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Abstract

Semiconducting micro/nano metal oxides of TiO2 and ZnO have been
synthesized by various strategies such as microwave, gel combustion,
solution processing and sol-gel method. These materials have been
investigated in the area of photocatalysis and/or dye sensitized solar
cells (DSSC).

In the first approach, a green and rapid sol-microwave strategy was
designed for the syntheses of ‘yellow oxygen rich’ (YAT-150) and
‘black oxygen vacancy rich’ (BAT-150) anatase TiO2 nanoparticles.
YAT-150 was synthesized using only titanium (1V) butoxide and water
as only precursors. The in situ precursor modification by Mn (II)
acetate switched anatase TiO2 from YAT-150 to BAT-150. The entry
of Mn?* into the crystal lattice of anatase TiO, paved the way for peak
texturing in the existing peak orientations along with the origin of new
anatase TiO peaks. Furthermore, the ultra-small (~5 nm) yellow and
black anatase TiO2 nanoparticles were found two fold and four fold
more photoactive than the commercially available photocatalyst
Degussa-P25 under sunlight illumination (Ref: S. G. Ullattil and P.
Periyat, Nanoscale, 2015, 7, 19184).

In the second approach a novel and facile one pot gel combustion
strategy has been carried out for the synthesis of black TiO, with
enormous defect states. Limited variety of reactants such as titanium

butoxide, diethylene glycol and water were used for the synthesis. This



swiftly formed nanoplatform was occupied with a high concentration
of surface defect sites, especially Ti** and oxygen vacancy sites in
excess. The in (lattice) and out (surface) defect states were confirmed
by Raman, XPS and TEM analysis. These defect-enriched features
enabled 33% more photocatalytic activity for BAT than the
commercially available photocatalyst Degussa-P25 under solar
illumination (Ref: S. G. Ullattil and P. Periyat, J. Mater. Chem.
A, 2016, 4, 5854).

The next motive was the synthesis of ZnO nanocrystals with rod
morphology and investigating its photocatalytic activity. A series of
ZnO photocatalysts with oxygen vacancy richness have been achieved
by solution processing method followed by calcination at various
temperatures 300, 500, 700, 800, and 900 °C. All the ZnO nanocrystals
possessed defective structures with copious surface oxygen vacancies
directed toward notable visible light absorption around A = 480 nm
(band gap = 3.05—3.09 eV). The photocatalytic efficiencies of all ZnO
samples were systematically examined under sunlight and UV
illumination using methylene blue (MB) as a model system. ZnO
calcined at 500 and 700 °C demonstrated microrod morphology with
band gap energies of 3.08 and 3.09 eV respectively have shown the
highest solar photocatalytic activity revealed the synergistic effect
between oxygen vacancy and the rod morphology. ZnO calcined at 500
°C, having maximum surface oxygen vacancy sites degraded MB
within 10 min whereas the commercial photocatalyst Degussa-P25 has
taken 20 min under solar illumination (Ref: S. G. Ullattil, P. Periyat, B.
Naufal and M. A. Lazar, Ind. Eng. Chem. Res., 2016, 55, 6413).



The fourth strategy was designed to synthesize randomly oriented TiO-
for DSSC as a photoanode material which can more efficiently carry
current to improve the effiency of DSSC by minimizing the vacant
spacing in between the particles. TiO> nanostructures have been
synthesized using 300 and 600 W and those were appeared as spherical
aggregates with average particle size of 10 nm. These anatase TiO>
nanoparticles were successfully employed as the working electrode for
DSSC and a systematic investigation of the performance of DSSC
constructed with standard N719 dye with conventional iodide/triiodide
(I713") has demonstrated a higher efficiency of 6.6 % (S. G. Ullattil and
P. Periyat, Sol. Energy, 2017, 147, 99).

In the fifth approach, by using a facile sol-gel method, ZnO
nanoribbons with an average particle size of 25 nm has been
synthesized and were implemented as photoanode material in DSSC.
The film thickness and dyeing time have been kept as variables to
analyze the performance of DSSC constructed with standard N719 dye
with conventional iodide/triiodide (17/13°) electrolyte. It has been found
that the optimum film thickness and dyeing time were 16 pm and 2 h
respectively for obtaining an efficiency of 2.2 % with a very high fill
factor ~73 % (Ref: P. Periyat and S. G. Ullattil, Mater. Sci. Semicond.
Process., 2015, 31, 139).
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1. 1. The Solar Energy

It is rapidly decreasing the supply of conventional oil and other fossil
fuels, yet most of our energy demand continues to be met by fossil
fuels. The world cannot forever continue to depend on these non-
renewable fuels, so that there is an urgency to find an alternative
reliable energy source. Thus the present scenario demands maximum
utilization of the renewable energy sources such as sunlight, wind,
biomass, rain, tides and waves. Among these renewable sources,
sunlight is the most important one because it is available plenty
without any cost and holds the position, the universal energy source.
The importance of solar energy has already been stated in 1911 by the
Russian-German chemist Wilhem Ostwald that “mankind should cover

a maximum part of its energy demand from solar energy.”! In the



contemporary society it has been found that semiconducting metal
oxides with tunable band gap are the most efficient materials for

harvesting solar energy.
1. 2. Semiconducting Metal Oxides as Solar Energy Harvesters

The mean global energy consumption rate was 13 TW in the year 2000
due to increasing population and energy consumption more than
usual.? It is expected reasonably that global energy demand will be 28
TW in 2050.2 Scientists all over the world are indulged in the
discovery of new pathways that could easily harvest sunlight to meet
the present and future energy demands. One such method to utilize
solar energy is the use of semiconducting nanoarchitectures, in
environmental and energy systems.® In this manner, photocatalysis, in
an environmental perspective and solar cell, in an energy perspective
are very crucial for the future, since they could eliminate all the energy
and environmental problems to facilitate an environmentally benign
society. Photovoltaic technologies or solar cells have been identified as
being capable of overcoming the over reliance on fossil fuels for

energy demand.

Different metal oxides such as titanium dioxide (TiO), zinc oxide
(Zn0O), cerium dioxide (CeO2), niobium oxide (Nb2Os), manganese
dioxide (MnQOy) and bismuth oxide (Bi»Os) have been employed in
photocatalytic and photovoltaic technologies. Among these TiO. and
ZnO are the most efficient materials due to their similarities with an

ideal light harvester.



1. 2. 1. Titanium Dioxide (TiOz2)

TiO2 is the most investigated light harvesting materials around the
world owing to its high chemical stability, wide band gap energy, high
surface area, easy and economically feasible production etc.* TiO, has
mainly three different polymorphs such as anatase, rutile and brookite.
In all the three forms, titanium (Ti*") atoms are coordinated to six
oxygen (O?%) atoms, forming TiOs octahedra. The three crystal
structures differ by the distortion of each octahedra and by the
assembly patterns of the octahedral chains. Anatase can be regarded to
be built-up from octahedra, those are connected by their vertices
(corners), in rutile, the edges are connected, and in brookite, both
vertices (corners) and edges are connected. The structure of all the
three forms are shown in Figure 1. 1. Among the three forms, rutile is
thermodynamically most stable whereas anatase is the kinetically most
stable form of TiO..°> Other general attractive properties of TiO;
include 1) Low cost synthesis and easy tailoring of TiO. 2) Easier
modification of the surface structure. Rutile TiO, has a band gap of
3.02 eV whereas anatase TiO. has a value of 3.20 eV. Hence the
tailored TiO- in general used as a light harvesting material for different
application such as photocatalysis and photovoltaics. For e.g.
mesoporous nanocrystalline TiO2 semiconductor films are the most
widely studied photoanode material in a special type of solar cell
known as dye sensitized solar cell (DSSC)®"®° due to that its
conduction band energy level lies just below the excited state level of
the photosensitizer dye so that an efficient electron transfer process
between the excited dye and conduction band (CB) of TiO, can take



place.!® Hence TiO; is very close to being an ideal light harvester,

although the drawback is that it does not absorb visible light.

A B

Figure 1. 1. Anatase (A), rutile (B) and brookite (C) polymorphs of
TiOox.

1. 2. 2. Molding TiO2 as a Complete Solar Harvester

The sunlight normally contains 5% UV (200-400 nm), 43% visible
light (400-700 nm) and 52% of IR (700-2500 nm) energy.!! The band
gap energy of pure TiO2 lies in between 3.0 - 3.2 eV, hence the
absorption of pure TiO2 in its crystalline form is limited in the UV
region. Therefore researchers have adopted doping on TiO2 for the
improvement of its wavelength absorption from UV to visible region.
Metal doping was implemented in the early times but due to the
formation of secondary impurities (e.g. Al;TiOs, CeTisO2 and
Ce.Ti20y) its crystallinity has been diminished, which subsequently
reduced the catalytic efficiency of the material, in particular the
photocatalytic activity.!? After the step back of metal doping, non-
metal doping was came into act for better light absorption and it was
found that the longer wavelength absorbing light harvesting materials
have been successfully synthesized without forming any impurity
phases. However, the absorption coverage of non-metal doped TiO>



structures was not capable of absorbing IR energy which is 52% of the
solar spectrum.® To harvest sunlight more effectively, blue, %
yellow,*®17 prown,!81° red?®?! and grey?*?*2* TiO, have also been
reported. However they all persisted limited or even zero absorption in
the IR region.

1. 2. 3. Origin of ‘Black TiO2’

Since a black material only can effectively absorb energy from the
infrared region of the solar spectrum, Chen et al. implemented a high
pressure hydrogenation strategy on the most investigated material,
TiO> for achieving wide area absorption, viz. for the utilization of IR
energy from the sun.?® After the entry of black TiO2 nanoparticles into
the world of material science, it has been found impetus for energy
applications and is found a hot area particularly in the current
environmental science.?® TiO2 nanomaterials are highly attractive as
photocatalysts due to its good chemical stability, non-toxicity,
ecofriendly nature and high unambiguous energy conversion
efficiencies. Whilst it has been widely applied as photocatalyst, there is
a little work on ‘black TiO2 used as photocatalyst’. To date, several
methods such as Hp-Ar treatment,?” H,-N, treatment,? electrochemical
anodization,® Al reduction®® and NaBH. reduction® have been

implemented for the manipulation of black TiOs.
1. 2. 4. Zinc Oxide (ZnO)

