.6 BET — Surface Area Analysis

The specific surface area measurement of materials studied through the
physical adsorption of gas molecules on a solid surface. The BET theory was
developed by Stephen Brunauer, Paul Hugh Emmett, and Edward Teller in
1938. Also this theory is an extension of the Langmuir theory of monolayer
molecular adsorption, to multilayer adsorption. The exposed surface area,
temperature, gas pressure and strength of interaction between the gas and solid
determines the amount of gas adsorbed on the material. In BET surface area
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analysis, usually utilizes probing gases that do not chemically react with
material surfaces as adsorbates to quantify specific surface area. Availability
in high purity makes nitrogen as a suitable adsorbate in BET analysis. Since
the interaction between gaseous and solid phases is usually weak, the surface
is cooled using liquid N, to obtain detectable amounts of adsorption. Known
amounts of nitrogen gas are then released stepwise into the sample cell.
Relative pressures less than atmospheric pressure is achieved by creating
conditions of partial vacuum. After the saturation pressure, no more adsorption
occurs regardless of any further increase in pressure. Highly precise and
accurate pressure transducers monitor the pressure changes due to the
adsorption process. After the adsorption layers are formed, the sample is
removed from the nitrogen atmosphere and heated to cause the adsorbed
nitrogen to be released from the material and quantified. The measurement of
surface area at different temperatures and measurement scales are possible
with other probing adsorbates, such as argon, carbon dioxide, and water.
Surface area of particles mainly varies with size, shape and porosity of
material. Different methods for the measurement of surface area involves
microscopic analysis, surface area from particle size distribution, small angle

X-ray scattering, mercury porosimetry etc.
The data collected is displayed in the form of a BET isotherm, which

plots the amount of gas adsorbed as a function of the relative pressure.

1 c—-1 P 1
()] R

Where P = adsorbate gas partial vapour pressure in equilibrium at liquid
nitrogen temperature (77.4 K) in pascals,

Po = saturated pressure of adsorbate gas, in pascals,
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Va = volume of gas adsorbed at standard temperature and pressure
(STP), in millilitres,

Vim = volume of gas adsorbed at STP to produce an apparent

monolayer on the sample surface, in millilitres,

C = dimensionless constant that is related to the enthalpy of adsorption

of the adsorbate gas on the powder sample.
2.5.7 Scanning Electron Microscopy

An electron microscope utilise electron beam for illuminating the sample
and to get the image. The magnification and resolving power of electron
microscope is much higher than that of a light microscope, which allows it to
see smaller objects and greater details in these objects.” In this system the
control of illumination and imaging is done by using electrostatic and
electromagnetic lenses. SEM can achieve resolution better than 1 nanometer.
Specimens can be observed in high vacuum in conventional SEM, or in low

vacuum or wet conditions in variable pressure in environmental SEM.

When high energy electrons impinge on the specimen, a number of
signals are generated including backscattered electrons, secondary electrons
and X-rays that contain information about the sample's surface topography
and composition. Secondary electrons originate in the specimen itself, and
have a much lower energy than the backscattered electrons.®® These secondary
electrons are the basis for elemental analysis in Energy Dispersive X-ray
system. Most of the SEM analysis system is having an integrated Energy
dispersive X-ray analysis system and cannot operate on its own without the
latter. When the specimen is collide with an electron beam inside the scanning
electron microscope, knocks out some of the specimens own electron. Then

the vacancy created by the ejected inner shell electron is occupied by a higher-
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energy electron from an outer shell. These electron migration is accompanied
by release of some amount of energy. The amount of energy released will
depends on the shell from which it is transferring, as well as which shell it is
transferring to0.'® X-rays give information about the elemental composition of

the sample.
2.5.8 Transmission Electron Microscopy

In transmission electron microscopy (TEM) the transmitted electrons
are used to create an image of the sample. In this technique a beam of electron
is transmitted through an ultra thin specimen, the transmitted electron beam
after interaction with the specimen reaches the imaging system of the
microscope. A series of electromagnetic lenses is used for magnifying and the
spatial variation in the information until it is recorded by hitting a fluorescent
screen, photographic plate, or light sensitive sensor such as a charge-coupled
device(CCD) camera.’* The advantages of TEM involve the following points
that is real (image) and reciprocal space (diffraction pattern) information can
be obtained from same region of sample and high resolution imaging is
possible with TEM.'? Also it is possible to obtain amplitude and phase contrast
images. However some disadvantage is also associated with this technology.
Among those first one is the high capital and running cost. Low sampling
volume and rather slow process of obtaining information. Samples which are
not stable in vacuum are difficult to study. At present high resolution
transmission electron microscopy (HRTEM) allows the imaging of the
crystallographic structure of a sample at an atomic scale. Because of its high

resolution, it is an invaluable tool to study nanocrystalline materials.

The crystallographic information regarding a material can be obtained

by selected area electron diffraction (SAED) analysis using transmission
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electrone microscope. During TEM analysis, a thin crystalline specimen is
subjected to a parallel beam of high-energy electrons. The interatomic spacing
between atoms in a solid is about hundred times larger than the high energy
electron beam used for SAED analysis in a TEM instrument. Then the atoms
act as a diffraction grating to electrons and they scattered the electrone beam
to differet angles determined by the crystal structure of the sample. This makes
a series of spots or selected area diffraction pattern on the screen of TEM.

From these spots the crystal structure can be identified.
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3.1 Introduction

Nowadays heterogeneous catalysts have become a crucial part of many
industrial activities, such as organic synthesis, oil refining, and pollution
control.? The major challenge for most heterogeneous catalysts is lack of
stability. The agglomeration of particles during operations may block the
active sites of the catalyst, which is believed to lead to its instability. It is
possible to improve the heterogeneous catalyst activity by modifying the
support by approaches in nanotechnology and nanoscience which includes
controlling the pore structure among other parameters.>* For heterogeneous
catalysis, the problem of catalyst separation and recovery from the reaction
matrix are addressed by using various catalyst supports to immobilize them.?
Therefore, heterogeneous catalysts with supports such as Al,O3, TiO,, ZrOg,
ZnO and others are applied based on their processability and cost-effective
modes of synthesis. Mesoporous titania finds applications in catalysis,
photocatalysis, batteries, sensors and solar cells.” Strong oxidation and
reduction capabilities of photo generated reactive oxidation species (ROS) as a
result of the photocatalytic reactions can effectively be used for

12 Titanium dioxide is

decontamination and disinfection applications.
identified as one of the most suitable candidates for catalytic reactions because
of its chemical stability, nontoxicity and higher surface area.'® Palladium (Pd)
supported titania has been employed as catalysts for various reactions such as
oxidative destruction of dichloromethane in presence of water vapour,
methane combustion and ethanol oxidation in alkaline medium etc.***® A cost
effective method for the synthesis of iron doped titania loaded with noble
metals using industrial waste was reported by Mahmoud et al.'’
Dichloromethane oxidation using titania doped with Pd and Ni was also
reported.** Reduction of Pt(IV), Au(lll) or Pd(Il) doped titania under UV

irradiation to metallic Pt, Au or Pd on the titania surface was reported.®
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Liquid phase selective hydrogenation of long chain alkadienes is also
dependent on the catalytic activity of polymorphic phase of titania.®
Palladium catalyst supported by anatase phase has shown higher selectivity
compared with that of rutile phase supported materials.*® The Pd and Pt doped
titania have been effectively used for the inactivation of bacteria.? Pt and Pd
deposited on titanate nanotubes have also been reported to be effectively used
for hydrogen sensor applications. The sensor prepared with Pd and Pt/titanate
nanotubes displayed improved response compared to the conventional Pd and
Pt catalysts.”* Pd deposited on titania nanofibers prepared by electrospinning
techique have been reported to effectively catalyse the decomposition of NO
and CO.?? Pd deposited on grapheneoxide nanosheet shows greater catalytic
properties for the reduction of p-nitrophenol than Au and Ag deposited.? Au,
Pt and Pd supported on SBA-15 (Santa Barbara Amorphous mesoporous
silica) was used for catalytic reduction of p-nitrophenol. Among these Pd
decorated material is more catalytically active than other metal nanoparticles.?*
However, a systematic study of Pd doping and its effect on the morphological
stability and catalytic reduction of p-nitophenol using Pd doped titania
nanotubes has not yet been reported. In the current investigation Pd
nanoparticles decorated titania nanotubes are prepared by hydrothermal
technique. Various metal nanoparticles such as Ag, Au, Cu and Pd are used for
the catalytic reduction of p-nitrophenol.? Pd is reported to be a better catalyst
than the other similar metal.2?*? Catalytic properties of palladium loaded
titania nanotubes were systematically examined by studying the reduction of
p-nitrophenol with sodium borohydride (NaBH;) to p-aminophenol. The
present work also aims at investigating the role of palladium nanoparticle
loading on titania nanotubes on the catalytic reduction of p-nitrophenol. The
current investigation revealed that there is an optimum loading for metal
nanoparticles to be more catalytically active.
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3.2 Experimental

Titania nanotubes (TNTs) were synthesized by using an improved
hydrothermal method. In a typical reaction, 2 g of anatase titania powder
(assay 99%, Merck) were stirred with 50 ml of 10 M NaOH (assay 97%,
Merck) solution in a 125 ml Teflon cup in a hydrothermal vessel (Paar
Instrument Company, USA). This reaction system was retained in an oven for
48 h at 120 °C and the precipitate formed was washed with 1 M HCI (assay 35
%, Merck). The reaction mixture was washed several times using deionized
water to attain a pH between 6 and 7. When nanocrystalline titania particles
were reacted with highly concentrated NaOH solution some of Ti-O-Ti bonds
were interrupted. Some Ti" ions were exchanged with Na* ions to form Ti-O-
Na bonds. During the acid washing step the Na* ions is replaced by H* to form
Ti-OH bonds in the washing process.Then the dehydration of Ti-OH bonds
produced Ti-O-Ti bonds or Ti-O...H-O-Ti hydrogen bonds.The bond distance
between one Ti and another on the photocatalyst surface consequently
decreased, facilitating the sheet folding process. The electrostatic repulsion
from Ti-O-Na bonds enabled a joint at the ends of the sheets to form the tube
structure.?” The titania nanotubes thus synthesized were dried in an oven at
110 °C overnight. The Pd nanoparticles were prepared by chemical reduction
method. In a typical experiment, 25 mM palladium (I1) chloride (assay 99%,
Sigma Aldrich) was added drop-wise into a solution containing
hyrazinemonohydrate (100 mM assay 98%, Sigma Aldrich) and CTAB (0.5 M,
assay 99%, Sigma Aldrich). After the addition of PdCI, the colour of the
resultant solution changed to dark brown indicating the formation of Pd
nanoparticles. This mixture was stirred for 10 minutes, and is further used for

loading the titania nanotubes with Pd nanoparticles. Palladium concentrations
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of 0.1%, 1%, 5% and 10 mol.% were loaded over hydrogen titanate nanotubes
by adding drop-wise the suspension of Pd nanoparticles into an aqueous
suspension of hydrogen titanate nanotube under stirring. The resultant slurry
was dried and further calcined at 400 °C for 1h. The samples were coded as
0.1Pd, 1Pd, 5Pd and 10Pd.This corresponds to 0.1 to 10 mol% of Pd loading in
TNTS. The concentration of Pd in the respective samples was also determined
using SEM EDAX analysis.The crystalline phase identification were carried
out using an X-ray diffractometer (D5005, Bruker, Germany) using Cu Ka
radiation of 0.15406 nm at the scanning rate 0.05 /s in the 26 range from 5~ to 80".
The amount of rutile in the sample was estimated using the method reported
by Spurr from the intensities of the (101) and (110) reflections in the X-ray

diffraction pattern as given below in equation 3.1.