Although TiO2 is universally considered as the most important
photocatalyst, ZnO is also a suitable alternative due to their similar

band gap energy (3.37 €V), a much higher electron mobility than



exhibited by TiO, and its lower cost.®2 Moreover, in certain case, larger
quantum efficiency and higher photocatalytic activity than TiO. have
been reported.3® ZnO has three crystal structures namely wurtzite, zinc
blende and rocksalt. Under normal conditions, wurtzite structure is the
most stable. The rocksalt structures may be fabricated at high pressure
and the zinc blende structure can only be synthesized on cubic
substrates. In addition to these, the crystal structure of ZnO possess
numerous point defects generally present, mainly from oxygen
vacancies and higher production of hydroxyl ions. The photocatalytic
activity of ZnO can be further enhanced by calcinations at high
temperatures. ZnO can be prepared by a variety of synthetic strategies
include sol-gel,* hydrothermal,® solvothermal,*® chemical vapor
deposition,®” physical vapor deposition®® and microwave methods.*
These ZnO nanoparticles that have been synthesized provided the
impetus for majority of scientific and technological applications such
as in nanosensors,*® nanogenerators* and piezoelectronics.*? Zinc
oxide (ZnO) has recently been identified as a promising material as
photoanode in DSSCs.*® The attractive propertied of ZnO include 1)
bandgap similar that of TiO2 at 3.2 eV 2) a much higher electron
mobility than exhibited by TiO2 3) simpler tailoring of the ZnO
nanostructure as compared to TiO2 and 4) easier modification of the

surface structure. 445
1. 3. Synthetic Methods for Semiconducting Metal Oxides

For the synthesis of semiconductors, especially metal oxides, several
strategies like sol-gel,*® gel-combustion,*” microwave,*® solution

processing,*®  hydrothermal,®® solvothermal,®® electrospinning,®?



chemical vapor deposition,* physical vapor deposition>* etc. have been
used till date. In the present research scenario three methods viz. sol-

gel, microwave and gel-combustion strategies have been employed.
1. 3. 1. Sol-Gel Method

Sol-gel process is a versatile solution method for making ceramic glass
materials.® In general, the sol-gel process involves the transition of a
system from a liquid ‘sol’ which is mostly in colloidal form converted
into solid ‘gel’ phase. By using this process, it is possible to fabricate
wide variety of ceramic or glass materials in the form of ultra-fine
powders, thin film coating, ceramic fibres, microporous inorganic
membranes, monolithic ceramics and glasses or extremely porous aerogel

materials.>®

The starting materials used in the preparation of the ‘sol’ are usually
metal organic compounds such as metal alkoxide/inorganic metal salts. In
a series of hydrolysis and polymerization reaction form a colloidal
suspension or a sol. Further processing of the sols enables one to make
ceramic materials in different forms. When the sol is cast into a mold, a
wet ‘gel” will form. With further drying and heat treatment, the gel is
converted into dense ceramic materials. If the liquid in a wet gel is
removed under a supercritical condition, a highly porous and extremely
low-density material called aerogel is obtained.>” As the viscosity of a sol
is adjusted into a proper viscosity range, ceramic fibres can be drawn
from the sol.®® Ultrafine and uniform ceramic powders are formed by
precipitation,®® spray hydrolysis,®® or emulsion techniques.®! The details

of the sol-gel processing are shown in Scheme 1. 1.
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Scheme 1. 1. Schematic representation of sol-gel processing.
1. 3. 2. Microwave Technique

Microwave method is considered to be an important technique for the
synthesis of nanomaterials because 1) the reaction can be done at low
temperature 2) no further heat treatment is required for sample
production 3) rapid processing 4) improved physical and mechanical
properties and 5) negligible environmental hazards.*® Structural and
morphological properties of TiO> can also be tuned by the same
strategy by varying microwave irradiation time,®> power®? and
temperature.5? By using this technique different structures have been
designed by researchers and those have been employed in different

areas, especially in photocatalysis and in dye sensitized solar cells.
1. 3. 3. Gel-Combustion Method

Gel combustion is a widely used method coming under a broad
synthetic area, the combustion synthesis. In combustion synthesis, the

exothermic nature of the redox reaction is used to produce desired



materials. Depending upon the nature of reactants: elements or
compounds (solid, liquid or gas) and the exothermic nature, the
combustion synthesis can be described as self-propagating high
temperature synthesis, low-temperature combustion synthesis, solution
combustion synthesis, gel-combustion, sol-gel combustion, emulsion
combustion, volume combustion (thermal explosion) etc. The main
advantage of combustion synthesis are®® the use of relatively simple
equipment, formation of high-purity products, stabilization of
metastable phases and formation of virtually any size and shape
products. In addition to these, the gel combustion synthesis result in
highly reactive, compositionally homogeneous and less agglomerated
powders of the desired material 5354

1. 4. Environmental Hazards

Day by day increase of contaminants such as dyes and other organic
chemicals produced by industries are highly harmful to the
environment. These contaminants present in water can cause
considerable problems to microorganisms, aquatic environment, sand,
air and thereby health hazards to human being. Therefore
decontamination of dyes present in industrial waste water has found
impetus in assuring the eco health and for the conservation of the
same, several remediation technigques have been proposed. Adsorption
or coagulation, involving transfer of pollutants from one phase to
another is one of the early employed method.®® The conventional
treatments such as sedimentation, filtration, chemical and membrane
technologies were also used but involved high costs and could

introduce more contaminates into the environment.’® Chlorination is



one of the most widely used method, but it generates mutagenic or
carcinogenic species that could adversely affect the human body.®” To
minimize these limitations, advanced oxidation processes (AOP) have

got supreme importance towards effective decontamination.®
1. 4. 1. Advanced Oxidation Process (AOP)

AORP includes the in-situ generation of highly reactive transient species
for mineralization of dye contaminants from wastewater, water
pathogens and disinfection of by-products.®® Because of the ability to
completely decompose the target pollutants, heterogeneous
photocatalysis is the favorite among environmental chemists to
eliminate  contamination.®® The application of illuminated
semiconductors for the remediation of contaminants has been used
successfully for a wide variety of compound such as alkanes, aliphatic
alcohols, aliphatic carboxylic acids, aromatic carboxylic acids, alkenes,
phenols, dyes, simple aromatics, halogenated alkanes and alkenes,

surfactants, and pesticides.”

The photochemistry of semiconductor surfaces has received cracking
importance to address the problem of chemical utilization of solar
energy. In 1972, after the photocatalytic water splitting reported by
Fujishima and Honda, the idea had spurred researchers to take on the
challenge.”* The homogeneous and heterogeneous photocatalytic
research are concerned with the splitting of water into hydrogen and
oxygen, the “holy grail” of photochemistry. In 1874, this process has
been already predicted by Jules Verne in his book “The Mysterious

Island”: “Yes, my friends, I believe that water will one day be

10



employed as fuel, that hydrogen and oxygen which constitute it will
furnish an inexhaustible source of heat and light. Water will be the coal

of the future.”’?
1. 4. 1. 1. Photocatalysis

Photocatalysis is generally referred to as ‘the process in which the
acceleration of a reaction occurs when a material, usually a
semiconductor, interacts with light of sufficient energy (or of a certain
wavelength) to produce reactive oxidizing species (ROS) which can
lead to the photocatalytic transformation of pollutants.’”® At least, two
events must occur simultaneously during photocatalysis in order to
produce the reactive oxidizing species. Typically, the first involves the
oxidation of dissociatively adsorbed H2O by photogenerated holes and
the second involves the reduction of an electron acceptor (generally the
dissolved oxygen or oxygen vacancies) by photo-excited electrons.
These reactions lead to the production of a hydroxyl and superoxide

radical (OH" and O ) respectively.’
1. 4. 1. 2. Semiconductor Photocatalytic Mechanism

An ideal photocatalytic process leads to the complete mineralization of
organic pollutants in to carbon dioxide (CO>), water (H20) and mineral
acids in presence of a semiconductor photocatalyst (usually TiO2 or

Zn0) and reactive oxygen species such as oxygen and/or air.”

The photocatalytic reactions are initiated when a photocatalyst (TiO2
or ZnQ) absorbs photons with energy greater than that of its band gap

energy during light illumination. Consequently, an electron is

11



photoexcited from valence band (VB) to the conduction band (CB) of
the photocatalyst. This reaction leads to the formation of hole (hw") at
the VB and an excess electron (ecy") at the CB as shown in equation 1.
1, facilitating an electron-hole separation which is necessary for

efficient photocatalysis.
TiO2/ZnO +hv — ey + hyp' (1.1)

To prevent electron-hole recombination, the CB electron (ec, ) reduces
oxygen present in the form of dissolved oxygen or air to form super

oxide radical (equation 1. 2).
e +02—>02 " 1.2

Additional reaction of super oxide radical anion (O2 °) with holes at
the valence band (hw") produces singlet oxygen (*O2) as shown in

equation 1.3.”
hw*+ 02~ — 102 (1. 3)

The VB holes reacts with hydroxyl ion (OH") to form hydroxyl radical
(OH") and the hydroxyl radical is a non-selective, extremely strong
oxidizing agent which leads to the decomposition of organic, inorganic
and biological pollutants (equation 1. 4 and 1. 5). Since the valence
band holes are strong oxidizing agents, the direct oxidation of organic

matter to reactive intermediates are also permitted as shown in

equation 1. 6.
hw"+ OH — OH" (1. 4)
OH"+R-H —- R"+ H20 (1.5)

12



hw*+ R—H — R*"— intermediates (1.6)

Another reactive oxidizing species, the super oxide radical anion also
react with the pollutant to form protonated superoxide radicals (HOO")

as shown in equation 1. 7.

02 "+R-H — R’ +HOO" @7
The formation of H2O> as a result of the coupling of two HOO" has
also been reported.”® Further reaction of H.0O, with OH" results in the
formation of protonated superoxide radicals (HOO") again (equation
1. 8 and 1. 9). This HOO" can also function as electron scavenger to
trap the conduction band electrons that can delay the electron-hole

recombination.”
2 HOO® — H20; +0; (1.8)
H.02 + OH" — HOO" + H,0 (1.9

A schematic representation of photocatalysis is shown in Scheme 1. 2.

Photo-reduction

conduction band

SUN

charges
recombination

valence band *OH
Photo-oxidation

Scheme 1. 2. Schematic representation of photocatalysis.””
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1. 4. 2. Photocatalytic Materials

A wide variety of photocatalysts such as TiO2,’® ZnO,”® Ce0,,®
Sn02,8* Nb20s,8? BaTiOs® and SrTiOs% have been employed for the
photoxidation, photoreduction and photodegradation of organic and
inorganic compounds. An ideal semiconductor photocatalyst should

be85

Chemically and biologically inert
Photocatalytically stable

Easy to produce and to use
Efficiently activated by sunlight
Able to efficiently catalyze reactions

Inexpensive

N o a ~ wDd e

Implemented without risks for the environment or humans.