0, i = :
%o Rutile = T o /e (110)] H

Where Ip (1 0 1) and Iz (1 1 0) are the integrated main peak intensities of
anatase and rutile respectively. The Scherrer formula was used to estimate the

average crystalline size of the Pd nanoparticle (Eg3.2).

K2

b= B Cos6

3.2

Where D is the average crystallite size (nm), K, the shape factor, A the X-ray
wavelength (0.15406 nm), B is the full width at half maximum (in radian) of
(111) peak of metallic Pd and 0 is the Bragg angle.

The morphology of the materials was studied using a field emission
scanning electron microscope (Hitachi SU6600, USA) and high resolution
transmission electron microscope (Hitachi HF 2200 TU (Japan). The catalytic

performance of the titania nanotubes loaded with palladium was quantitatively
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evaluated in the liquid-phase reduction of p-nitrophenol (4-NP) with sodium
borohydride (NaBH,). The reaction is known to be catalytically active in
presence of metal nanoparticles at room temperature. In a typical experiment
an aqueous solution of p-nitrophenol (0.01 M; 20 ml) and sodium borohydride
(0.5 M; 20 ml) were prepared and from their mixture 0.12 ml is pippeted out to
quartz cuvette and diluted with 3.8 ml water. 1 mg of each prepared sample of
palladium loaded titania nanotubes (0.1 Pd, 1Pd, 5Pd and 10 Pd) is added into
it and stirred. Then this mixture is transferred into a UV-Visible spectrometer
(Perkin Elmer, Lambda 35, USA). p-nitrophenol exhibits an absorption peak at
317 nm. Addition of NaBH, deprotonates the OH group of p-nitrophenol, and
subsequently the absorption peak shifts to 400 nm. When the catalytic
reduction of p-nitrophenol is initiated the peak gradually reduces its intensity.
In the mean time a small shoulder peak at 300 nm gradually rises, which is
attributed to p-amino phenol.?® The recyclability of the catalysts was also
analyzed after the reaction. XPS analyses were performed on a ThermoFisher
Scientific (East Grinstead, UK) Theta Probe spectrometer. XPS spectra were
acquired using a monochromated Al Ka X-ray source (hv = 1486.6 eV). An
X-ray spot of ~400 um radius was employed. All spectra were charge
referenced against the Cls peak at 285 eV to correct for charging effects
during acquisition. Quantitative surface chemical analyses were calculated
from the high resolution, core level spectra following the removal of a non-
linear (Shirley) background. The manufacturers Avantage software was used
which incorporates the appropriate sensitivity factors and corrects for the

electron energy analyser transmission function.
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3.3 Results and Discussion

The X-ray diffraction patterns of the samples (Figure 3.1) calcined at
400 °C shows crystalline peaks corresponding to the anatase crystalline phase
of titania. At higher loading of Pd such as 5 and 10 mol.%, crystallization of
32 and 85% of rutile phases respectively, were observed. In 5Pd and 10 Pd
samples the peaks at 26=40, 46.4, 68.2 correspond to the (111), (200), (220)
planes of fcc structured Pd particles.?® It was reported that Pd in the titania
matrix favours the anatase to rutile phase transformation.?® The ionic radius of
Pd** is 0.064 nm, which is almost similar to that of Ti ** ion (0.068 nm).
Therefore, the possibility to replace Ti** with Pd** in the lattice of anatase
structure with the formation of oxygen vacancy can be according to the

following equation.

TiO; "
PdO— Pd;; + 0,° + Vy- 3.3

However, the increase in oxygen vacancy in the titania lattice was
reported to enhances the anatase to rutile phase transformation.?=° Anatase to
rutile transformation involves the rearrangement of the atoms in the anatase
and rutile lattices. It is widely accepted that the most important factor affecting
the phase transformation is the presence or amount of defect on the oxygen
sublattice of TiO,. So the increased presence of oxygen vacancy in the oxygen
sublattice causes ease of rearrangement and transformation by reducing the
structural rigidity. The average crystallite size of Pd is found to be 19.6, 20.3
nm in 5% and 10% Pd-loaded samples. The concentration of Pd in the titania
matrix as determined using EDAX measurement are found to be 1.56, 2.70,
3.22 and 6.07 wt% respectively for 0.1Pd, 1Pd, 5Pd ,10Pd samples.
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Figure 3.1: XRD pattern of pure and Pd loaded titania nanotube calcined
at 400 °C (a) unloaded TNT (b) 0.1Pd (c) 1Pd (d) 5Pd and (e)
10Pd

Raman spectra of the Pd loaded and unloaded titania nanotubes are
shown in Figure 3.2. In pure, 0.1Pd and 1Pd samples, phonon modes
corresponding to anatase type are present at 144, 197, 399, 513 and 639 cm
Phonon modes corresponding to the rutile phase of titania are observed for
5Pd and 10Pd samples at 608, 392 and 247 cm™. Results obtained from the

Raman spectra (Figure 3.2) are in conformity with those obtained from XRD.
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Figure 3.2 Raman spectra of Pd loaded and unloaded titania nanotube
(a) unloaded TNT (b) 0.1Pd (c) 1Pd, (d) 5Pd and (e) 10Pd.

Titania Nanostructures for Catalytic and Solar Cell Applications



Chapter 3

Figure 3.3: SEM images of pure and Pd loaded titania nanotubes calcined
at 400 °C (a) NT (b) 0.1Pd (c) 1Pd, (d) 5Pd and (e) 10Pd.

The scanning electron microscope images of the samples indicate a

tubular morphology of the titania nanotube samples up to a Pd concentration
of 1.0 mol.% (Figures 3.3 a,b,c). As the Pd concentration increases (Figure
3.3 d,e) collapse of the tubular structure in titania nanotubes is observed which

is attributed to anatase to rutile phase transformation.*®
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Figure 3.4: TEM images of Pd loaded titania nanotubes calcined at 400 °C
(a) 0.1Pd (b,c) 1Pd (d) 5Pd.

In titania nanotube with 0.1 and 1.0 mol. % Pd, transmission electron

microscope images reveal tubular morphology with an average diameter
between 10-12 nm (Figures. 3.4 a &b). HRTEM reveals multi wall tube
structure that shows signs of scrolling during formation of titania nanotubes
synthesised through hydrothermal method (Figure 3.4c).>* Pd particles can be
distinguished from the dominant anatase phase because of their dark contrast.
The particle size of the Pd particle estimated from TEM micrographs indicate
that 0.1Pd and 1 Pd sample have an average particle size of 11 to 13 nm

respectively. At higher loading such as 5 mol% of Pd, the nanotubes crumbled
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to powder (Figures.3.4 d). The selected area electron diffraction pattern of the
samples (insets of Figures 3.4 a,b,d) clearly indicate that the 0.1 and 1Pd
samples are less crystalline in nature than the 5 Pd sample, mainly caused by
the nanotubes with high aspect ratio. The BET surface area obtained are 240,
261, 228, 167 and 159 m?g™ for pure and Pd loaded titania nanotube samples
such as 0.1Pd, 1Pd, 5Pd 10 Pd respectively. The drastic reduction in the
surface area of the 5 and 10Pd samples indicate the collapse of tubular

structure of highly Pd loaded samples.

The XPS spectra of the Ti 2p peak are provided in the Figure 3.5A.In
unloaded TNT’s the 2ps» and 2p1; binding energies are obtained at 458.59 eV
and 464.31 eV respectively. The Ti 2ps;, peak in TiO, is reported to be
observed at 458.5 eV. * The binding energy of 2ps, peak of titania is
increased from 458.68 to 459.23 when the concentration of Pd increases in the
titania matrix. Peak shift is detected which indicates decrease of the
coordination number of Ti and the shortening of the Ti-O bond.* This
enhances the anantase to rutile phase transformation in Pd loaded titania
nanotube. The O1s binding energy of TiO, has been reported to be observed at
529.9 eV (Figure 3.5B).*’Moreover, the asymmetry in the oxygen peak
indicates different chemical states of oxygen. The binding energy of oxygen in
PdO is reported to be between 529.8—530.1eV.*® The XPS spectra of the Pd 3d
peak for all of the Pd loaded samples are provided in the Figure 3.5C. The
XPS spectra of Pd 3d peak of 10Pd sample are presented in Figure 3.5D, in
which the palladium exists in metallic as well as PdO state. The presence of
metallic as well as oxidized form (PdO) are characterized by the binding
energies at 340.7 eV (3dap), 335.5 eV (3ds;,) for Pd * where as for PdO, they
are at 342.8 eV (3ds,) and 337.7 eV (3dsp,). > According to the XRD data, the
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Pd exists in metallic state even though the XPS data show peaks
corresponding to oxidized palladium species PdO. This discrepancy can be
explained by the low stability of the reduced palladium states. It is reported
that PdO particles have been shown to be stabilized by the matrix of other
oxides, such as Al,O3 and SnO,, *°*' However the X-ray diffraction indicates
only the presence of metallic palladium. This discrepancy is likely to arise
from the very different depths of analysis between the two techniques. In X-
ray diffraction analysis penetration/analysis depth is reported to be of few
microns ** while XPS has an analysis depth below 10 nm.*® Thus a thin layer
of Pd oxide on the surface of Pd will show as a major contribution to the XPS

Pd peak and remain undetected, via X-ray diffraction analysis.
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Figure 3.5 XPS spectra of Pd loaded titania nanotube samples (A) Ti 2p
(B) O 1s, Pd 3d of (C) Pd loaded titania nanotube and (D)
10Pd sample fitted for Pd and PdO

The catalytic action of Pd loaded titania nanotube were studied using
liquid phase reduction of p-nitrophenol by sodium borohydride. The reduction
of p-nitrophenol to p-aminophenol using sodium borohydride is usually
accelerated in the presence of a metal catalyst.***> The reduction pathway is
depicted in equation 3.3. The catalytic reduction in presence of excess sodium
borohydride has been reported to follow first order kinetics. Figure 3.7A
represents a typical plot of the time dependent absorption spectra of p-
nitrophenol in presence of Pd loaded titania nanotube. The reduction was
monitored from the decrease in the absorption maximum of p-nitrophenol at
400 nm **" and the increase in intensity of the peak at 300 nm corresponding
to the formation of p- aminophenol. A small reduction in concentration of p-

nitrophenol with pure titania nanotube powder was also observed (Figure 3.8).
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Which may be due to the adsorption of reactant on titania nanotube surface or
the slow reduction of p-nitrophenol by sodium borohydride in the absence of
metal catalyst.* This shows that pure titania cannot alone accelerate the
catalysis reaction. In order to quantify the catalytic action of different
samples, reaction kinetics for the reduction of p-nitrophenol in presence of Pd
loaded titania nanotube catalyst are studied. Figure 3.7B shows the typical plot
of —InC; /Co ) against time, where C(t)and C(0) are the concentrations of p-
nitrophenol at time t and initial concentration, respectively. From the slope of
the linear fit the rate constant k, of the reaction was calculated and tabulated in
Table 3.1.

Table 3.1 Comparitive evaluation of catalytic activity of Pd loaded
titania nanotube samples

Sample A/R ratio  Rate constant, k (min™) Morphology

0.1Pd 100 0.0894 Tubular
1Pd 100 0.7072 Tubular
5Pd 68/32 0.0324 Crumbled tubes
10Pd 15/85 0.0168 Crumbled tubes

The rate constants of the 0.1Pd, 1Pd, 5Pd and 10Pd samples are
0.0894, 0.7072, 0.0324, 0.0168 min™ respectively. The rate constant of the
reaction follows the order: 1Pd > 0.1Pd >5Pd >10Pd. The presence of Pd
particles on titania matrix catalyse the reduction reactions. Even though 5Pd
and 10Pd contain higher amounts of palladium, they show lower catalytic
reaction. There are two possible mechanisms for the reduction of p-
nitrophenol (i) surface mediated electron transfer and (ii) surface mediated
hydrogen transfer. In both these mechanisms the reactants are adsorbed on the
surface of the metal nanoparticle before the reduction reaction. Hence the
surface area of the metal plays a major role in the reduction reaction. The

reduction of p-nitrophenol has been reported to be kinetic and diffusion
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controlled. In diffusion controlled reactions, since the reactions on the surface
of metal particles are significantly faster than diffusion of the reactants,
apparent rate constant is determined by the diffusion of the reactants through
the solution. The molecular size of the 4-NP, calculated using molecular
modeling, is reported to be 0.66 nm by 0.43 nm in the plane of the benzene

ring.* The diffusion of p-nitrophenol through TNT is given in Figure 3.6

> Ho—@—woz>

Figure 3.6 The diffusion of p-nitrophenol through titania nanotubes

This indicates that the tubular structure and surface area have very
important role in the catalytic reaction. The titania nanotubes synthesized in
the present method have inner diameters of 6.0-7.0 nm (Figure.3.4c), which
allow the easy diffusion of reactants through the heterogeneous catalysis
system. This facilitates the higher rate constant for the system with stable
tubular structure containing lower concentration of palladium nanoparticles.
The XPS result indicates the formation of Pd and PdO in the samples. Earlier
work indicated that both the metallic as well as the oxide form of palladium
contribute to the reduction reaction of 4-NP.*® Moreover, the reaction rates of
different prepared samples reveal that, for a higher catalytic action there is an
optimum Pd loading level. In the case of higher loading of Pd in the titania
matrix as in the case of 5 and 10Pd samples, even though the variation of
particle size is very less, the 5 Pd exhibits a two times higher rate constant
than 10Pd sample. This clearly indicate that not only morphology but phase
composition of titania matrix also has a significant effect on the reduction of
p-nitrophenol. The 10Pd sample contains 85% of rutile whereas 5Pd has 32%
rutile phase. It is seen that, in the present case, the 1 mol.% Pd-loaded sample

Titania Nanostructures for Catalytic and Solar Cell Applications



Chapter 3

exhibit the optimum catalytic activity. Above and below this concentration
the rate of reaction decreases in Pd loaded titania nanotubes. This can be
explained as given below. The smaller particles contain more exposed surface
atoms (catalytically active sites) due to high surface to volume ratio. However,
it has been reported that intermediate size of catalyst is more catalytically
active for the para nitro phenol reduction reaction.”* Therefore, morphology
and the nature of the substrate as well as particle size of Pd have played a

major role in the reduction reaction as reported earlier.?

Though size of the metal nanoparticles are known to significantly
influence the catalytic activity.”>>® In the present case, the morphology as well
as the crystalline phase of the host titania nanotube are found to play important
roles in their catalytic activity. The comparison of the result with the published
literature on catalytic reduction of p-nitrophenol using Pd nanoparticle
supported on different substrates is provided in Table 3.2. It is clearly seen that
the present method provides an easy and scalable method for the synthesis of
Pd supported titania nanotube catalyst for the reduction of p-nitrophenol to p-
aminophenol. The product has applications in production of analgesic,
antipyretic drugs, photographic developers, corrosion inhibitors and
anticorrosion lubricants. The rate of the reaction is comparable with the rate
constant reported by other groups using Pd catalyst (Table 3.2). A rate
constant of 0.7072 min™ was obtained at a concentration 0.01 M of 4-NP using
1mg of catalyst containing 1 mol% Pd nanoparticle, which is higher than many
of the reported values presented in the Table 3.2. Therefore the current method
holds promise for the industrial production of an efficient catalyst for the

reduction of p- nitrophenol in bulk quantities.
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Figure 3.7: (A) Time dependent absorption spectra of the reaction solution in
the presence of the Pd loaded titania nanotube (0.1Pd) (B) A
typical plot of —In (C/C,) against time for the determination of
rate constant for reduction of p-nitrophenol by NaBH, in
presence of Pd loaded titania nanotube catalyst (a) 0.1Pd (b) 1Pd
(c) 5Pd and (d) 10Pd.
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The recyclability of the catalyst was monitored by repeating the p-
nitrophenol reduction reaction for 2" and 3™ cycle with 1Pd sample. The time
dependant absorption spectra of the p-nitrophenol reaction solution in presence
of 1Pd catalyst in 2nd and 3rd cycle and their rate constant are provided in the
Figures 3.9 and 3.10. After consecutive cycles catalytic activity of p-
nitrophenol reduction reaction with 1Pd sample decreased drastically. It was
previously noted that the catalytic activity could significantly be reduced in
noble metals due to aggregation and leaching of the noble metal in the reaction
mixture.* To improve the recyclability a core shell approach has previously
been successfully tried with ceria and carbon.>>® Zhang et al reported a high
catalytic deactivation for reduced graphene oxide @ Pd catalyst after 10
cycles. They observed that the time required for 100% conversion of p-
nitrophenol increases from 25 s in 1% cycle to 420 s after 10" cycle.®® In the
current investigation a decrease in the rate constant to 0.2641 and 0.1013 min™
in 2" and 3" cycle has been observed. It is due to adsorbed product (p-
aminophenol) on the surface hindering the activity in the subsequent cycles.

Further investigation is required to improve the recyclability of the catalyst.

Titania Nanostructures for Catalytic and Solar Cell Applications



Chapter 3

XIIjeur

W OL01 LUTW ZL0L°0 Apmys juarmy)
2qMOUBU BIUBIT) UT PJ JO 9plou T Jo Sur]
. utur g’
6 [B 32 TWINSH OTUn 3y W0l g ezts Josapopedoun S galod soysodwosousu wnipe[jed-IewLIpuap 1dd
pd Sutureiuoo PWLIPUSP [JdJO[OWW T 1§ .0T«bLOY
: (1-uru $z°0) 191BM UT SIDWLIPUSPOOA]S
55 TE 12 PIEJED UTEAILS W,-01% ST PN, Ol 1 . . > HpUSpOoA]
SUTBJUOD PJ— JOWILIPUIPOILT 04[0UL 7°() I-S £0Tsb q pazIIqess seoredousU WNIPE[[ed
. . Wi B JoRRbT IowrtIpuap o Iyduwe Yirm papuog 2qniousu
,¢ T8 10 uednmp ‘g W 019 Pd %6 £/ ] SUTUTEIUOO 2qnIOUBU UOQIED AU 100 TR LB P O o
Po[[BMT[N POSITIUonoUn] Jo 3w ¢'g ’ - ’
urur
¢ T8 30 SuBx UBN)-UIN W 0T 01 Pd JO HOHELUIJUO INHIOL ® kL) aprxo auaydeid peonpai A[ented uo pg
wITejuod aprxo aweydeId peonpar Jo Sur ¢ S0l 0P
w . .
o7 [B 30 UI[ OBYZ 0101 moiand ) LU 10 sazaydsootu gruejn uo papoddns pg
9414 JO 210UdSOIOTUI BIUBIT) UO PJ % [OWI |
U (aND) 3sATejed Jo Junoury’ JURISU0D )Y 1s1eyed 9y Jo aunjeN

[ousydo.piu-§ Jo UOHRIIUIU0)

0J1IU-%7 JO UONINPal 3yl J0J |eudlew Juaiaylp uo pauoddns spoiuedoueu pd Jo uosuedwod AlANOe anAeeD) '€ 9|qel

(dN-¥) Jouayd

Titania Nanostructures for Catalytic and Solar Cell Applications



Pd loaded TiO, nanotubes for the effective catalytic reduction of p-nitrophenol

2.0
an cycle
15 =
— t=60sec
> — {=120sec
H -
g 1.0 — t=180sec
Q — t=240sec
=
05 =
0.0 =
n n n n n
250 300 350 400 450 500 550
Wave length (nm)
2.0 =
3rd cycle
— t=60sec
15 - — t=120sec
— 1=180sec
m— {=240sec
_‘? e 1=300s€C
2 = t=360sec
c -
9 1.0 — {=420sec
£ — t=480sec
0.5 =
0.0

]
300

]
350

] ]
400 450 500 550

Wave length (nm)

Figure 3.9. Time dependent absorption spectra of the reaction solution in
the presence of the 1Pd sample (A) 2™ cycle (B) 3™ cycle
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Figure 3.10. A typical plot of -In (C/Cy,) against time for the
determination of rate constant for reduction of p-nitrophenol
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3.4 Conclusions

The catalytic performance of palladium loaded titania nanotubes was
quantitatively evaluated in the liquid-phase reduction of p-nitrophenol by sodium
borohydride. The 1mol% Pd loaded titania nanotubes exhibit maximum catalytic
efficiency for the catalytic reduction of p-nitro phenol to p-amino phenol. An
apparent rate constant of 0.7072 min™ was observed in the 1Pd sample for the
catalytic reduction. This study has revealed that in the case of Pd-loaded TNT’s,
apart from the particle size of Pd,the morphology as well as the crystalline phase
of the titania nanotube are also found to play important roles in their catalytic
activity. Though optimum anatase/rutile ratio is good for enhanced catalytic
activity, the crumbled morphology destroy the catalytic activity of 5 and 10 Pd

samples. Therefore in this case, the tubular morphology plays predominant role in
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enhanced catalytic activity. The Pd loaded titania nanotubes will be useful for
highly efficient catalysts for industrially important chemical reactions. The
recyclability of the catalyst were also monitored and found that the rate constant
reduces to 0.2641 and 0.1013 min? in 2™ and 3" cycles respectively. Further

studies aimed at improving the catalyst recyclability are in progress.
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4.1 Introduction