In order to proceed a photocatalytic reaction faster, it is necessary to
avoid electron accumulation on the particles. Such accumulation would
increase the recombination rate and lower the quantum yield. Thus, the
electrons must be removed rapidly by an electron scavenger in the
solution. Since, molecular oxygen is available at little or no cost as
dissolved in solution or in air, it is the usual electron acceptor.®
Molecular oxygen plays an important role in photocatalysis,
particularly in photodegradation. It can either impede or support the
reaction depending on the photocatalytic mechanism. The primary role
for oxygen in the photodegradation process is to act as an electron sink
for photogenerated carriers. However, it reacts only slowly with the

electrons of most of the semiconductors. Because of the relatively low

14



solubility of oxygen and its weak adsorption at the semiconductor
surfaces in contact with aqueous electrolytes, it is almost not possible
for an electron to avoid recombination. It has been shown that in
semiconductors, oxygen vacancies act as electron traps..” The
formation of oxygen vacancies or other electron-trapping structural
defects is much easier at the surface than in the bulk. Furthermore,
when these traps are close enough to the surface, the trapped electrons

can react with oxygen.®’
1. 5. Solar Cells

Solar cell or photovoltaic cell is an electrical device that converts light
energy directly in to electrical energy by photovoltaic effect.®® The first
photovoltaic effect was noticed by a French physicist Edmond
Becqueral. In 1839, at age of 19, he built the world’s first photovoltaic
cell in his father’s laboratory.89 He found that the electrodes coated
with AgBr, AgCl, Ag or Pt with UV had given the best results.®® 50
years later, the first true solar cell was fabricated by Fritts, using
selenium coated transparent layer of gold, which had 1% efficiency.*
In 1927 copper and copper oxide solar cells were discovered with less
than 1% efficiency and later Ohl improved the solar cell efficiency up
to 6% in 1941.% In the late 1980’s efficiency greater than 20% had
been achieved using GaAs.*>% However the use of expensive materials
and fabrication procedures had driven it away from an easily
achievable energy system in terms of cost effectiveness and human

efforts.
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1. 5. 1. Three Generations of Solar Cells®*

Solar cells are usually divided in to three main generations. The first
generation solar cells are based on silicon, those are relatively
expensive to produce due to the dependence on the availability of
crystalline Si with large price. The second generation solar cells are
based on thin film technologies, where amorphous and polycrystalline
silicon materials are included. Although the production cost of the thin
film solar cells was minimized, the efficiency was low as compared to
first generation solar cells.®* Both the first and second generation solar
cells are based on single junction devices. The calculated
thermodynamic efficiency limits is called Shockley-Queisser limit
which can be overcome by the use of third generation solar cell
devices. The third generation devices are based on nanocomposites and
the goal of the third generation is to produce cheap solar cell with very
high efficiency. Thus dye sensitized solar cells (DSSCs) can be
considered as a third generation solar cells. Therefore the use of a these
free standing and flexible solar cells such as DSSCs could help to
reduce power supply costs especially to remote areas and that can lead

towards the development of countries like India.
1. 5. 2. Dye Sensitized Solar Cell (DSSC)

Dye-sensitized solar cell (DSSC) is a semiconductor photovoltaic
device that directly converts solar radiation into electric current.% The
heart of the system is a wide band gap oxide semiconductor which is
placed in contact with a redox electrolyte. TiO> (anatase) is the most

widely used, although ZnO is a suitable alternative due to its wide
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band gap energy. To the surface of any of these nanocrystalline films, a
monolayer of the charge transfer dye is attached. When exposed to
sunlight the photoexcitation of the dye sensitizer leading to the
injection of electrons to the conduction band of the metal oxide film.
The electrons thus generated gets diffuse to the anode and are utilized
at the external load before being collected by the electrolyte at the

cathodic surface (Pt counter electrode) to complete the cycle.®®
1. 5. 3. Components of a Dye Sensitized Solar Cell (DSSC)%

A Dye Sensitized Solar Cell (DSSC) normally contains five

components, viz.

1. A mechanical support coated with Transparent Conductive
Oxides, TCO [generally indium tin oxide (ITO) or fluorinated
tin oxide (FTO)].

2. The semiconductor film, usually TiO2 or ZnO to activate
electronic conduction.

3. A dye sensitizer (normally a Ru complex) covalently bound to
the surface of the semiconductor to enhance light absorption.

4. An electrolyte containing a redox mediator to carry out
regeneration of the dye sensitizer.

5. A counter electrode (typically a glass sheet coated with
platinum) capable of electron collection and thereby

regenerating the redox mediator.

A schematic representation of the dye-sensitized solar cell is shown in
Scheme 1. 3.
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Scheme 1. 3. Schematic illustration of a DSSC. Unfavorable
recombination reactions (1) semiconductor/dye recombination and
(2) semiconductor/electrolytic recombination are also shown in red

line.
1. 5. 4. Reactions involved in a DSSC?4928:99.100

1. Photo-excitation of the dye molecule results in the injection of
an electron into the conduction band of the semiconducting
metal oxide. The ultrafast injection from the excited Ru-
complex in to the conduction band of semiconducting metal
oxide is one of the most baffling findings in DSSC research. It
is generally accepted that a fast femtosecond component is
observed for the sensitizer directly attached to a metal oxide
surface.

2. The subsequent restoration of the original state of the dye is
achieved by the electron donor, I" from the electrolyte, where
an organic solvent containing redox system, such as the

iodide/triiodide (I7/13°) couple is present. The regeneration of
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the dye sensitizer by iodide, intercepts the recapture of the
conduction band electron by the oxidized dye.

. Through the nanocrystalline film of metal oxide the electron
transport occurs. These films are viewed as an ensemble of
individual particles through which the electrons percolation
occurs by hopping of electrons from a single particle to
another.

Depending on the electron density in the semiconductor metal
oxide, the back electron transfer from the conduction band of
the semiconductor to the oxidized sensitizer occurs on a
microsecond to millisecond time scale.

. The recombination may occur by the hopping of electron from
the semiconductor to the acceptor present in the electrolytic
system. This process is normally referred to as electron life
time and which is very long (1-20 ms) under one sunlight
intensity which is far greater than other electrolyte systems that
have been used.

. The iodide is regenerated in turn by the reduction of triiodide at
the counter-electrode (usually, platinum electrode) the circuit
being completed via electron migration through the external

load.

The voltage generated under solar illumination corresponds to the

difference between the Fermi level of the electron in the solid and the

redox potential of the electrolyte. Overall the device generates electric

from light without suffering any permanent chemical

transformation.

Reactions involved in a DSSC are shown in equations 1. 10 - 1. 13.
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Dye (adsorbed) + v — Dye*(adsorbed) (1.10)

Dye” adsorbed) — DYe" (adsorbed) + € (injected) (1. 11)
I3"+ 2 € (cathode) — 3| (cathode) (1.12)
Dye* (adsorbed) T 31 — Dye (adsorbed) + Yolg (1.13)

Some undesirable reactions occurring in DSSC that leads to the
decrease in cell efficiency are depicted in equations 1. 14 and 1. 15.

Dye+ (adsorbed) + € (semiconductor) — DY€ (adsorbed) (1.14)
I+ 2¢€ (semiconductor) — 3r (anode) (1- 15)
1. 5. 5. Photoanode Materials

The photoanode material is the key component of DSSCs which plays
important roles in dye loading, electron injection, transportation and
collection, and therefore exhibits significant influence on the
photocurrent, photovoltage and the power conversion efficiency. The
size, structure and morphology of photoanode materials have been
found significant influence on the photovoltaic performance of DSSCs.
Tremendous efforts have been devoted to the design of the chemical
composition, structure and morphology of the semiconductor
photoanode.’®  Different material structures, including zero
dimensional (0D), one dimensional (1D), two dimensional (2D), three
dimensional (3D) nanoparticles and hierarchical nanoarchitectures
have been developed for the improved solar to electrical energy

conversion. Among the different photoanodes those have been used till

20



date, TiO2 and ZnO are the unequivocally established candidate for

dye sensitized solar cells (DSSC).
1. 5. 6. The Dye Sensitizer94102103

Generally, metal complex photosensitizers consist of a central metal
ion with ancillary ligands having at least one anchoring group like -
COOH, -H2PO3, -SOzH etc to bind at the semiconducting metal surface
and to facilitate the injection of the excited electron into the conduction
band (CB) of the semiconductor. Light absorption in the visible region
of the solar spectrum is due to a metal to ligand charge transfer
(MLCT) process. Therefore the central metal ion is crucial in the
overall properties of the metal complex dye. Ancillary ligands can be
changed to vary the photophysical and electrochemical properties and
thereby improving the photovoltaic performance. In this manner the
energy levels of the MLCT states can be tuned for optimizing the
electron injection and dye regeneration kinetics. The dye sensitizer
(photosensitizer) should accomplish some essential characteristics that

a photosensitizer should

1. Be photostable.

2. Be electrochemically and thermally stable.

3. Absorb the whole visible region and the near IR (NIR) region.

4. Carry anchoring groups like -COOH, -H2POs, SOszH etc to
strongly bind the dye on the surface of semiconductor oxide.

5. LUMO of the sensitizer must match to the edge of the
conduction band of the semiconducting metal oxide to
minimize the energetic potential losses during the electron
transfer reaction.
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6. HOMO must be sufficiently low to accept electron donation
from an electrolyte or a hole conductive material.

Ruthenium complexes are the widely used dye sensitizer in DSSCs due
to their broad absorption spectrum, suitable excited and ground state
energy levels, relatively long excited-state lifetime, and good (electro)
chemical stability.1%* So far, high conversion efficiencies and durability
of photovoltaic devices have been achieved with polypyridyl
complexes of ruthenium in which two ligands L = 4, 4°- dicarboxy- 2,
2’- bipyridine and thiocyanate ligands have been used. Thus, the
ruthenium complex cis-RuL2(NCS)2 known as N3 dye, has become the
paradigm of heterogeneous charge transfer sensitizer for dye-sensitized
solar cells. The four anchoring groups -COOH present can facilitate
the immobilization of sensitizer to the film surface via the formation of
bidendate coordination and ester linkage with the metal present in the
semiconductor photoanode, whilst the -NCS groups enhance the

visible light absorption.%

N3 NT19

Figure 1. 2. Chemical structure of N3 and N719 dye.!®
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Later in 1999, Nazeeruddin et al. reported that the N719 dye (dye with
two protons and two carboxyl anions) sensitized solar cell exhibited
17.73 £ 0.5 mA current (Jsc) and a potential (Voc) 0.85 V yielded an
overall conversion efficiency of 11.18% which was superior to the
efficiency that has been achieved by N3 sensitization.® Therefore the
doubly protonated form, the N719 Ruthenium complex has been the
preferred sensitizer in DSSC for many years.1% The chemical structure
of N3 and N719 are shown in Figure 1. 2.

1. 5. 6. 1. Alternative Dye Systems

Sensitizers have been synthesized with other metals such as Os,'%®
Re, % Fe, %8 1199 and Cu.'? porphyrinst!! and phthalocyanines!'? have
also been used as efficient alternative with more than 10% efficiency.
Organic dyes (generally with greater molar extinction coefficient)
based on  coumarin,'*®* indoline,}**  Tetrahydroquinoline,*®
Triarylamine,1*®  Heteroanthracene,'’  carbazole,!® N, N-
Dialkylaniline,*° Merocyanine,*?° squaraine®®® and perylene!?? have
also been reported at a later stage to assure facility and cost-

effectiveness in synthesizing the photosensitizer.
1. 5. 7. The Electrolyte®123.124

An electrolyte containing a redox couple fills the gap between the
electrodes in a dye sensitized solar cell. The redox couple is one of the
key component in DSSC since the reduced part of the redox couple
regenerates the photo-oxidized dye. The oxidized species that has been
formed diffuses in to the counter electrode, where it is reduced. The

redox couple sets the electrochemical potential at the counter electrode
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and therefore the photovoltage of the device depends on the redox
couple. It also affects the electrochemical potential of the
semiconductor electrode through the recombination Kinetics between
electrons in TiO. and oxidized redox species. An electrolytic system
should

1. Be able to transport the charge carriers between photoanode
and counter electrode. After the dye injection in to the CB of
the semiconducting metal oxide, the oxidized dye must be
rapidly reduced to its ground state. Thus, the choice of the
electrolyte should take into account redox potential and
regeneration of dye and itself.

2. Ensure fast diffusion of charge carriers, i.e. high conductivity
and produce good interfacial contact with the mesoporous
semiconductor layer and the counter electrode. For liquid
electrolytes, the solvent should have smaller leakage and/or
evaporation to prevent loss of the liquid electrolyte.

3. Have long-term chemical, thermal, optical, electrochemical,
and interfacial stabilities. It must prevent desorption and
degradation of the sensitized dye.

4. Not possess significant absorption in the visible light range.

I/13” system is the widely preferred redox couple in the electrolytic
system, since the beginning of DSSC development and still it is the
widely used electrolytic system in DSSCs. Advantages of I7/l3
electrolyte are its good solubility, prevention of large absorption of
light, suitable redox potential (0.35 V), rapid dye regeneration and very

slow recombination kinetics between electrons in semiconductors and
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the oxidized part of the redox couple, triiodide (I37) respectively.
Liquid redox electrolytes, gels, polymers and ionic liquids are the
solvents used till date. After the implementation of 4-tert-
Butylpyridine (TBP) as additive in electrolyte to increase the Voc,
researchers have been widely used the same as an efficient additive in

electrolytic system to improve the performance of DSSC.

In DSSCs, the reaction between oxidized dye and iodide ion (I) in the
redox couple leads to the formation of diiodide radicals (I,7).12>12¢
This radical was observed using nanosecond-laser spectroscopy and
pseudo-steady-state photoinduced absorption spectroscopy.?>1?¢ The
pathway for the reduction of the oxidized dye (D*) by iodide is given
by equations 1. 16 - 1. 19,127:128.129

Dye” — Dye" + e (TiOy) (1. 16)
Dye* + I'— (Dye-1) (1.17)
(Dye-1) + I — Dye + Io"~ (1. 18)
2 Ty + I (1. 19)

1.5.7. 1. Alternative Electrolytic Systems

LiBr/Br2,*° Br/Brs’,**! SCN/(SCN)3",**? SeCN/(SeCN)s **3 and sulfur
containing redox couple®* have been used as alternative redox couples
in DSSCs. As opposed to redox electrolytes where charge transport is
due to movement of redox molecules, organic hole conductors were
arised, where positive charge moves by a hopping mechanism between

neighboring molecules or moieties.!® In this manner conducting

25



polymers and molecular hole conductors have been used. Inorganic
hole conductors such as Cul,®®® CuSCN,*¥" CuBr'® based sulfur
compound, NiO,**%nd ferrocene!*® have also been employed as
suitable alternative to the redox electrolytic system.

1. 5. 8. Counter Electrode®141:142
Counter electrode (CE) is the vital part of a DSSC that collect electrons
from the external circuit and catalyzes I3” reduction in the electrolyte.
For an increased performance a CE should have

1. 80% optical transparency at a wavelength of 550 nm.

2. Compatible charge transfer resistance (Rct)

3. High chemical stability

4. High specific surface area

Pt can be deposited at TCO using a range of methods such as
electrodeposition,*® spray pyrolysis,*** sputtering!®® and pulsed laser
deposition.1*® Best performance and durable DSSC has been achieved
with nanoscale Pt clusters prepared by thermal decomposition of
platinum chloride compounds.'*’ Due to very low Pt-loadings (5 pgcm’
2) the CE remains transparent. Charge transfer resistances of less than 1

Q cm? was achieved.
1.5. 8. 1. Alternative Counter Electrodes

Carbon materials (such as Carbon nanotube,**® carbon nanotube-
graphene,*® MoS;-carbon nanotubes!® and graphene'®?), conducting
polymers (such as Poly (3, 4- ethylenedioxythiophene) or PEDOT,®?
polyaniline®™ and polypyrrole!®), cobalt sulphide,’>® Mo,C,*® WC’

etc. have been experimented as CE in DSSCs.
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1. 5. 9. Energy Parameters and their Calculations

The sun emits light with a range of wavelengths from UV, visible and
infrared (IR). When the skies are clear, maximum radiation from the
sun strikes at the surface of earth. When the sun is directly overhead,
the path to earth surface will be the shortest. The path length is called

the air mass (AM) and can be approximately calculated as®*
AM = 1/cos ¢ (1. 20)

¢ is the angle of elevation of the sun and which is 42° in the standard
solar spectrum used for solar cell efficiency measurements, AM 1.5 G
(Global). The spectrum is normalized so that the amount of radiant
energy received from sun per unit area per unit time (Integrated
irradiance) is 1000 Wm™. Depending on the position of sun, earth
orientation and sun’s condition, the irradiance varies. When the cell

voltage outputs increase solar cell efficiency also increase.

The AM 1.5 G solar radiation spectrum can be found from different
sources. The maximum current for a solar cell device converting all
incident photons below the absorption onset wavelength into electric
current can also indicate from this diagram. The efficiency, n, for a

solar cell is given by,
n = Jsc Voc FF/ Pin (1.21)

Where Jsc is the short circuit current, Voc — open circuit photo voltage,

FF — fill factor of the cell, Pin - intensity of the incident light.
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FF may have the value between 0 and less than one. The fill factor is
the ratio of the maximum power (Pmax) Of the solar cell per unit area
divided by the Voc and Jsc,*

FF = Pmax/ (Jsc Voc) (1.22)

The incident monochromatic photon to current conversion efficiency
(IPCE) or the “external quantum efficiency” (EQE), is an important
characteristic of a device which is useful in comparing the light-
harvesting performance of sensitizers, where the devices are with same
architecture. The IPCE may be defined as the number of electrons
generated by light in the external circuit divided by the number of
incident photons as a function of excitation wavelength, Equation 1.
23.%

IPCE = photocurrent density/(wavelength x photon flux
= LHE () X ¢inj X Ncol (1.23)

where LHE () is the light-harvesting efficiency at wavelength &, inj is
the quantum vyield for electron injection from the excited sensitizer in
the conduction band of the TiO2, and ncon is the efficiency for the

collection of electrons.

As a whole, the present research work focuses mainly on the synthesis
and characterization of semiconducting TiO2 and ZnO; the most
promising materials for harvesting sunlight and their applications in

the area of photocatalysis and dye sensitized solar cells.

28



1. 6. Objectives of the Thesis

The main objectives of the present research programme are

1.

Synthesis of nano/micro semiconducting metal oxides of TiO>
and ZnO architectures having different morphology using
various strategies such as sol-gel, microwave, gel combustion

and solution processing.

Tuning of the band gap of the aforementioned semiconducting
oxides for appropriate light harvesting applications.

To increase/decrease the textural properties and/or surface
defects such as oxygen richness and oxygen deficiency by

modifying the synthesis procedure.

Characterization of the above nano/micro semiconducting

metal oxide architectures.

Investigation of the nano/micro architectures using methylene

blue (MB) dye as model system for photocatalytic applications.

Fabrication of dye sensitized solar cells (DSSC) using

nano/micro architectures.

1. 7. Overview of the Experimental Work

The experimental methods, characterization techniques used and

results and discussion obtained were included under chapters from 2 to

7. In chapter 2, all the experimental procedures adopted were

described. In Chapter 3, a green and rapid microwave syntheses of
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‘yellow oxygen rich’ (YAT-150) and ‘black oxygen vacancy rich’
(BAT-150) anatase TiO> nanoparticles have been discussed. Its
photocatalytic activity was investigated and compared with standard
Degussa-P25 under sunlight illumination. In Chapter 4, a one pot gel
combustion synthetic strategy has been discussed for the formation of
self-doped black anatase TiO.x (BAT) using titanium butoxide,
diethylene glycol (DEG) and water as the only precursors and its
photocatalytic activity was investigated and compared with standard
Degussa-P25 under sunlight illumination. In Chapter 5, dopant free,
solar active ZnO photocatalysts with oxygen vacancy richness were
achieved by a solution processing strategy followed by calcination at
various temperatures 300, 500, 700, 800 and 900 °C. Methylene blue
(MB) dye was used as model system for photocatalytic experiments
and their photoactivities were also compared the activity of the
commercially available photocatalyst Degussa- P25 under solar
illumination. In Chapter 6, a facile and rapid synthesis of mesoporous
anatase TiO2 nanoparticles and their application as photoanode
material for DSSCs are discussed. In Chapter 7, synthesis of
nanoribbon ZnO with 25 nm average particle size has been synthesized
by a facile sol-gel synthesis and application of this material as

photoanode material in DSSC is discussed.
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2. 1. Experimental Procedures

This chapter describes the procedures used for the synthesis of TiO;
and ZnO nano/microarchitectures studied and various techniques used
to characterize the materials those have been synthesized. The first part
of the section (section 2. 2) explains the procedure for the preparation
of TiO2 and ZnO nano/micro architectures using microwave, gel
combustion, solution processing and sol-gel strategies. The second
(section 2. 3) and third sections (section 2. 4), the procedures used to
employ the materials in applications such as photocatalysis and dye
sensitized solar cells have been discussed. The final part of this section
viz. the section 2. 5 explains the various technique used for materials
characterization.  The  spectroscopic, optical and  surface
characterization techniques used for examining the properties of the as
prepared TiO2 and ZnO materials have been summarized. The

chemicals used for the sample preparation are tabulated in Table 2.1.
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Table 2. 1. List of Chemicals used for the Synthesis and application

studies of TiO2 and ZnO

EI('). Name of Chemicals Name of manufacturer
1 | Titanium Butoxide Sigma Aldrich, 97%
2 | Manganese Acetate Tetrahydrate | Sisco Research Lab, India
3 | Zinc Nitrate Hexahydrate Sigma Aldrich, 98%
4 | Zinc Acetate Dihydrate Sigma Aldrich, ACS
Reagent
5 | Oxalic Acid Dihydrate Sigma Aldrich, ACS
Reagent
6 | Isopropanol Merck, extrapure
7 | Diethylene Glycol Ranbaxy, India
8 | Ethanol Merck
9 | Ether Sisco Research Lab, India
10 | Ammonium Hydroxide Merck, NH3z Content 30%
11 | Sulfuric Acid Merck, 95-97%
12 | Nitric Acid Merck, 72%
13 | Methylene Blue AR Grade, Qualigens
14 | Ethyl Cellulose Sigma Aldrich
15 | Terpineol Sigma Aldrich
16 | N719 Sigma Aldrich
17 | Platinic Acid Sigma Aldrich
18 | 1,2-Dimethyl-3-Propyl TCI Chemicals, India
imidazolium iodide
19 | Lithium lodide Lancaster
20 | lodine Lancaster
21 | 4-tert. Butyl pyridine Sigma Aldrich
22 | Acetonitrile Sigma Aldrich
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2. 2. Synthesis of TiOzand ZnO Architectures
2. 2. 1. Synthesis of Yellow and Black Anatase TiO2