The major factors which resist many practical applications of widely
used semiconductor titania are the rapid charge recombination of the electron-
hole pairs, thereby suppressing the quantum efficiency, and the wide band gap
of the material, which restricts light absorption only to UV region of solar
spectrum. In this scenario sensitisation of wide band gap semiconductors with
those having a smaller band gap is receiving considerable attention for solar cell
and photocatalytic applications.? The effective use of the terrestrial solar
spectrum is very important for the energy and environmental applications.® The
quantum dots of chalcogenides are effectively used for photovoltaic and
photocatalytic applications under solar light due to their absorption
characteristics in visible and near infrared region.*® Nanostructures of titania
receive considerable interest as a wide gap semiconductor for the support of
such quantum dots for efficient charge transfer,®® due to its chemical inertness
and appropriate band position. There are different methods used for the
sensitisation of titania with quantum dots such as chemical bath deposition
(CBD), successive ionic layer adsorption and reaction (SILAR), and attachment
of quantum dots by a suitable linker."* The SILAR method is reported to be
advantageous over other methods because of the ability to deposit on inner walls
of the nanostructure, higher loading and lower aggregation.> Deposition of
CdS/PbS on mesoporous titania have been reported to be effectively used for
photocatalytic and photovoltaic applications.®> The PbS quantum dot coated
with CdS solar cell has been reported to exhibit an efficiency of 2.21%.'
Ordered nanopillars of titania decorated with PbS has been reported to exhibit a
power conversion efficiency of 5.6%." Sol-gel titania film decorated with PbS
was also tested for enhanced 1-V properties.** The electron injection from PbS

guantum dots to the titania nanoparticles were monitored using fluorescence
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quenching and rapid fluorescence decay measurements.’® photoactive
nanohybrid structure based on the combination of PbS quantum dots (QDs) as
light harvester and one-dimensional TiO, nanobelts (NBs) to channel the flow
of photogenerated charge carriers is reported by Wang et al. Efficient electron
transfer from photoexcited PbS QDs to TiO, NBs has been demonstrated and
the charge-transfer property was tuned through the size quantization effect of
PbS QDs. Further the use of TiO, NBs instead of TiO, nanoparticles permits a
larger critical size of PbS QDs capable of injecting electrons into TiO, NBs,
which, in turn, extends the absorption of the PbS-QD/TiO,-NB nanohybrids to a
longer wavelength region up to IR region.'” The size dependant photocatalytic
reduction of carbondioxide using PbS sensitised titania were studied by Wang et
al.’® They reported five times improvement in the photoreduction of carbon
dioxide in PbS sensitised titania. In another investigation, PbS quantum dots
attached to the titania nanotube surface using a linker were used for
photocatalytic degradation of dyes.™ Sol-gel synthesised PbS-graphene/ titania
composites have been effectively used for the photocatalytic degradation of
methylene blue. PbS and graphene not only provide the visible light activity but
also excellent photoinduced charge separation and transport properties to the
system.®® PbS supported on carbon nanotube was employed for the
decomposition of methyl orange.” The photocorrosion of PbS quantum dots in
solar cells by polysulfide electrolyte is reported by Lee et al.?? The 50%
decrease in photocurrent was observed in PbS sensitized solar cell after
illuminating the cell for 1h with 1 sun at AM 1.5. The photocorrosion of the PbS
sensitized cell was decreased by providing a CdS layer on the surface of PbS.%
The photostability of the CdS sensitized titania was studied using micro raman
analysis.?*The photostability of the PbS nanoparticle play an important role in

determining the efficiency of photocatalytic activity and photovoltaic property.
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The quantum dots of PbS are effectively used for photovoltaic and
photocatalytic applications under solar light due to their absorption
characteristics in visible and near infrared region and the property of multiple
exciton generation (MEG), a process by which one absorbed photon generates
multiple electron-hole pairs. So in the present work titania nanotube prepared
through anodisation method was sensitised with PbS nanoparticles using a
SILAR method. The SILAR cycle play an important role to tune the
photocatalytic and photovoltaic properties of PbS sensitised titania nanotube.
The stability and recyclability of the PbS sensitised titania nanotube were also

studied through the X-ray photoelectron spectroscopy.
4.2 Experimental

Titania nanotubes were synthesised by potentiostatic anodisation
process in ethylene glycol-fluoride electrolyte. In a typical experiment, titania
metal sheet (assay 99.7%, Sigma Aldrich) of dimension (3x1x0.25 cm®) is
potentiostatically anodised under 40 V using platinum counter electrode in an
electrolyte consists of 96.5 ml ethylene glycol (assay 99%, Merck), 3.5 ml
water and 0.6 g ammonium fluoride (assay 98%, Sigma Aldrich). The
resultant amorphous titania nanotube arrays formed on the surface of titanium
metal surface is further heated at 400 °C for one hour to form crystalline
anatase phase of titania nanotube. These nanotubes are further used for the

deposition of PbS quantum dots using SILAR method.
4.2.1 Deposition of PbS on Titania Nanotube

The deposition of PbS was carried out by dipping the titania nanotube
substrate in an 0.02 M methanolic solution of PbNO3; for one minute followed
by rinsing in pure methanol to remove excess precursor and dried at 100 °C.
The same process was followed for depositing S*, by treating with 0.02 M
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methanolic solution of Na,S.xH,O (assay 50%, Merck) and rinsed with pure
methanol (assay 99.5%, Spectrochem India) and dried at 100 °C for one
minute. Pb”** ions are adsorbed onto the surface of oxide (TiO,) nanoparticles
during the first dipping step in the precursor solution containing the metal salt.
After the washing, Pb** reacts with S*~ to form PbS QDs on the TiO, surface
at the second dipping step in the sulfur precursor solution. This cycle was
repeated for several times such as 1, 3, 5 and 10 to increase the amount of PbS
deposition on the surface of titania nanotube arrays and the samples were
labelled as 1PT, 3PT, 5PT and 10PT.

The stability and oxidation state of the PbS sensitised titania nanotubes
before and after photocatalytic reaction were monitored by X-ray
photoelectron spectroscopy (XPS). XPS analyses were performed on a
ThermoFisher Scientific (East Grinstead, UK) Theta Probe spectrometer. XPS
spectra were acquired using a monochromated Al Ko X-ray source (hv =
1486.6 eV). An X-ray spot of ~400 um radius was employed. All spectra were
charge referenced against the Cls peak at 285 eV to correct for charging
effects during acquisition. Quantitative surface chemical analyses were
calculated from the high resolution, core level spectra following the removal
of a non-linear (Shirley) background. The manufacturers Avantage software
was used which incorporates the appropriate sensitivity factors and corrects
for the electron energy analyser transmission function. Crystalline phase of
titania nanotube sensitised with PbS was determined using a X-ray
diffractometer (D5005, Bruker, Germany). The Kubelka —Monk absorbance of
the samples were obtained from the absorbance spectra recorded in diffuse
reflectance mode using a UV-Visible Spectrometer (Lambda 35,Perkin Elmer,
USA). Surface morphology and elemental analysis of the samples were

determined by a Scanning Electron Microscope (SU6600 SEM, Hitachi, Japan).
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The photocatalytic activities of the prepared samples were measured by
determining the degradation of methylene blue (MB) dye in an aqueous solution.
In a typical experiment, titania film of area 0.8 cm? was placed in a cuvette
containing MB dye solution of concentration 2.7x10° M. The above cuvette was
kept in the dark for 2 hrs in order to acquire adsorption-desorption equilibrium of
dye over the film. After this the initial absorption of the dye was recorded
followed by irradiation of the solution at different time intervals in a visible light
chamber consisting of 1000W mercury lamp (Philips Belgium HPL-N) with
polycarbonate sheet as the filter for UV radiation. The polycarbonate with glass
sheet filter out all the radiation below 400 nm. The light after filtering the wave
length below 400 nm with intensity of ~330 pW/cm? was used for the
photocatalytic reaction. The change in concentration of the dye, with respect to
the initial concentration, was plotted as a function of time. The reference MB dye
solution having the same concentration without the titania thin film did not show
any degradation under identical illumination conditions. After the first
phocatalytic reaction the same sample is again used for the next photocatalytic

reaction (2" Cycle) using the same procedure as above.

In order to study the photocurrent generation effect in PbS sensitised
titania nanotube with an area 0.25 cm? were used for the solar cell fabrication. A
polysulfide electrolyte consisting of 1M Na,S.9H,O and 1M sulphur powder
dissolved in 1:1 solution of methanol and water was used as the electrolyte. A
platinum coated FTO glass plate was used as the counter electrode. The
experiments were carried out under AM1.5 sun conditions using a solar simulator
(Class AAA Solar Simulators, Model: 91195A) operating at an intensity of 100
mW cm™. The light intensity was adjusted using a monocrystalline Si reference

cell.
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4.3 Result and Discussions

The XRD patterns of TiO, nanotube arrays sensitised with PbS are
given in Figure 4.1. The diffraction peaks obtained at 26=25.32, 38.44, 48.07,
53.90, 62.19, 70.86, 76.28 correspond to the reflections from (101), (004),
(200), (105), (204), (220), (215) planes of tetragonal phase of anatase form of
crystalline titania (JCPDS No. 02-1272). The peaks corresponding to the PbS
are observed at 206= 30.07, 25.96 and 43.06 can be assigned as the diffraction
from (200), (111) and (220) planes of face centered cubic structure of PbS
(JCPDS No. 05-0592). The PbS peak are less crystalline than the titania

nanotube, as they are not annealed after sensitization of TNT.
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Figure 4.1 XRD patterns of (a) TiO, nanotube calcined at 400 °C, PbS
sensitised TiO, nanotube (b) 1PT (c) 3PT (d) 5PT and (e) 10PT
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The SEM images of the unsensitized and PbS-sensitised titania
nanotubes are provided in Figure 4.2. The tubular nature of these samples can
clearly be observed (Figure 4.2). The average diameter and wall thickness of the
titania nanotube were found to be 107 and 22 nm respectively (Figure 4.2A &
Al). The small particles of PbS can be observed in the tubular walls of the PbS
sensitised titania nanotube arrays (Figure 4.2 B & B1). The percentage of PbS
after each cycle is determined using XPS analysis. The percentage of Pb is
found to be 0.56, 2.39, 3.98 and 6.89 % for 1, 3, 5 and 10 PT respectively.

Figure 4.2 SEM images of (A,Al) titania nanotube calcined at 400 °C
(B,B1) PbS sensitised titania nanotube

The diffuse reflectance spectra of both the unsensitized and PbS-
sensitised nanotube are plotted in Figure 4.3. It is interesting to observe that in
the case of titania nanotube sensitised with PbS, absorption shift to the visible
region. It has also been observed that when the SILAR cycle was increased the

visible light absorption was also increased and further extended to the NIR
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spectral region. This can be explained as a result of the PbS incorporation.®®

This red shifted absorption is the indirect indication of increase in size of the
PbS particle formed on the surface of titania nanotube array. Increase in PbS

particle size is attributed to particle coarsening due to agglomeration.
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Figure 4.3 Diffuse reflectance spectra of (a) TiO, nanotube calcined at 400
°C, PbS sensitised TiO, nanotube (b) 1PT (c) 3PT (d) 5PT and
(e) 10PT.