For the synthesis of black anatase TiO2 (BAT-150), titanium butoxide,
0.2 M (6.8 g) was dissolved in 100 mL of isopropanol at room
temperature. The above solution was stirred at 1200 rpm for 10
minutes and 0.02 M manganese acetate solution (0.2451 g in 50 mL of
water) was added in small quantities (5 mL) for hydrolysis and doping
simultaneously. Stirring was continued for a further 30 minutes under
the same conditions. The reaction mixture obtained was subjected to
microwave irradiation for 5 minutes at 150 °C with 1200 rpm using an
Anton- Paar monowave-300 microwave synthesis reactor. The reaction
mixture was then cooled to 55 °C. For yellow anatase TiO, (YAT-150)
synthesis, 50 mL of water was added alone, replacing the 10%

manganese acetate solution. Both samples were dried at 80 °C.
2. 2. 2. Synthesis of Self-Doped Black Anatase TiO2-x

0.2 M Titanium (IV) butoxide (6.8 g) was mixed with 50 mL
diethylene glycol (DEG) followed by 30 minutes stirring at 1200 rpm
leading to the formation of yellow titanium glycolate gel.! 14.4 mL (8
molar times) of water was added to facilitate sufficient hydroxylation,
since the excess hydroxylation can direct towards black TiO2.2 In
addition the aqueous mediated reactions lead to crystal phase
formation at relatively low calcination temperatures.® Stirring was
continued for further 15 minutes. The hydrated titanium glycolate gel
that has been formed was kept in a muffle furnace at 300 °C for 2

hours. After rapid cooling to room temperature, the sample was
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washed using 100 mL each of ethanol, ether and water to remove the

organic and inorganic impurities.
2. 2. 3. Synthesis of ZnO Microrods

Zinc Nitrate hexahydrate (18.6 g, 0.25 M) was dissolved in 250 mL of
deionized water. The solution was stirred at 1200 rpm and 19.3 mL of
NH4OH was added to make the solution basic (pH 8). White Zn(OH)>
formed was washed with water continuously till the NO3z™ ions present
in the Zn(OH). sample gets completely removed. Absence of NO3™ ion
was tested by reacting the filtrate with concentrated H>SO4 and a paper
ball. The experiment using the filtrate was repeated until the paper ball
showed no brown color. This confirms that all the NO3™ ions present in
the solution were completely removed. Zn(OH). precipitate was then
dispersed into 300 mL of deionized water. 10% of HNOs was added to
the mixture with constant stirring at 600 rpm till it reaches at pH 6 and
subjected to further 3 hrs stirring at 1200 rpm again. It then heated at
100 °C, which is the ZnO precursor. The precursor sample was
calcined at 300, 500, 700, 800 and 900 °C at a temperature ramp rate
of 5 °C min™. The samples are named as Zn0O-300, ZnO-500, ZnO-
700, Zn0O-800 and Zn0O-900.

2. 2. 4. Synthesis of Microwave Power Induced TiO2

This synthetic method is the modified version of the method reported
by Periyat et al.* In a typical experiment 0.4 M titanium butoxide (13.6
g) solution was mixed with 100 mL ethanol. The above solution was
stirred for 10 minutes. 28.8 mL of deionized water was added slowly in

small quantities using a glass dropper to allow the immediate
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formation of a white suspension via hydrolysis. The suspension was
vacuum dried prior to washing with acetone for the removal of organic
moieties. The resultant Ti(OH)s formed was dispersed into 100 mL of
deionized water by sonication to obtain a white sol. Stirring was
continued for a further 30 minutes. The white sol was subjected to
microwave irradiation power of 300 and 600 W in a teflon vessel using
a C-MARS microwave. The pressure was released after five minutes
cooling and these samples were used for further analysis.

2. 2. 5. Synthesis of ZnO Nanoribbons

The reagents used were zinc (Il) acetate dihydrate (Sigma-Aldrich,
ACS reagent) and oxalic acid dihydrate (Sigma-Aldrich, ACS reagent).
All reagents were used as supplied, and no further purification was
carried out. This method is a modified version of the procedure
reported by Pillai et al.® In a typical experiment zinc (ll) acetate
dihydrate (3.3 g) was dissolved in absolute ethanol (250 mL) and the
solution was stirred for 30 minutes using a magnetic stirrer in a fume
hood. Oxalic acid dihydrate (3.78 g) C204H2-2H,0O was dissolved in
absolute ethanol (100 mL) and the solution was added slowly, with
constant stirring, to the above zinc acetate solution. After the above
addition of oxalic acid, a white sol is formed, which was stirred for a
further 3 hrs. The suspension was then placed in an oil bath and kept at
temperature of 80 °C for 12 hrs to form the xerogel. The xerogel was
then calcined in a furnace by heating to 500 °C in air at a rate of 5

°C/min and then holding the sample at this temperature for 2 hrs.
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2. 3. Photocatalysis
2. 3. 1. Photocatalytic Experiments using TiO2 and ZnO

0.01599 g of methylene blue (10~* M) and 0.0016 g of methylene blue
(10° M) were made up to 500 mL in a standard flask to get intense
blue colored dye solutions. The 10% M model system was used for
investigating the photoactivity of YAT-150 and BAT-150; and 10° M
solution was used for self-doped black anatase TiO, and ZnO
microrods. 50 mL of the prepared methylene blue dye solution was
taken in a beaker. To this solution 0.1g of the TiO2 or ZnO sample was
added and stirred under dark to obtain adsorption-desorption
equilibrium that can eliminate any error due to initial adsorption effect.
After stirring, it was exposed to direct sunlight/UV light beam with
constant stirring. The degradation was monitored by taking 3 mL
aliquots at certain time intervals. During the photocatalytic
experiments the sunlight intensity was found were different.

During the photocatalytic studies of YAT-150, BAT-150 and BAT, the
sunlight intensity was found in the range of 50000-70000 lux and that
for ZnO microrods, was found in the range of 80000-90000 lux
measured using Lutron, LX-107HA lux meter at Calicut University
Campus, Kerala, India (Altitude: 11° 7' 34" North 75° 53" 25" East,
Temperature: 26 = 1 °C) and the UV photocatalytic measurements
were carried out using LZC-4X-Luzchem photoreactor at 600 lux
intensity for both YAT-150 and BAT-150; and under 650 lux for ZnO

microrods.

51


https://tools.wmflabs.org/geohack/geohack.php?pagename=Tenhipalam&params=11_7_34_N_75_53_25_E_type:city(27273)_region:IN-KL

2. 4. Dye Sensitized Solar Cell (DSSC)
2. 4. 1. Solar Cell Fabrication and Testing

To prepare the DSSC working electrodes, microwave power induced
TiO2 and ZnO nanoribbons were used with the sample procedure. The
sample (2 g) was dispersed in minimum quantity of ethanol and ball
milled for 2 hrs. The resulting solution was mixed with 20 g of ethyl
cellulose (5 wt%) and 7 g terpineol such that the sample: Ethyl
cellulose: terpineol ratio was 2: 1: 7. This mixture was stirred for 2 hrs
to ensure formation of a uniform dispersion. The mixture was then
concentrated into a paste by removing the solvent under vacuum on a
rotary evaporator. This paste was printed on an ITO glass using a
screen printer. Films of varying thickness were deposited by repeated
printing. The film thickness was measured using a profilometer. 2. 4. 2.

Device Assembly

These sample films were scratched into 4 x 4 mm squares and then
sintered at 500 °C for 30 min in air. When the films is cooled to 80 °C,
the adsorption of dye on the sample film was carried out by soaking
the film in 20 mL of 0.3 mM N719 dye solution at 25 °C for 2 hrs
and/or 24 hrs. The resulting dyed sample working electrodes were
assembled and sealed with the counter electrodes made by thermal
deposition of H2PtClg on ITO glass to produce a sandwich type cell.
The electrolyte, 0.6 M 1,2-dimethyl-3-propyl imidazolium iodide, 0.1
M Lil (Lancaster), 0.05M I, (Lancaster) and 0.5 M 4-tert-butylpyridine
(Aldrich) in acetonitrile, was introduced into the cell via a vacuum

filling method.
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2. 4. 3. Device Testing

I-V characteristic of solar cells were measured by using a Keithley
2400 Source Meter under illumination of simulated sunlight (100

mW/cm?) provided by an Oriel solar stimulator with AM 1.5 filter.
2. 5. Characterization Techniques Used
2. 5. 1. X-ray Diffraction (XRD)®

X-ray diffraction technique is usually used for the characterization of

crystalline materials based on the Bragg’s law shown below.
nA = 2d sinf (2.1)

Where ‘A’ is the X-ray wavelength, 0 is the angle of diffraction from
the lattice plane spaced with a distance ‘d’ and ‘n’ is an integer. The
intensity of diffracted X-ray from the powder is plotted against 20
values. XRD patterns of the precursor and calcined samples were
obtained from Monash University, Australia, with a Siemens D 500 X-
ray diffractometer in the diffraction angle range 20 = 10-70° using
CuKa (A =1.54 2\) irradiation for microwave power induced TiO> and
ZnO nanoribbons. For all the other TiO2 and ZnO sample
characterization, Rigaku Miniflex Difractometer with CuKy (A = 1.54
A) irradiation available at the Department of Physics, University of
Calicut, was used. The diffraction angle range was varied with respect
to the sample but limited in the range 20-80°. The spectra were plotted
and compared with data from the Joint Committee Powder Diffraction
Standards (JCPDS) for analysis. According to the main peak intensity
of anatase TiO> and wurtzite ZnO respectively, (101) or (100) the
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crystallite size was calculated using the Scherrer equation’ (Equation
2.2).