The photocatalytic activity of the sample is monitored using methylene
blue degradation under visible light irradiation. Photocatalytic degradation of
methylene blue under visible light with a freshly prepared PbS sensitized titania
nanotube (1% cycle) is shown in Figure 4.4. The PbS sensitised samples show
higher photocatalytic activity compared to the unsensitized titania nanotubes.
The reaction was found to be following a pseudo first order reaction kinetics as
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determined from the plot of In C vs time t. The sample with PbS sensitised after
3 cycle exhibits the maximum photocatalytic activity. The photocatalytic
activity is found to follow the order of 3PT> 5PT >10PT >1PT >TNT. Brahimi
et al. reported the PbS/titania heterojunctions are very important in solar cell and
photocatalytic degradation due to their increased charge separation and the
possibility of multiple exciton generation. They demonstrated the inter particle
electron injection from photoactivated PbS to inactivated TiO, by the increase
of eosin degradation under visible light also they investigated the different
parameters affecting the photoactivity such as amount of PbS, concentration of

dye and initial pH etc.?
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Figure 4.4 Photocatalytic degradation of methylene blue under visible light
with freshly prepared PbS sensitized titania nanotube (I* cycle)
(a) TiO, nanotube calcined at 400 °C, PbS sensitised TiO,
nanotube (b) 1PT (c) 3PT (d) 5PT and (e) 10PT
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The increase in photocatalytic activity with increase in the number of
cycles can be better understood by the UV-Visible absorption characteristics.
When the coating SILAR cycle increases above the optimum, slight decrease in
the photocatalytic activity was observed. For example, 3PT showed a rate
constant value of 0.0796 h™, while 5 PT samples show a value of 0.0626 h™ under
similar experimental conditions. This may be due to the aggregation of PbS
during the higher cycles of coating. Due to this aggregation, boundaries between
PbS-PbS will be created, which increases the loss of electron-hole pairs in the
titania PbS system. The photocatalytic recyclability of the samples was tested
using fresh methylene blue solution. Photocatalytic degradation of methylene blue
under visible light by PbS sensitized nanotube has already been used for the
photocatalytic reaction (2™ Cycle) are plotted and shown in Figure 4.5. After the
first cycle the photocatalytic activity shows a drastic decrease in the 2™ cycle. The
rates of the reaction of 1% and 2" cycle are plotted in the Figure 4.6 which
indicates the instability of PbS sensitised tiania in the heterogeneous based
photocatalytic system. In 2™ cycle the 5PT and 10PT shows maximum
photocatalytic activity than other samples. The stability of PbS in photocatalytic

reaction through X-ray photoelectron spectroscopy were also investigated.
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Figure 4.5 Photocatalytic degradation of methylene blue under visible
light by PbS sensitized titania nanotube which once used for a
photocatalytic reaction (2" Cycle) (a) TiO, nanotube calcined
at 400 °C, PbS sensitised TiO, nanotube (b) 1PT (c) 3PT (d)
5PT and (e) 10PT
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Figure 4.6 Rate constant of methylene blue degradation of PbS sensitised
titania nanotube under irradiation with visible light (a) 1
cycle (b) 2™ Cycle.
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XPS was used to determine the oxidation and chemical state of the PbS
sensitised titania nanotube. The XPS scan of the bare titania nanotube arrays
calcined at 400 °C contains the elements in the following atomic percentage Ti
(26.35%), O (65.53%) C (6.72%), N (0.50%), F (0.90%), the impurities of
nitrogen and fluorine are from the ethylene glycol-water-ammonium fluoride
electrolyte used for potentiostatic anodisation process. Nitrogen and fluorine
impurities are the reason for the visible light activity of the bare titania
nanotube as reported earlier.””*® Ti 2ps, and 2py, peak were observed at
458.98, 464.8 eV respectively (Figure 4.7A). The difference of 5.8 eV in the
BE value of the 2 J states indicates that the titania is in the Ti*" state in the
titania nanotube. The O 1s peak is shown in Figure 4.7B. The peaks located at
529.9 eV and 531.9 eV are assigned to Ti—O in TiO, and hydroxyl groups (Ti—
OH), respectively.?
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Figure 4.7A. XPS spectra of Ti 2p peak of (a) TiO, nanotube calcined at
400 °C, PbS sensitised TiO, nanotube (b) 1PT (c) 3PT (d)
5PT and (e) 10PT
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The XPS spectra of Pb 4f;,and 4f 5/, peaks are plotted in Figure 4.7C.
The peak shows shift from the reference binding energy values of 137.6 and
142.4 eV.*® At higher SILAR cycle such as 5PT, 10 PT the 4fs; and 4f;; peak
are split into two. In the work of Kovalev et al they synthesized crystals of
PbS with different sizes by chemical deposition from aqueous solution and has
demonstrated that the particle size of PbS can be correlated with observable
changes in the binding energies of the Pb XPS peak. They observed growth of
binding energies for both donor Pb 4f and acceptor S2p photoelectron lines
with decreasing nanocrystal’s size. Also they reported the relative integral
intensity of the peak depends upon the fraction of particle in the specific
region, ** which indicate that higher SILAR cycle leads to the formation of
fraction of bigger and smaller particles on the surface of titania nanotube. The
4f;, peak observed at 137.8 and 138.9 eV are due to the presence of PbS
having two different particle sizes that are formed in 10PT samples. In case of
415, peak in 10PT two peaks at142.6 and 143.8 eV are observed. So at higher
SILAR cycle the 4f;;, and 4fs;, shows XPS peaks corresponding to the bulk as
well as nanoparticle of PbS. The Pb 4f peak fitted for PbS particle of different
size of 10PT sample is provided in the Figure 4.7D. In 5PT sample shows a
shoulder at 137.8 and 142.6 indicating that a small fraction of bigger particle
are also present in 5SPTNT samples. This result is clearly in agreement with the
red shift of the UV-visible reflectance spectra of the samples with higher
SILAR cycles.
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Figure 4.7B. XPS spectra of O 1s peak of (a) TiO, nanotube calcined at
400 °C, PbS sensitised TiO; nanotube (b) 1PT (c) 3PT (d)
5PT and (e) 10PT
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Figure 4.7C. XPS spectra of Pb 4f peak of PbS sensitised TiO, nanotube
(@) 1PT (b) 3PT (c) 5PT and (d) 10PT
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Figure 4.7D. XPS spectra of Pb 4f peak of 10PT fitted for PbS particle
with different size
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In order to understand the stability of PbS sensitised titania nanotube
after photocatalytic reaction, we also carried out XPS analysis on the samples
after the photocatalytic degradation studies. It is observed that the relative
intensities and the area of Pb 4fs;, and 4f7, peaks are decreased drastically
after photocatalytic reaction (Figure4.7E).

80004 ___ oy  A712 E
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Counts/s

3000 -
2000 -
1000 4

0=

136 138 140 142 144 146
Binding Energy (eV)
Figure 4.7E. XPS spectra of Pb 4f peak of PbS sensitised TiO, nanotube

sample after photocatalytic reaction (a) 1PT (b) 3PT (c) 5PT
and (d) 10PT

This drastic decrease was more pronounced in 5PT and 10PT samples.
Another observation is that the Pb 4f 5, and 4f;, peak of 5PT and 10 PT are
converted to single peak after the photocatalytic reaction. This indicates that
after the photocatalytic reaction bigger PbS particle in 5PT and 10PT are
dissoluted and converted to smaller particle. There are several factors which
affect the dissolution mechanism of PbS such as pH, presence of oxygen, light
intensity, temperature etc. In presence of dissolved oxygen and H" the possible
dissolution mechanism involves protanation of PbS followed by reaction with
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adsorbed oxygen to form sulphate ions.** This clearly has an influence on the
photocatalytic activity of the samples in 2" cycle. In 2" cycle 5PT and 10PT
samples show more activity than the other samples in photocatalytic reaction.
After the dissolution PbS particles in the 5PT and 10PT samples are converted
to smaller particles which have higher activity as in the case of 3PT sample in
the first cycle. In 2" cycle the photocatalytic activity shows the following
order 5PT >10PT >3PT>1PT >TNT. It is already reported that photothermal
soaking of PbS quantum dots in air leads to blue shift in the absorption spectra
indicating decrease in size of the core of PbS quantumdots.** The
photocorrosion of PbS highly affect the photoactivity of the system. Zhang et
al reported a 43% drop in photocatalytic activity for the PbS sensitized titania
for the degradation of pentachlorophenol after photocorrosion.®* The
photocorrosion of the PbS nanoparticle leads to its size reduction. The size of
the PbS particle play an important role in the photocatalytic reaction.’® In the
current investigation we also observe the size reduction through X-ray
photoelectron spectroscopy after the first cycle of photocatalytic reaction. The
photocorrosion of the PbS nanoparticles leads to the formation of Pb-O
adducts or PbSOj; as reported earlier. They reported that the accumulated hole
after the photoreduction of CO, will oxidize the PbS to PbSO3z; PbO and
Pb(OH),.*® But in the current study we used methylene blue an organic dye for
the photocatalytic degradation study. In this the photoexcited hole and electron
simultaneously take part in the photocatalytic reaction.®*=° We did not observe
any such species in the XPS spectra of Pb. So with the present experiment data
it is difficult to propose an exact mechanism for the photocorrosion
mechanism of PbS nanoparticle in PbS sensitized titania nanotube samples.
The comparison of the photocatalytic property of the PbS sensitized
semiconductors are listed in the Table 4.1. We obtain a rate constant of 0.0793
h™ and 37 % of degradation of methylene blue in 6h using a visible light of
intensity ~330 pW/cm?which is comparatively higher for a thin film on the
surface of a titanium metal foil.
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The photocurrent density, Voc, fill factor (essentially a measure of
quality of the solar cell) and efficiency of the solar cell fabricated using PbS-
sensitized TNA are tabulated in Table 4.2. Figure 4.8 shows the photocurrent—
voltage (J-V) performance of the PbS sensitised solar cell. It is found that open
circuit voltage (Voc) gradually increases to 3 SILAR cycle and then decreases
on higher SILAR cycles (5 and 10 cycles). When the coating cycle increases,
there will be more PbS with larger crystalline sizes as reported by Baker et al.
It is also reported that larger nanoparticles can act as an electron-hole
recombination center compared to the smaller particles.*® We observed a
maximum efficiency of 0.0174% for PbS sensitised (3cycle) titania nanotube
photoanode, as observed in the case of photocatalytic activity. The 3SILAR
cycle PbS coated titania nanotube (3PT) showed Voc of 0.19V and an
efficiency of 0.0174. These values are found to be 4 (for Voc) and 10 times
(for efficiency) higher than the other PbS sensitised titania nanotube samples.
The lower photo-efficiency may be due to the aggregation or formation of
bigger PbS particle at higher SILAR cycle. The photocurrent density under
illumination increases with increasing the coating cycle of PbS on the surface
of titania nanotube and the optimum SILAR cycle is found to be three.
Moreover, the electron transfer from the PbS to titania is highly dependant on
the size of PbS.'® Sambur et al used a photoelectrochemical system composed
of PbS nanocrystals of variable size chemically bound to TiO; single crystal to
assess the efficiency of multiple exciton generation. They observed strong
electronic coupling and favourable energy level alignment between PbS
nanocrystals and bulk TiO, facilitating extraction of multiple exciton more
quickly than they recombine, as well as collection of hot electrons from higher
quantum dot excited states.** The photo-electrochemical property of the

PbS/titania nanotube was monitored by Kang et al.*® It was also observed that
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the photoelectrochemical property depends upon the SILAR cycles and
electrodeposition time. Baker and Kamat studied the effect of SILAR cycle on
the growth of CdS particle on the surface of titania.** They also reported that
small crystals of CdS are much effective in the charge transfer than large

crystals for transferring the electron to titania nanostructures.
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Figure 4.8 J-V curve of PbS sensitised solar cell under 1sun (AM1.5) illumination

Table 4.2 Parameters obtained from J-V curve of the PbS sensitized titania nanotube

Sample Voc (V) Jsc (MA/cm?) Fill Factor  Efficiency
1PT 0.139 0.117 26.69 0.0043
3PT 0.194 0.363 24.70 0.0174
5PT 0.128 0.0308 26.17 0.001
10PT 0.080 0.0766 30.39 0.0019

An overall power conversion efficiency of 3.9% was reported using a
CdS (four cycle) /CdSe (seven cycle)/ZnS(one cycle) sensitised TiO;
electrode, using polysulfide electrolyte and SILAR deposition technique.*?