0.94
pcosé

4= (2.2)

Where, ¢= crystallite size (nm), A = X-ray wavelength (/-'\), 0 =

Bragg’s angle (radian), = full width at half maximum (radian).
2.5. 2. FTIR Spectroscopy?®

FTIR relies on the fact that the most molecules absorb light in the
infra-red region of the electromagnetic spectrum. This absorption
corresponds specifically to the bonds present in the molecule. The
frequency range are measured as wave numbers typically over the
range 4000 — 400 cm™. FTIR spectroscopic technique is also used to
find out the presence of metal-oxygen, metal-metal, oxygen-oxygen etc
stretching vibrations of nano/micro semiconducting architectures.
Since for the detection of the formation of Ti-O and Zn-O stretching
vibrations, the FTIR technique is used here. The FTIR spectra of the
samples were measured from the Department of Chemistry, University
of Calicut, using a Jasco-FT/IR-4100 spectrophoto- meter in the range
4000-400 cm™. A measured quantity of the sample was mixed with
spectroscopic grade KBr in the ratio 1:100 and ground well followed

by the preparation of the sample pellet.
2. 5. 3. Raman Spectroscopy?®

Raman spectroscopy is a molecular spectroscopic technique, which is
observed as inelastically scattered light, allows the identification of

vibrational (phonon) states of molecules. As a result, Raman
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spectroscopy provides an invaluable analytical tool for molecular
finger printing as well as monitoring changes in molecular bond
structure such as defect state, stresses and strains. Raman spectroscopy
requires little to no sample preparation and is insensitive to aqueous
absorption bands. This property of Raman facilitates the measurement
of solids, liquids, and gases not only directly, but also through
transparent containers such as glass, quartz, and plastic. Raman
measurements of the black TiO, sample was obtained using Bruker
MultiRam Raman Spectrophotometer available at the Department of
Chemistry, University of Calicut and that of the ZnO microrods were
recorded from CMET, Thrissur, using thermo-scientific Raman
spectrophotometer.

2. 5. 4. X-ray Photoelectron Spectroscopy (XPS)°

XPS is an electron spectroscopic technique, where the kinetic energy
of the emitted electron is recorded. The spectrum thus consists of a plot
of the number of emitted electrons, or the power of the electron beam,
as a function of the energy (or the frequency or wavelength) of the
emitted electrons. XPS provides information about not only the atomic
composition of a sample but also the structure and oxidation state of
the compounds being examined. XPS measurements were recorded
from Amrita Institute of Science and Technology, Kochi. The
instrument used was Axis Ultra, Kratos Analytical, UK with an Al-Ka
(1486.6 eV) source.
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2. 5. 5. Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) uses a focused beam of high
energy electrons to generate a variety of signals at the surface of solid
specimens. The signals those are derived from electron-sample
interactions reveal the information about the sample including surface
morphology (texture), chemical composition and crystalline structure
of materials. In most applications, data are collected over a selected
area of the surface of the sample, and a two dimensional images are
generated. The SEM images were obtained from Monash University,
Australia by using a JEOL 7001F FESEM operated at 15 kV.

2. 5. 6. Transmission Electron Microscopy (TEM)?

TEM is a surface morphological technique, where a high energy beam
of electron is applied through a very thin sample and the interactions
between the electrons and atoms can be used to observe features such
as the structure, dislocations and grain boundaries of a crystal. In
addition to these, chemical analysis can also be performed. TEM can
be used to study the growth of layers, their composition and defects in
semiconductors. High resolution TEM (HRTEM) can be used to
analyze the quality, shape and size of various materials especially the
nanomaterials. TEM images were recorded from Sophisticated
Analytical Instrument Facility (SAIF), Cochin University of Science
and Technology (CUSAT) using a JEOL/JEM 2100 Transmission
Electron Microscope.
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2. 5. 7. Photoluminescence Spectroscopy (PL)°

Photoluminescence (PL) spectroscopy is a useful technique for the
study of the optical properties of materials. This technique involves
measuring the energy distribution of emitted photons after optical
excitation. This energy distribution is then analyzed in order to
determine the properties of a material, including defect states (species)
and defect concentrations. It is widely recognized as a useful tool for
characterizing the quality of semiconductor materials which may
accompany radiative recombination. PL spectra of ZnO microrod
samples were recorded from the Department of Chemistry, NIT,

Calicut using Perkin Elmer LS 45 PL spectrophotometer.
2. 5. 8. UV-Visible Spectroscopy!!

UV-Visible absorption spectroscopy the response of a sample to
ultraviolet and visible range of electromagnetic radiation. The principle
of UV-Visible spectroscopy is according to Beer Lambert’s law which
states that the absorbance of a sample is directly proportional to the
concentration of the solution and the path length (thickness) of the

medium. It can be expressed mathematically as
A =c¢cl (2.3)

Where ‘A’ is the absorbance, ‘€’ is the molar absorptivity, ‘c’ is the

concentration of the solution and ‘I’ is the path length of the medium.

From the UV-Visible absorption spectra, not only the absorption
coverage can be derived but also the band gap of a material especially
a semiconductor. The optical properties and absorbance spectra of
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samples  were  measured using a  Jasco-V-550-UV/VIS
spectrophotometer recorded from the Department of Chemistry,
University of Calicut. For the absorption measurement of the MB dye,
the aliquots were taken in a PMMA cuvette and scanned in the
wavelength range 200-800 nm. The absorption value at a wavelength

662 nm was used for plotting the kinetics of the reaction.
2. 5. 9. Dissolved Oxygen Concentration

The dissolved oxygen concentration (DOC) in the dye solution was
calculated using a EUTECH, Cyberscan DO 110 Dissolved Oxygen
Meter in each interval of time.

2. 5. 10. Surface Area Measurements!?

The BET (Brunauer, Emmett and Teller) surface area measurements
and pore analysis were carried out at Monash University, Australia, by
nitrogen adsorption using a Quantachrome NOVA 2000e surface area
analyzer. The measurements were carried out at liquid nitrogen

temperature after degassing the powder samples for 2 h at 200 °C.

The specific surface area was determined using the BET equation.*? In
BET theory it is assumed that the adsorption of gas molecules on the
solid surface can take place since the solid surface possesses uniform,

localized sites. The BET equation is:

p/g/ __1  (C-DPR, (2. 4)
V(I-PIR) v C V.C
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Where, V = volume of gas adsorbed (in cm®/g) at pressure P. Vi =
volume adsorbed on the surface of the solid is completely covered with
a monolayer of adsorbed gas molecules in cm®g.C = a constant
depending upon the nature of the gas. Since ‘C’ and ‘Vm’ are constants
for a given gas-solid system, a plot of P/V(Po-P) Vs P/P, will give a
straight line. So Vm can be calculated. Total surface area of the sample

can be calculated using the equation,
Surface area (S) = VmNA /M (2.5)

Where, N = Avagadro Number, 6.023 x 102 mol, A = Cross sectional
area of a single molecule of the adsorbate (m?) and M = Molecular
weight of the adsorbate (g/mol).
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3. 1. Introduction

Synthesis of TiO2 as a sunlight harvester which can absorb the entire
solar spectrum from the UV to the IR region using a rapid strategy is a
challenge among researchers. It is well known that non-stoichiometry
in TiO2 can alter the absorption coverage of a material, particularly in
TiO2.1 If TiO; is in an oxygen vacancy rich environment, a substantial
positive absorption shift occurs that can facilitate the IR absorption.!?
Consequently the color of TiO, will be obviously black.'? Very
recently oxygen richness and oxygen vacancy richness have been
applied on TiO2 by various methods to induce optical properties and
thereby reinforcement of photocatalysis.* However, the use of oxygen
rich chemicals such as H20. and high temperature implementation

cannot notably alter the oxygen richness in anatase TiO2 nanocrystals.*
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For certain, inducing oxygen vacancy richness (Ti** doping) in such an
oxygen rich environment is extremely difficult. In this study we are
introducing for the first time a clean, cost effective and eco-friendly
microwave synthesis of ‘yellow oxygen rich’ (YAT-150) and ‘black
oxygen vacancy rich’ (BAT-150) anatase TiO2 nanoparticles which
can effectively absorb energy from the UV to the IR region of the solar
spectrum by in situ modification of the precursor titanium butoxide
using Mn (II) acetate as an ‘anatase phase purifier’ within a five

minute reaction time.
3. 2. Results and Discussion

In order to construct the light harvesters, oxygen rich yellow anatase
TiO2 (YAT-150) and oxygen vacancy black rich anatase TiO, (BAT-
150), a sol-gel assisted microwave technique was designed, which is
schematically represented in Scheme 3. 1. As Scheme 3. 1 depicts, the
in situ Mn (1) modification led to black anatase TiO> at a temperature
of 150 °C whereas oxygen rich anatase TiO2 (YAT-150) was obtained
without using Mn(ll). Both the TiO> samples were employed in
photocatalysis under UV and sunlight illumination.> Both samples
glitter (Figure 3. 1).
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Scheme 3. 1. Schematic illustration for the synthesis of yellow and
black anatase TiOa.

Figure 3. 1. Digital photographs of A) Yellow anatase TiOz (YAT-
150) and B) Black anatase TiO2 (BAT-150).
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3. 2. 1. X ray Diffraction

The X-ray diffraction patterns (Figure 3. 2) of YAT-150 and BAT-150
confirm the formation of anatase TiO» (JCPDS 75-1537) and from
Figure 3. 2B the overall anatase peak texturing along all directions
with respect to YAT-150 (Figure 3. 2A) is observed. Interestingly two
new anatase peaks along the (103) and (213) directions originate from
BAT-150, these are unseen in YAT-150. These new high intensity
peaks along the (103) and (213) planes prove the higher phase purity of
black anatase TiO.. Thus Mn?* incorporation (also evident from the
absorbance spectra and XPS measurements) into the anatase crystal
lattice is directed towards the origin of these new anatase peaks along
with peak texturing. Since the ionic radius of Mn?* (0.83 A°)® is
greater than that of anatase Ti** (0.74 A°),” Mn?* is forced to displace
the lattice oxygen leading to oxygen vacancies. This would have
definitely contributed towards the in situ location of Mn?* in the lattice
site of anatase TiO2 paving the way for oxygen vacancy richness.
Although Mn?* is larger in size than Ti*, the incorporation was
confirmed by the positive shift occurring in the XRD pattern after
Mn?* modification (inset of Figure 3. 2). Furthermore the (211) peak
of YAT-150 disappeared and a high index anatase (105) peak was
generated on account of the synergistic effects of the thermodynamic
and kinetic factors which control crystal nucleation.® Mn?
modification tends to specifically lower the Gibbs free energy in the
(105) orientation, and thus stabilizes the distinct atomic configuration

along the (105) plane.®
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Figure 3. 2. X ray diffraction pattern of A) YAT-150 and B) BAT-
150. (Inset shows the peak shift and peak intensity variation (A)

before and (B) after Mn?* reduction).
3. 2. 2. FTIR Spectroscopy

The FTIR spectra (Figure 3. 3) show a broad band around 550 cm™
for both oxygen rich and oxygen deficient anatase TiO2. The assigned
peaks for the Ti-O-Ti and Mn-O stretching vibrations are usually
present at 500 and 794 cm™ %10 respectively which are masked within
the broad band present in the range of 400-900 cm™. The Ti-OH
vibrations generally present at 740 and 670 cm™! may also be merged
within the same broad band.!! The bands at 3410 and 1631 cm™ are
due to -OH stretching and bending vibration.!? The peak at 1440 cm™
could be ascribed to the stretching vibration of surface adsorbed CO,.13
A noticeable peak is also present at 1020 cm™! which is the

characteristic peak of 6-(Ti-OH) deformation and this peak is more
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intense for BAT-150, showing the highly deformed crystal lattice of
BAT-150.1

% Transmittance

3410 em”

4000 3500 3000 2500 2000 1500 1000 500
4
Wave number (cm )

Figure 3. 3. FTIR spectra of A) YAT-150 and B) BAT-150.
3. 2. 3. UV-Visible Absorption Spectroscopy and Tauc Plot

For YAT-150, the wavelength cut-off was found to be 520 nm (Figure
3. 4B) whereas the absorption of BAT-150 (Figure 3. 4C) is beyond
the near IR (NIR) region. The former is due to oxygen richness and the
latter is obviously because of the origin of oxygen vacancy richness
when Ti** doping arose due to Mn2?* modification. These absorption
features have definitely provided a positive contribution towards the
higher photocatalytic efficiency of the TiO2 nanoparticles that have
been synthesized. In comparison, the standard Degussa-P25
photocatalyst has a wavelength cut-off in the UV region (Figure 3.
4A). The presence of absorption humps for BAT-150 in the range of
362-385 nm and 530-680 nm is associated with the d-d electronic

transitions of Mn?* in an octahedral environment.*® The absorption in
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the narrower range of 360-385 nm is assigned to 6A14(S) — 4Eg (D)
and 4A1g — 4T2(D) transitions, and the 4A1q — 4T14(G) transition
reveals the incorporation of Mn?* alone into the TiO; lattice.’® In the
Tauc plot (Figure 3. 5) the band gap energy for YAT-150 is 3.02 eV
which abruptly decrease to 1.72 eV for BAT-150, which is attributed
to the high reduction capability of Mn?* which has introduced defects
into the crystal lattice of TiO2 directed towards the ultra-narrowed
band gap. The reducing agent Mn?* enters into the oxygen rich anatase
TiO2, YAT-150 and accepts the excess oxygen cloud leading to BAT-
150, the Ti** doped black anatase TiOx.

Absorbance (arb. units)

e

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 3. 4. UV-Visible absorption spectra of A) Degussa-P25 B)
YAT-150 and C) BAT-150.
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Figure 3. 5. Tauc plot of A) YAT-150 and B) BAT-150.
3. 2. 4. XPS Analysis

The XPS analysis of YAT-150 (Figure 3. 6A) shows that the Ti2pas
and Ti2p1» peaks are at 460.05 and 465.65 eV. These values are
reduced to 457.65 and 462.65 eV respectively for BAT-150. For YAT-
150, the Ti2ps;2 peak at 460.05 eV is obviously due to oxygen richness
present in the sample® whereas for BAT-150 the same peak is
negatively shifted to 457.65 eV and is attributed to oxygen vacancy
richness (Ti** doping). The Mn2p spectrum (Figure 3. 6B), where the
binding energy peaks are observed at 640.55, 644.14, 651.95 eV and a
satellite peak at 646.95 eV shows the evidence for Mn?* doping alone
into the crystal lattice of BAT-150.1° The presence of these peaks is
responsible for the negative peak shift occurring for Ti2ps». towards
457.65 eV in BAT-150 and also confirms the Ti** doped oxygen
vacancy rich environment.}” Simultaneously the oxidation state of Ti
approaches +3 from +4 (Ti**—Ti®"). In the O1s XPS spectrum, the
highest binding energy peak corresponding to Ti-O-Ti at 531.35 eV for
YAT-150, is negatively shifted to 528.65 eV for BAT-150, which is
attributed to the change in oxygen environment**® as shown in Figure
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3. 6C. The peaks at 533.85 and 535.85 eV for YAT-150 prove the
presence of Ti-OH and -OH respectively due to surface adsorbed water
molecules. For BAT-150, these peaks are shifted to 531.15 and 532.85
eV.192% The splitting between Ti2ps;2 and Ti2pa is found to be 5.6 eV
for YAT-150 which could be assigned to TiO2 being in the anatase
phase.?! After Mn?* modification the peak separation decreased to 5 eV
which could be assigned to the peak texturing, peak formation and the
band gap reduction occurring within Ti** doped black anatase TiO;
(BAT-150). The band gap narrowing occurring due to the
transformation of YAT-150 to BAT-150 (from 3.02 to 1.72 eV) as
discussed earlier under the UV-Visible absorption spectroscopy and
Tauc plot section is due to mid-gap band generation which is revealed
from XPS analysis.
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Figure 3. 6. XPS spectra of A) Ti2p of YAT-150 and BAT-150 B)
Mn2p of BAT-150 C) O1s of YAT-150 and BAT-150.
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Mid-gap band states are either above the valence band (VB) or below
the conduction band (CB). These mid-band states will overlap with the
respective band (VB or CB) leading to a reduction in band gap
energy.? Here the valence band edge is observed at 2.01 eV and 4.15
eV for YAT-150 and BAT-150, below the Fermi energy confirming
the substantial upward binding shift of 2.14 eV by introducing oxygen
vacancy richness and simultaneously doping Ti%* into the oxygen rich
environment (Figure 3. 7). Since the optical band gap of YAT-150 is
3.02 eV, the conduction band minimum would occur at -1.01 eV as
depicted in the DOS diagram (Figure 3. 8). From Figure 3. 8, oxygen
vacancy rich TiO2 (BAT-150) displays a conduction band minimum at
2.43 eV. The increase in the VB maximum is due to the increased
oxygen vacancy richness. The degree of oxygen richness is diminished
here, which is evident from the XPS spectra i.e. the VB maximum
colossally increased from 2.01 eV to 4.15 eV (from YAT-150 to BAT-
150). These features can be easily perceived from the DOS diagram.
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N
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Figure 3. 7. The Valence band spectra of A) YAT-150 and B) BAT-
150.
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Figure 3. 8. Density of States (DOS) for A) YAT-150 and B) BAT-
150.

3.2.5. TEM Analysis

The particle sizes of YAT-150 and BAT-150 are in the nanometer
range and are confirmed in the TEM studies (Figure 3. 9A and 3. 9B).
The TEM studies reveal that both YAT-150 and BAT-150 are ultra-
small nanoparticles of around 5 nm in size. No considerable change in
size and shape is observed due to the variation in oxygen
concentration. The HRTEM images are also displayed here (Figure 3.
9C and 3. 9D) and the fringe spacing (d) of YAT-150 and BAT-150 is
found to be 0.34 and 0.339 nm respectively, which are in exact
agreement with the standard data of (101) plane of anatase TiO>
(JCPDS 75-1537).22 The corresponding SAED patterns are also
displayed in the insets to show the sharp diffraction pattern and high

anatase phase purity.

71



Figure 3. 9. TEM images of A) YAT-150, B) BAT-150 and
HRTEM images of C) YAT-150 D) BAT-150.

3. 2. 6. Photocatalysis

In order to examine the photocatalytic activity of YAT-150 and BAT-
150, methylene blue dye degradation measurements were carried out
both under natural sunlight and UV light. The absorption spectra of
methylene blue using Degussa-P25 (Figure 3. 10), YAT-150 and
BAT-150 (Figure 3. 11) shows two peaks at 614 and 662 nm that
could be assigned to the methylene blue dimer and monomer peaks
respectively.?® Photocatalysis under natural sunlight was performed
using YAT-150, BAT-150 and Degussa-P25. These results have
projected a captivating outlook for YAT-150 and BAT-150 which have
been synthesized using the sol-gel assisted microwave strategy. The
photodegradation of the dye occurred within 40 and 20 minutes for
YAT-150 and BAT-150 respectively, whereas the commercially
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available Degussa-P25 photocatalyst completed the catalytic process,

taking more than 90 minutes.
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Figure 3. 10. UV-Visible spectra of photodegradation using
Degussa-P25 A) under UV illumination and B) under sunlight

illumination.
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Figure 3. 11. UV-Visible spectra of photodegradation under UV
illumination using A) YAT-150, B) BAT-150 and under sunlight
illumination using C) YAT-150, D) BAT-150.
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Generally the photooxidation of methylene blue dye occurs under
aerobic conditions, where the amount of dissolved oxygen is sufficient
to enhance the photocatalytic process along with the photocatalysts by
trapping the electrons that are formed during the photoexcitation of the
valence band of TiO,. The photooxidation reaction under aerobic

conditions can be described by the following equation.?*?
MB + %/, O, — HCI + H2SO4 + 3 HNO3 + 16 CO2 + 6 H20 (3.1)

Besides the oxidation process, a demethylation process can also occur
during dye degradation.?® In the present work, all photocatalytic
measurements were carried out in the presence of air to supply
sufficient molecular oxygen. The dissolved oxygen concentration
(DOC) measurements were performed and the average DOC values
during the photocatalytic process are shown in Table 3. 1. This higher
concentration of dissolved oxygen in the photocatalytic reaction
mixture will have undoubtedly paved the way for enhancing the
photocatalytic efficiency by trapping the conduction band electron
leading to the formation of super oxide radicals (O2™") by reduction.
The so formed super oxide (O2) and hydroxyl (OH") radicals that
have been formed due to the reaction between water and the hole
generated at the TiO2, valence band jointly facilitate the
photodestruction of the methylene blue dye.?” These photocatalytic
aspects confirmed the remarkable activity of both YAT-150 and BAT-
150. BAT-150 is twice as active as YAT-150.
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Table 3. 1. Dissolved Oxygen Concentration in the MB dye solution
during photocatalysis (mg/L).

YAT — 150 BAT - 150 Degussa — P25

UV | SUNLIGHT | UV | SUNLIGHT | UV | SUNLIGHT

5.42 5.37 5.65 5.43 5.96 4.95

It is evident from Figure 3. 12 that the photocatalytic activities of
YAT-150 and BAT-150 were 2-fold and 4-fold more active than the
Degussa-P25 photocatalyst. In the presence of UV illumination, YAT-
150 performed the photodegradation within 210 minutes whereas
BAT-150 only took 180 minutes. However, Degussa-P25 showed the
highest photocatalytic activity under UV light owing to its wide area
absorption in the UV region and mixed phase behaviour. The higher
adsorption capability of Degussa-P25 as compared to that of YAT-150
and BAT-150 results in the higher photocatalytic efficiency of
Degussa-P25 under UV irradiation. Degussa-P25 contains 75% anatase
and 25% rutile phase and its high photocatalytic activity has been
reported elsewhere.?®?® BAT-150 utilized the first 60 minutes for
monomer-dimer equilibration (a decrease in only the monomer peak)
and thereafter the degradation was jointly concerted (Figure 3. 11B).
Dimerization may facilitate the inhibition of the hazardous activity of
toxic active sites. The active sites of organic pollutants are initially
restrained by keeping dimerized moieties prior to degradation. For
certain, the degradation was performed within 120 minutes. A
hypsochromic shift is observed in all the catalytic processes, which is
attributed to N-demethylation (Figure 3. 10 and 3. 11).23
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Figure 3. 12. Photodegradation plot of methylene blue dye
degradation under sunlight and UV light using A) No catalyst B)
YAT-150, C) BAT-150 and D) Degussa- P25.