Moreover, recent reports shows that Cu,S counter electrode are more suitable
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for the quantum dot sensitised solar cells than the Pt counter electrode.**Our
future work are in the direction to improve the efficiency by changing the
counter electrode and by using an additional layer of other Cd and Zn based

sulphides.
4.4 Conclusions

The effect of SILAR cycle on the deposition of PbS on the surface of
titania nanotube array has been investigated. The PbS sensitised on titania
nanotube with three SILAR cycles exhibits maximum photocatalytic activity
under visible light with a rate constant of 0.0775 h™* and optimum photocurrent
density. The Voc, photocurrent, fill factor and efficiency of the solar cell (3
SILAR cycle) is found to be 0.194 V, 0.395 mA/cm?, 24.7, 0.0174% respectively.
The stability of the PbS has been correlated with the photocatalytic activity

through X-ray photoelectron spectroscopic studies.
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5.1 Introduction

Well aligned titania nanotubes are gaining considerable interest in a
variety of applications such as photocatalysis, batteries and sensors. 1* For the
effective utilization of solar light the electronic structure of TiO, nanotube
arrays are modified in several ways including noble metal loading, metal
doping, non metal doping, semiconductor composite/heterostructures and
sensitization with suitable semiconductors. An important strategy is the
fabrication of heterostructures with a visible light active semiconductor having

a more negative cathodic potential than TiO,.

Visible light

hv < 3.0e\\
~
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\\
NN
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Figure 5.1 The band alignment of CdS sensitized titania nanotube and
charge carrier separation

Quantum dot chalcogenides are used widely for the sensitisation of
nanostructures for solar cell and photocatalytic applications.>® Semiconductor
guantum dots are strongly dependent upon the size of the bandgap and hence
their ability to create multiple excitons by the absorption of photons with
energies greater than the bandgap.” CdS is reported to be one of the most
studied chalcogenides due to its small band gap (2.4 eV), its easy tunability
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and its relatively high absorption coefficient in the visible region of the
spectrum.Also the CdS/TiO, nanocomposite configuration has attracted a
great deal of interest because of the positions of their band-gap edges relative
to each other (Figure 5.1). In the physical and chemical method employed in
quantum dot deposition the SILAR method has advantages over other
techniques due to its simplicity and the low cost of equipment required for the
deposition. Therefore the SILAR method is widely used in photocatalytic and
solar cell applications. **° A combination of CdS-ZnS coated on the surface of
a titania nanoparticle based solar cell is reported to have exhibited an
efficiency of 0.66%, however the more costly spiro-OMeTAD (2,2',7,7-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9"-spirobifluorene ) material was
employed as the hole transport medium.™* Nanorods of CdS-CdSe and CdSSe
have been deposited on titania nanorods by chemical vapour deposition.*?
Titania nanotubes arrays sensitized with Mn and Co doped CdS were used for
photoelectrochemical applications.”* Hydrothermal synthesis of titania
nanowires sensitized with CdS using chemical bath deposition has been used
effectively for the photocatalytic degradation of methyl orange.** A sequential
chemical bath deposition technique was employed for the deposition of CdS
nanoparticles on the surface of titania nanotubes by Qorbani et al.”
Nanocrystalline titania sensitized with optimized compositions of ZnS, CdS
and CdSe with CoS and CusS counter electrodes were used to make solar cells
with an efficiency of 2.7%.'® CdS sensitized on vertically aligned single
crystalline titania nanorods has been used to fabricate solar cell with an
efficiency of 1.8% incorporating a ZnS passivation layer.!” The layer by layer
assembly of titania nanosheet and CdS nanoparticles has been shown to
enhance photocurrent generation.'® Commercially available Hombifine N and

Degussa P25 nanoparticles were deposited with CdS nanoparticle and used for
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ethanol under visible light irradiation.'® Sonoelectrochemical anodisation and
sonoelectrochemical deposition were used for the preparation of short titania
nanotubes deposited with a CdS electrode for photocatalytic generation of
hydrogen. The CdS/titania electrode generates hydrogen at a rate of 30.3 pmol
h™cm™ which is nearly 13 times greater than that of a pure titania nanotube
electrode.?’ A Degussa P25 titania electrode decorated with CdS is reported to
have been used for the photocatalytic generation of hydrogen from an ethanol-
water mixture.?! Titania nanosheets intercalated with CdS were studied using
visible light in the degradation of rhodamine B dye by Tian et al. ? Chemical
bath deposited CdS particles on the titania nanotubes, have been studied for
solar cell efficiency by Sun et al.

The present study describes the deposition of CdS nanoparticle with
more negative cathodic potential, on the surface of titania nanotubes,
employing the SILAR method, for the effective utilization of solar radiation
thereby improving the quantum efficiency. By controlling the number of
SILAR cycles, it is possible to tune the optical properties of the material. The
stability of the CdS nanoparticles formed on the surface of titania nanotubes is
monitored using XPS analysis. It is found that the photocatalytic activity and
the solar cell efficiency of the material are highly dependent on the number of
SILAR cycles used for the deposition of CdS nanoparticles.

5.2 Experimental

Titania nanotubes were synthesised by potentiostatic anodisation
process in ethylene glycol-fluoride electrolyte. In a typical experiment, titania
metal sheet (assay 99.7%, Sigma Aldrich) of dimension (3x1x0.25 cm?) is
potentiostatically anodised under 40 V using platinum counter electrode in an
electrolyte consists of 96.5 ml ethylene glycol (assay 99%, Merck), 3.5 ml
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water and 0.6 g ammonium fluoride (assay 98%, Sigma Aldrich). The resultant
amorphous titania nanotube arrays formed on the surface of titanium metal
surface is further heated at 400 °C for one hour to form crystalline anatase
phase of titania nanotube. 2* These nanotubes were then used as a substrate for
the deposition of CdS quantum dots using the SILAR method. The deposition
of CdS was carried out by dipping the titania nanotube substrate in a 0.02 M
methanolic solution of Cd(NOs), for one minute followed by rinsing with pure
methanol for one minute to remove excess precursor, finally the samples were
dried at 60° C for five minute. The same process was followed for depositing
S% by treatment with a 0.02 M methanolic solution of Na,S and washing in
pure methanol. This cycle was repeated 1, 3, 5, 10, 15, 20 and 30 times so as
to increase the amount of CdS deposited on the surface of the titania nanotubes

arrays.

These samples are labelled T1, T3, T5, T10, T15, T20 and T30. X-ray
photoelectron spectroscopy (XPS) was used to determine the stability and
oxidation state of the CdS sensitized titania nanotubes before and after the
photocatalytic reaction. XPS analyses were carried out using a ThermoFisher
Scientific (East Grinstead, UK) K-Alpha* spectrometer with a monochromated
Al Ko X-ray source (hv = 1486.6 eV). All spectra were charge referenced
against the C1s peak at 285 eV to correct charging effects during acquisition.
Quantitative surface chemical analyses were carried out from the high
resolution, core level spectra following the removal of a non-linear (Shirley)
background. The appropriate sensitivity factors and corrects for the electron
energy analyser transmission function are incorporated using manufacturer’s

Avantage software.

X-ray diffractometer (D5005, Bruker, Germany) was used to determine

the crystalline phase of titania nanotubes and CdS sensitized titania nanotubes.
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X-ray diffractometer (D5005, Bruker, Germany) was used to determine
the crystalline phase of titania nanotubes and CdS sensitized titania nanotubes.
The Kubelka—Munk reflectance of the samples were obtained from the Diffuse
Reflectance Spectra recorded using a UV-Visible Spectrometer (Lambda
35,Perkin Elmer, USA). The band gap of the samples was calculated by Tauc
plot method. The absorption coefficient (o) and incident phonon energy (hv)
of the samples are related through the equation 5.1.%%

(ohv )% A (hv- Eg) (5.1).

where Egq is the optical band gap of the samples and A is a constant. The
optical band gap can be calculated by extrapolating the straight linear portion
of the plots between (ochv)2 and hv to the energy axis. Scanning Electron
Microscopy (SU6600 SEM, Hitachi, Japan) and Transmission Electron
Microscopy (FEI -TECHNAI FEG30, 300 kV) was used to understand the
morphology of CdS sensitized titania nanotubes. Raman spectra of the samples
were acquired using a Micro Raman spectroscope (ThermoFisher Scientific

DXR 2, USA) using a laser of wavelength 532 nm with 2 mW power.

A methylene blue (MB) dye degradation study was performed so as to
evaluate the photocatalytic activity of each of the prepared samples. In a
typical experiment, titania samples of 0.8 cm? were dipped in a cuvette
containing MB dye solution at a concentration of 2.7x10° M. In order to
achieve an adsorption-desorption equilibrium of the dye over the sample the
cuvette was kept in the dark for 2 hrs. After 2 hrs the adsorption of the
methylene blue on the surface of the samples are monitored. After adsorption
desorption equilibrium, the initial absorption of the methylene blue in the
cuvette is monitored, followed by irradiation of the solution over different

time intervals in a visible light chamber consisting of a 1000 W mercury lamp
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(Philips Belgium HPL-N) with a polycarbonate sheet and glass as the UV
radiation filter. The polycarbonate and glass filter out all the radiation below
400 nm and the light after filteration having intensity of ~330 pW/cm? was
used for the photocatalytic reaction. The change in concentration of the dye,
with respect to the initial concentration, was plotted as a function of time. The
reference  MB dye solution having the same concentration but without any
titania thin film did not show any degradation under identical illumination
conditions. After the first photocatalytic reaction was complete the same
sample was used for the next cycle of the photocatalytic reaction (2™ Cycle)
using the same procedure as described above. The formation of OH radical in
presence of CdS sensitized titania nanotubes under visible light irradiation was
monitored by coumarin fluorescence probe method using a PL spectrometer
(Agilent Carry Eclipse Fluorescence spectrophotometer).?’?® In a typical
experiment 10 ml of 0.5 mM solution of coumarin in presense of CdS
sensitised titania nanotube (0.25 cm?) samples is irradiated in visible light
photocatalytic chamber for 2 hrs. The OH radical formed upon irradiation
interact with coumarin to form umbelliferone (Figure 5.2). Upon the excitation
at 332 nm, coumarin and umbelliferone show the fluorescence peaks centered
at 398 and 455 nm, respectively. The increase in the intensity of the
fluorescence peak centered at 455 nm after irradiation indicate the formation

of OH radical in the photocatalytic reaction.

GWO HO O O
+ =0OH + Others
e o

Coumarin Umbelliferone

Figure 5.2 Reaction of Coumarine with OH radical to form umbelliferon
[Source: Nakabayashi et.al. The Journal of Physical Chemistry C 2013 ,117, 23832]
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and 1M of sulphur (in powder form) were dissolved in a 1:1 solution of
methanol and water which was used as the electrolyte. A platinum coated FTO
glass plate was used as the counter electrode. The experiments were carried
out under AM1.5 sun conditions using a solar simulator (Class AAA Solar
Simulators, Model: 91195A) operating at an intensity of 100 mW cm™. The

light intensity was calibrated using a monocrystalline Si reference cell.
5.3 Results and Discussion

The SILAR method was adopted for the deposition of CdS particles on
the surface of titania nanotube array(TNA) synthesized via a potentiostatic
anodisation process. The SILAR technique is a versatile method for the
deposition of nanoparticles on to the surface of titania. 2° The X-ray diffraction
(XRD) pattern of CdS sensitized titania nanotube array are shown in Figure
5.3. After each SILAR cycle the number of CdS particles deposited on the
surface of the titania nanotubes increases which can be inferred from the
increase in the intensity of the CdS peaks in the XRD pattern. The diffraction
peaks observed at 25.32, 38.44, 48.07, 53.90, 62.19, 70.86 and 76.28 26
correspond to reflections from the (101), (004), (200), (105), (204), (220),
(215) planes of the tetragonal phase of the anatase form of crystalline titania
(JCPDS No. 02-1272). In CdS sensitized titania nanotubes the peaks observed
at two theta values 24.8, 26.3, 28.1, 44.0, 48.2, 51.4 and 52.1 correspond to the
(100), (002), (101), (110), (103), (112) and (201) planes of hexagonal phase
CdS (JCPDS 65-3414).
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The scanning electron microscope images of the titania nanotubes and
the nanotubes sensitized with CdS (T15) using 15 SILAR cycles are shown in
Figure 5.4. The tubular nature of the aligned titania nanotubes are clearly
observed in the scanning electron microscope image in Figure 5.4A. The
average diameter and wall thickness of the titania nanotubes were found to be
107 and 22 nm respectively. In the CdS sensitized sample the pore wall and
mouth are covered with deposited CdS nanoparticles. This is clearly visible in
the SEM image in Figure 5.4B. Transmission electron microscope image of
the T15 and T30 is shown in the Figure 5.5. It is clearly observed that CdS
nanoparticles are deposited on inner and outer surface of titania nanotubes
(Figure 5.5A&B). Also figure 5.5B clearly indicates large aggregates of CdS
nanoparticle formed at higher SILAR cycle (T30). HRTEM image of the T15
and T30 are shown in Figure 55 C & D clearly indicate that large CdS
particles are formed at higher SILAR cycle on T30.
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Intensity

20

Figure 5.3 X-ray diffraction pattern of (a) TNT (b) T1 (c) T3 (d) T5 (e)
T10 (f) T15(g) T20 and (h) T30.
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' Titania
nanotube

L 20 nm

Figure 5.5 TEM and HRTEM images of (A, C) T15 (B, D) T30
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The Raman spectra of the unsensitized titania nanotubes and CdS
sensitized titania nanotubes were acquired using an excitation wavelength of
532 nm with a laser power of 2 mW. The Raman spectra of the samples are
shown in Figure 5.6. The characteristic peaks for anatase phase titania are
observed at 144, 197, 399, 513, 519 and 639 cm™ corresponding to the
Alg+2B1g+3Eg modes of vibration.*® The first (LLO) and second (2LO) order
longitudinal optical (LO) phonon modes of single crystal of bulk CdS are
observed at 305 and 600 cm™ respectively. * In this work the CdS nanoparticle
sensitized on the surface of titania nanotubes exhibits the 1LO phonon peak at
300 cm™. This red shift in the 1LO peak of CdS nanoparticles is due to the
phonon confinement. The relative intensity of the 1LO and 2LO peaks
changes with the increase in the particle size of CdS.*? As the size of the CdS
particles increases the 2LO peak increases in intensity with respect to the 1LO
peak, this is observed in the Raman spectra. The samples with the greatest
number of SILAR cycles exhibit an intense 2LO peak at 597.5 cm™ and also
possess the largest particle sizes.

The Kubelka-Munk reflectance spectra of the CdS sensitized titania
nanotubes are provided in Figure 5.7. It is interesting to note that the
reflectance spectra of the samples is red shifted as the number of SILAR
cycles employed increases, a corresponding visible colour change in the
samples is clearly observed as can be seen in the inset of Figure 5.7. The
reflectance in the visible region leads to a band gap shift from the UV to the
visible region of the spectrum in the CdS sensitised titania nanotubes. There
are two phenomena evident from the reflectance spectra for the samples which
received a higher number of SILAR cycles; (i) there is an increase in the CdS
concentration on the surface of the titania nanotubes, (ii) and the redshift

observed in the bandgap of the CdS nanoparticles with larger size.
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Figure 5.6 Raman spectra of (a) unsensitized TNT (b) T1 (c) T3 (d) T5 (e)
T10 (f) T15 (g) T20 and (h) T30.
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Figure 5.7 Diffuse reflectance spectra of (a) TNT (b) T1 (c) T3 (d) T5 (e)
T10 (f) T15 (g) T20 and (h) T30.
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Figure 5.8 Tauc plot of titania nanotubes and CdS sensitized titania
nanotubes (a) TNT (b) T10 (c) T15 (d) T20 and (e) T30
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Two band edges are observed for CdS sensitized titania nanotubes
which correspond to the band gap of titania as well as the band gap of the CdS
nanoparticles. The band gap of the titania nanotubes and CdS sensitized titania
nanotubes has been calculated by Tauc plot method (Figure 5.8). They are
found to be 3.49, 2.47, 2.45, 2.43 and 2.40 eV for TNT, T10, T15, T20 and
T30 samples respectively. As the size of the CdS particle decreases the
bandgap increases, this is due to the quantum size effect and similar band gap

narrowing has been reported for different semiconductor materials. 3*3°

The presence of intense peaks due to Cd3d, S2p, Ti2p and O1ls are
clearly observed in the XPS survey scan of the T15CdS sample shown in
Figure 5.9. The concentration (in atomic percent) of Cd was estimated using
XPS narrow scans acquired on CdS sensitized titania nanotubes samples and
was found to be 0.35, 2.31, 2.66, 4.72, 12.18, 17.26 and 25.63 atomic % for
the T1, T3, T5, T10, T15, T20 and T30 samples respectively. The Cd to
sulphur ratio is found to vary between 1.2 and 1.6 up to 10 SILAR cycles. This
indicates that up to T10 the CdS particles on the titania nanotubes are Cd rich
species. In solution based processes it has been reported that it is a normal
phenomenon to form such Cd rich species.’>*® It is interesting to note that at
higher SILAR cycles the Cd/S ratio decreases to 1.0. As previously reported
the Cd/S ratio is highly dependent on the cadmium precursor used for the CdS
SILAR deposition.>” The isoelectric point of a titania surface is reported to be
6 but it is depends significantly on the preparation conditions employed.*® In
the present work, at lower SILAR cycles the pristine titania possesses a greater
concentration of surface hydroxyl groups which enhances the adsorption of
Cd?* ions more than S* ions. However as the number of SILAR cycles
increases the already formed CdS quantum dot on the surface of the titania

nanotubes do not favour the adsorption of more Cd?* since the isoelectric point
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of CdS is reported to be between pH 1 and pH1.5. * Recently, it has been
reported that the deposition rate and distribution of CdS on titania can be
improved by the addition of sodium acetate in the SILAR cycle. *°

Figure 5.10 contains XPS narrow scan spectra for Cd, S and O. The
XPS narrow scan spectra of Cd3ds;, and 3ds, are plotted and presented in
Figure 5.10A. The doublet observed for the Cd peak is due to spin—orbit
splitting resulting in 3ds, and 3ds, peaks being observed with a peak
separation of 6.7 eV. “**2 The Cd 3ds, and 3da peak are observed at high Cd
binding energies in the case of lower SILAR cycles, which indicates that Cd
possesses a higher oxidation state when a lower number of SILAR cycles are
employed.*® The S2p peak is observed in two different regions of the S2p
spectrum (see Figure 5.10B), the peak observed at 161.6 eV corresponds to S*
species while the peak observed at 169.0 eV is attributed to SO,> species.**
This indicates the presence of sulphate type species, i.e. the formation of
CdSO,. At lower SILAR cycles i.e. up to T5, the S2p peak corresponding to
S0, species is more pronounced than that for sulphide (S%) species *°, this
clearly indicates that the smaller CdS particles, formed using a lower number
of SILAR cycles, are more prone to form oxidised species than the larger
particles formed at higher SILAR cycle numbers. The O1s peaks for the titania
nanotubes and CdS sensitized titania nanotubes are provided in Figure 5.10C.
It is noted that the oxygen peak is composed of 2 sub-components peaks in the
case of CdS sensitized titania nanotubes. The peak corresponding to the O1s
peak of Ti-O is observed at 530 eV.*® In addition to this peak, in CdS
sensitized samples an O1s peak corresponding to the oxygen in the CdSO,
moiety is observed at 531.8 eV for all CdS sensitized samples, even though
T15, T20 and T30 do not show a peak corresponding to a sulphate (SO4%)
species in their S2p spectra (see Figure 5.10B).
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Figure 5.9 XPS survey scan of T15

The O1s peaks for all CdS sensitized titania nanotubes contain two sub-
component peaks attributed to TiO, and CdSQO, this clearly indicates the
formation of an oxidation layer at the surface of the CdS nanoparticles which
confirms the formation of CdSQy, in all of the CdS sensitized samples. XPS data
for the S2p peaks shows that at higher SILAR cycle there is more sulphide
present than sulphate. This clearly indicates that the CdS particle sensitized on
titania nanotubes surfaces is oxidized to a different extent in these samples. The
larger CdS particle formed at higher SILAR cycle are more resistant to
oxidation than the smaller CdS particles formed at lower SILAR cycles. Lin et
al observed that the number of surface atoms in a CdS particle will dominate the
number of internal atom when the nanoparticles are near to or less than 5 nm in

diameter.*” They also reported that the electroluminescence spectrum was
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highly dependent on the oxidation state of the 5 nm sized CdS particle. Similar
sulfide to sulphate oxidation was reported for CdS deposited on titania
nanotubes when using a hydrothermal method .“*Therefore, depending on the
number of cycles used for SILAR deposition of CdS on TNA, the nature of the

chemical species present, especially on the surface, also vary.
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Figure 5.10A XPS spectra of Cd 3d peak of CdS sensitized titania
nanotubes (a) T1 (b) T3 (c) T5 (d) T10 (e) T15 (f) T20 and
(g) T30
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Figure 5.10B. XPS spectra of S 2p peak of CdS sensitized titania
nanotubes (a) T3 (b) T5 (c) T10 (d) T15(e) T20 and (f) T30
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Figure 5.10C. XPS spectra of O 1s peak of CdS sensitized titania
nanotubes (a) TNT (b) T1 (c) T3 (d) T5 (e) T10 (f) T15 (g)
T20 and (h) T30.

The photo activity of the samples was monitored via the degradation of
methylene blue under visible light irradiation as shown in Figure 5.11A. This
degradation follows first order kinetics and the rate of the reaction is plotted as a
bar chart in Figure 5.12. At higher SILAR cycles the photoactivity is found to
increase, this is attributed to the increase in the concentration of CdS on the
surface of the titania nanotubes. It is also interesting to note that after 15 SILAR
cycle (T15) the photoactivity is seen to decrease (see Figure 5.11A). Lui et al
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observed that the Cd/Ti ratio in the CdS-TiO, composite play an important role
in the photocatalytic degradation of gaseous benzene. They also observed that
when the ratio of Cd/Ti increased from 0.057 to 0.225 the rate of photocatalytic
degradation of benzene decreased from 9 to 1.7 umol min™*. Li et al reported
that the photocatalytic efficiency of methyl orange degradation is highly
dependent on the sequential chemical bath deposition (SCBD) cycle used to
create CdS sensitized titania nanowires.** The 4-SCBD cycle has been reported
to show the highest photocatalytic activity compared to other samples. Higher
numbers of SCBD cycles were reported to lower the rate of photocatalytic
degradation of methyl orange. Antoniadou et al. observed that the photocatalytic
and photoelectrocatalytic production of hydrogen by a CdS-ZnS system was
highly dependent on the CdS-ZnS composition. A composition of 75 wt.% CdS
and 25 wt.% ZnS coupled to titania is reported to have exhibited the maximum
rate of hydrogen production.®® ZnS/CdSe/CdS quantum dots coupled to titania
were shown to be even more effective for hydrogen production than single
component CdS sensitized titania is for the photoelectrocatalytic production of
hydrogen.® CdS deposited on titania nanotubes using a chemical bath
deposition method enhanced the photocatalytic production of hydrogen, 3.35
+0.03 ml cm? was produced after 3h irradiation. °* Earlier reports by many
research groups stressed the necessity of micro-heterostructures at the interface
for the photooxidation reaction in CdS/TiO- coupled semiconductor system. >>>*
In the present work T15 is shown to exhibit maximum photocatalytic activity
for the degradation of methylene blue. At higher SILAR cycles (15cycl <) due
to the aggregation of CdS particle the interface area between CdS and titania
nanotubes may be lowered this in turn results in the decreased photocatalytic
activity observed (see Figure 5.11A and B). It has also been reported that the
efficient harnessing of the photo-generated charge carriers is highly dependent
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on the morphological features (size, shape, grain boundary, and interconnection
48,55

of particles) of the CdS particles deposited on titania.
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Figure5.11  Photocatalytic degradation of methylene blue under visible
light (a) TiO, nanotubes calcined at 400 °C, CdS sensitized
TiO, nanotubes (b) T1 (¢) T3 (d) T5 (e) T10 (f) T15 (g) T20
and (h) T30 (A) 1% cycle (B) 2™ Cycle
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After a second cycle of the photocatalytic reaction was performed, it was
found that the activity was drastically reduced and that the photocatalytic activity
pattern followed the same behavior as that observed in the first cycle. CdS
nanoparticle are reported to be photocorroded when irradiated with visible light.
The excited electron in the CdS nanoparticle after visible light irradiation is
transferred to titania and the hole remains in the CdS. The photogenerated holes in
the valence band (VB) of CdS react with H,O or OH" to produce *OH radicals
which can directly degrade the methylene blue molecule. The results of coumarin
fluorescence probe study confirms the formation of *OH radicals in photocatlytic
reaction as revealed by the umbelliferone formation in CdS sensitized tiania
nanotube samples after irradiation (Figure 5.13). The hole can also interact with
the CdS particle and oxidize S* to S®*. The sulphide anion in the CdS will readily

be susceptible to oxidation by the photogenerated holes.®*®” The spectrum for

Titania Nanostructures for Catalytic and Solar Cell Applications 157



Chapter 5

S2ps» and S2pi, peaks contains more sulphate species than S species
(Figure5.14). This indicates that the CdS nanoparticles following the 1% cycle are
more oxidized than the fresh sample. The photocorrosion of CdS is reported to
effect the photocatalytic efficiency of CdS sensitized titania. **° This higher
concentration of sulphate species in the samples after the 1% cycle is due to the
oxidation of the CdS surface during the photocatalytic reaction. The X-ray

diffraction pattern of the sample after 1¥

cycle of photocatalytic reaction is also
recorded and provided in Figure 5.15. The relative intensity of CdS peak intensity
is reduced with respect to the titania peak compared to the freshly prepared
sample (Figure 5.3e and figure 5.15e). There is no evidence of CdSO, moiety in
XRD pattern, therefore it is possible that the CdSO, layer formed on the surface

of CdS nanoparticles may be undetected by X-ray diffraction analysis.
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Figure 5.13 Fluorescence spectra for (a) 0.5 mM coumarin solution, after
visible light irradiation in presence of (b) T5 (c) T15 (d) T30
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Figure 5.14 XPS spectra of S 2p peak of CdS sensitized titania nanotubes
(&) T3 (b) T5 (c) T10 (d) T15 (e) T20 and (f) T30 after first
cycle.

The prepared CdS sensitized titania nanotube photocatalyst were used
for the fabrication of solar cell. J-V curves for the CdS sensitized titania
nanotubes are provided in Figure 5.16 while solar cell efficiency data for the

CdS sensitized titania nanotubes are provided in Table 5.1. It is interesting to
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note that the solar cell efficiency increased up to 15 SILAR cycles (T15) and
then decreases again. The greater loading of CdS on the surface of the titania
nanotubes (with SILAR cycles) increases the density of carriers on the sample
surface and hence increases the current density.® Increasing the number of
SILAR cycles also increases the particle size of CdS on the surface of the
titania nanotubes which results in the red shift in the absorption edge of the
photoelectrode.®® It also results in the aggregation of CdS particles which
reduces the light absorbance capacity.®? Fu et al correlate the CdS layer
thickness, deposited by an electrochemical method on the titania nanotubes,
affecting the Voc and Jsc of the solar cell. It is observed that a higher solar cell
efficiency is obtained at an optimum thickness of 25 nm.®® The Voc in the
quantum dot sensitized solar cell is the potential difference between the CB of
titania and the redox potential of the polysulphide electrolyte. The redox
potential of the polysulphide electrolyte is highly dependent on concentration,
pH and temperature.®* The Ecb of the CdS increases when the number of
SILAR cycles is increased, this will affect the injection of electrons from CdS
into titania. In the present work the highest solar cell efficiency of 0.1123%
was exhibited by the T15 sample. It has been reported that the Voc and
photoefficiency are highly dependent on the number of SILAR cycles
employed in the formation of the CdS/CdSe system, in these experiments a
passive layer of ZnS was deposited prior to the CdS layer deposition.®® In the
current work CdS nanoparticles on the surface of titania nanotubes have been
developed. When the number of SILAR cycle employed increases, the energy
difference between the conduction band of TiO, and CdS increases, which
enhances the driving force for electron injection. Hence, in the present
scenario the optimum number of SILAR cycles is found to be fifteen (T15

sample) for both photovoltaic and photocatalytic reactions.
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Table 5.1 Parameters obtained from J-V curve of the CdS sensitized
titania nanotubes

Sample Voc (V) Jsc (MA/lcm? Fill Factor Efficiency
Tl 0.0575 0.3018 21.22 0.0037
T3 0.4529 0.6658 17.55 0.0529
T5 0.3698 1.2810 16.44 0.0779

T10 0.4106 0.5064 24.51 0.0510
T15 0.4272 1.4910 17.64 0.1123
T20 0.3958 0.6155 22.08 0.0538
T30 0.5106 0.3791 17.11 0.0331
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Figure 5.15  X-ray diffraction pattern of after first cycle (reused for
photocatalysis) (a) TNT (b) T1 (c) T3 (d) T5 (e) T10 (f) T15
(9) T20 and (h) T30.
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Figure 5.16 J-V curve of CdS sensitized solar cell under 1sun (AML.5)
illumination (a)T1 (b)T3 (c)T5 (d)T10 (e) T15 (f) T20 (g) T30

The electron injection efficiency and the onset potential are dependent

on the conduction band level in the semiconductor systems which can affect
the photocatalytic activity and solar cell efficiency of CdS sensitized titania
nanotubes. Valence band XPS (VBXPS) was used to determine the valence
band maximum (VBM) of the titania and CdS sensitized titania nanotubes.
The VBM of the material is determined using an extrapolation method on the
VBXPS spectra for each of the samples, the VBXPS spectra are presented in
Figure 5.17. The VBM is found to be 2.74, 1.70, 1.611, 1.58 and 1.50 eV
below the Fermi level for TNT, T10, T15, T20 and T30 respectively. From
the valence band maximum and the band gap of the titania and CdS sensitized
titania the conduction band minimum (CBM) of the samples can be measured,

a schematic band diagram of the samples are provided in Figure 5.18. The E¢,
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of CdS is shifted upwards when an increasing number of SILAR cycles are
employed. The band position affects the electron injection efficiency of the
CdS into the titania nanotubes. Hence a combined effect of particle size, band
potential and aggregation tuned by the number of SILAR cycle employed
plays a major role in the photocatalytic and solar cell efficiency of the CdS

sensitized titania nanotubes.
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Figure 5.17 XPS valence band spectra of the samples (a) TNT (b) T10 (c)
T15 (d) T20 and (e) T30
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Figure 5.18 Band diagram versus Fermi level, valence band positions
with reference to their Fermi levels are labelled

5.4 Conclusions

In the CdS sensitized TNA, the photocatalytic and solar cell efficiency
is dependent upon the number of SILAR cycle used for the CdS sensitization
of the surface of titania nanotubes. CdS sensitized on titania nanotubes using
fifteen SILAR cycles (T15) exhibits the maximum photocatalytic activity
under visible light irradiation with a rate constant of 0.0116 min™ Fifteen
SILAR cycles is also found to give the maximum solar cell efficiency of

0.1123%. The CdS nanoparticles on the surface of titania nanotubes are prone
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to oxidation and the formation of a CdSQO, layer is confirmed by XPS analysis.
The band potential of the CdS was determined using VBXPS analysis which
can affect the electron injection efficiency. Hence the band potential, particle
size and aggregation behavior all depend on the number of SILAR cycles
employed which effectively determines the photocatalytic and solar cell

efficiencies of the CdS sensitized titania nanotubes.
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HIGHLIGHTS OF THE PRESENT WORK

In this study titania nanotube array (TNA) have been effectively

surface modified with quantum dots of chalcogenides and metal particles for

enhanced photocatalytic applications.

Pd loaded titania nanotubes (Pd@TiO,) synthesized by a hydrothermal
method have been successfully used for the effective catalytic
reduction of p-Nitrophenol. A systematic study of Pd loading and its
effect on the morphological stability of the underlying titania and
catalytic reduction of p-nitophenol have also been carried out.

In Pd-loaded TNT’s, this study has revealed the effect of the particle size
of Pd and the morphology as well as the crystalline phase of the titania
nanotube in their catalytic activity. The recyclability of the catalyst were
also monitored and found that the rate constant is reduced in the
successive cycles. Further studies aimed at improving the catalyst

recyclability are in progress.

PbS sensitised titania (PbS@TiO,) nanotube array were synthesised using
anodisation followed by successive ionic layer adsorption and reaction
(SILAR) method. The SILAR cycle was found to play an important role
to tune the photocatalytic and photovoltaic properties of PbS sensitised
titania nanotube. The stability and recyclability of the PbS sensitised
titania nanotube have been correlated with the photocatalytic activity

through detailed X-ray photoelectron spectroscopic studies.

In the CdS sensitized TNA (CdS@TiO,) the photocatalytic and solar cell
efficiency is dependent upon the number of SILAR cycles used for the

CdS sensitization of the surface of titania nanotubes. CdS sensitized on
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titania nanotubes using fifteen SILAR cycles have been found to exhibit

maximum photocatalytic activity under visible light irradiation.

The number of SILAR cycles employed was also found to determine the
band potential, particle size and aggregation behaviour ,which in turn
determines the photocatalytic and solar cell efficiencies of the CdS

sensitized titania nanotubes.

Future work is aimed at improving the stability of chalcogenides by
core-shell approaches, by adopting different morphologies and making

effective coupling between semiconductors.
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