3. 3. Conclusions

A green and rapid sol-gel assisted microwave strategy is established
for the synthesis of oxygen rich yellow anatase TiO, and Ti*" doped
oxygen vacancy rich black anatase TiO». The as synthesized black and
yellow anatase TiO2 nanoparticles were characterized using XRD,
TEM, XPS, FTIR and UV-VIS spectroscopy. XRD studies revealed
the origin of new anatase peaks along the (103), (213) and (105)
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direction with peak texturing in black anatase TiO2 when compared to
yellow colored anatase TiO». The anatase phase pure yellow and black
TiO2 nanoparticles were of an ultra-small size (~5 nm), confirmed
using TEM analysis. XPS studies evidently demonstrated the
occurrence of a large upward binding shift of 2.14 eV as anatase TiO>
changed from an oxygen rich to oxygen vacancy rich environment.
These yellow and black anatase TiO2 nanoparticles were employed as
solar photocatalysts and their activity was compared with
commercially available Degussa- P25. The photocatalytic efficiencies
of yellow and black anatase TiO2 were two-fold and four-fold more

active than the commercially available photocatalyst, Degussa-P25.
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4. 1. Introduction

An explosion of interest have been triggered after the discovery of
black TiO> by Chen et al. which was substantially able to absorb
energy from the IR region of the solar spectrum due to its black color.!
Different strategies like Hz/Ar treatment,? H,-N, treatment® and argon
treatment* methods also came in to act for the synthesis of black TiO
with desired absorption coverage and applications. Controlling the
hydrogenation/argon treatment/nitrogenation procedures along with
high pressure conditions have made the synthesis of black TiO;
difficult and time consuming. The metal reduction method that has
been implemented later using Al,> Zn® and Mg’ were also accompanied
by Ho/Ar treatments. Due to the persistence of same difficulties,
electrochemical anodization® was applied on a later stage. Very

recently Shah et al. reported a facile hydrothermal approach to prepare
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defective TiO2.x nanocrystals using Ti (I11)-salt as a precursor and L-
ascorbic acid as reductant and structure direction agent.® However, the
drawbacks of these methods include the prolonged reaction time and
use of a structure directing agent, harsh and expensive chemicals.
Keeping these facts in mind, lately we have successfully used Mn (1)
for reducing oxygen rich yellow anatase TiO, to oxygen vacancy rich
black anatase TiO2 which has been explained in the previous chapter of
this thesis.'0 Inspired from this facile strategy a rapid synthetic strategy
for black anatase TiO2 has been developed in a one pot manner, in the
absence of any dopant/reducing agents and without any high pressure
sophisticated environment along with Ha/No/Ar treatments. In brief, a
one pot gel combustion strategy has been used to synthesize Ti®" self-
doped, oxygen vacancy rich black anatase TiO.x for the first time
using titanium butoxide, diethylene glycol and water as only
precursors. It has been early reported that gel combustion method can
lead to the formation of defects in crystals, such as stacking fault and
dislocations.!* Myung et al. recently reported the gel-combustion
strategy* and Zhang et al. reported a sol-gel method!? in argon
atmosphere for the synthesis of defective black TiO2. A very recent
report says that the glycolation (used in the present work) can increase
the stability of black TiO2 nanoparticles in physiological environment,
so that it can possess high anticancer effect in vitro and in vivo.'3
Obviously the so formed black TiO,x has shown a wide area
absorption at NIR region and correspondingly a narrowed band gap
(1.51 eV) which has facilitated the swift and effective photocatalysis

under solar illumination.
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During synthesis, at the stage of complexation, the precursors are
mixed homogeneously in molecular level, so that the possibility for
bulk diffusion restriction can be eliminated completely during the
anatase phase formation. Rapid cooling after 2 hours can leads to the
formation of nanostructures with defects.** In this way the defective
structures were manipulated that can be correlated with high lattice
strain. In other words, if the magnitude of defects are more, more will
be the lattice strain. Here the lattice strain (e = 0.334, obtained from
Rigaku data analysis software, PDXL using Halder-Wagner method)
was a large value, indicating the highly defective structure of black

TiO2.x.2* The digital photographs and the proposed Ti glycolate gel
structure are shown in Scheme 4. 1.
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Scheme 4. 1. Digital photographs of (A) Ti glycolate gel and (B)
black anatase TiO2-x with the Ti glycolate gel structure.
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4. 2. Results and Discussion
4. 2. 1. X ray Diffraction

The XRD pattern of the black TiO2« sample (Figure 4. 1A) revealed
the formation anatase phase of TiO» (JCPDS 75-1537). The broad
XRD peaks indicate the small average crystallite size of black TiO2x
and the average crystallite size was 4.92 nm correspond to the main
XRD peak along (101) plane.

4.2.2. FTIR Spectroscopy

The formation of black TiO2.x nanomaterial was further confirmed by
FTIR spectrum (Figure 4. 1B) and it was found that the broad peak
around 523 cm is attributed to the formation of Ti-O-Ti bond of nano-
titania.® The peaks at 3430 cm™ and 1622 cm™ are correspond to the
stretching and bending vibrations of —~OH present in the nanosystem.®
Very small FTIR peak intensity at ~2900 cm™ corresponds to C-H

stretching vibrations.’
4. 2. 3. Raman Spectroscopy

Raman spectrum of BAT (Figure 4. 1C) confirms the formation of
anatase phase alone. The Raman peaks present are at 151 cm™ (Eg),
405 cm™ (Big), 516 cm™ (A1g+Big) and 637 cm™ (Eg).'® These values
indicate a slight increment/decrement in all the Raman shift values as
compared to those reported earlier.® All the peaks are broad in nature.
These facts directing towards the confirmation of a large amount of
defects present in the lattice as well as on the surface of BAT, the Ti%*
self-doped black anatase TiO2.x.
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Figure 4. 1. A) XRD B) FTIR and C) Raman spectrum of BAT.
4. 2. 4. XPS Analysis

In XPS, 2ps2 and 2p12 peaks of TiO: are present at 457.6 and 463.3 eV
respectively (Figure 4. 2A). The peak at 457.6 eV corresponds to the
presence of high Ti%* concentration.’® In the O1s XPS spectrum, the
Ti—O-Ti peak is observed at 528.7 eV and this reduced value as
compared to early reported ones, is attributed to the oxygen vacancy
richness present in BAT (Figure 4. 2B).2° The peaks at 531.2 and
532.9 eV confirm the presence of Ti-OH and free -OH species
respectively.?l Very recently Fan et al. reported that sufficient
hydroxylation can lead to the formation of black TiO,.2? Evidently the
notable band tailing of 0.9 eV observed from VB XPS (Figure 4. 2C)
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undoubtedly clarifies the existence of highly defective surface structure

of TiOx.!
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Figure 4. 2. A) Ti2p XPS, B) O1s XPS, C) Valence band (VB) XPS
and D) Density of states (DOS) of BAT.

The density of States (Figure 4. 2D) shows that the narrowed band gap
energy of black anatase TiO2.x (1.51 eV obtained from Tauc plot,
Figure 4. 4B) is due to the existence of mid gap band states in between
the valence band and the conduction band.?® The mid gap band states
due to VB maximum and CB minimum are mainly due to O2p and
Ti3d orbitals respectively. From the DOS diagram (Figure 4. 2D), it
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can be easily perceived that the main absorption onset of BAT is
located at 1.52 eV. In addition the maximum energy associated with
band tail, blue shifted, resulting the VB maximum at 0.62 eV. In
addition there may be conduction band tail states arising from
disorders that extend below the conduction band minimum. In this

way, the CB minimum is observed at 0.1 eV. %10
4.2.5. TEM Analysis

A distorted spherical morphology of anatase TiO is observed from
TEM analysis (Figure 4. 3A). Size of a single black TiO2x
nanoparticle was measured which was around 23 nm. The particle size
of black TiO2x suggests that five to six nano crystallites combined
together to form a single black TiO2.x nanoparticle. Furthermore the
surface defects present in a single particle is shown in Figure 4. 3B.
The lattice fringes of TiO, are clearly visible at a certain area of the
particle and it fades out in a large area which is highlighted in the
HRTEM image (Figure 4. 3B). Correspondingly the loss of lattice
fringe continuum can be easily perceived to predict the defect states
present on the surface of a crystal.* The SAED pattern of BAT is
shown in Figure 4. 3C.
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Figure 4. 3. A) TEM B) HRTEM and C) SAED pattern of BAT (In
Figure 4. 3B, region with in the dotted yellow circle visualizes the

defective surface layer).
4. 2. 6. UV-Visible Absorption Spectroscopy and Tauc Plot

The black colored defective TiO2.x has obviously wide area absorption
around 900 nm (NIR region) which is clearly visible from Figure 4.
4A, where the commercially available photocatalyst, Degussa- P25 has
a wavelength cut-off around 390 nm. The corresponding band gap
energy was calculated using Tauc plot (Figure 4. 4B) and the band gap
energy values were obtained 3.26 and 1.51 eV respectively for
Degussa-P25 and BAT. As evident from Tauc plot this synthetic
strategy provides substantial decrement in band gap energy leading
towards the rapid photo excitation of electron from VB to CB that

could efficiently enhance the rate of photocatalysis.
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Figure 4. 4. A) UV-Visible absorption spectra and B) Tauc plot of
a) Degussa-P25 and b) BAT.

4. 2. 7. Photocatalysis

Methylene blue (MB) has been extensively used as photocatalytic
model system at different concentration levels under different light
irradiation source such as AM 1.5 G filter and Xe lamp (300 W) with a
UV cut-off filter (A > 420 nm).2?® According Zhu et al. only 50% of
degradation was occurred by using 10 mg/L MB model system (100
mL) and 100 mg Ti®* black TiO2.26 The N2 gas flow treated Ti** self-
doped anatase TiO2x prepared by NaBHa reduction have shown
photodegradation within 30 minute time by dispersing 20 mg of
photocatalyst into 100 ml of methylene blue solution (20 mg/L).?
Shah et al. reported MB degradation within 120 minutes under 300 W
Xe lamp (Cut-off filter > 420 nm).° Leshuk et al. have successfully
designed black TiO2 by hydrogenation, however the degradation rate of
MB was very low.?” According to their report, from the degradation
plot it was observed only a slight change in C/Co value from 1 to 0.92

confirmed almost zero activity towards the photodegradation of MB.?’
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The same group have also reported hydrogenated black anatase TiO-
and the MB degradation was carried out by consuming nearly 150
minutes under AM 1.5 G filter.? Lately we have developed an oxygen
vacancy rich black anatase TiO» for MB degradation under direct
sunlight having 50K-70K lux intensity, where four fold more
photoactivity than Degussa-P25 was observed.!® This direct sunlight
irradiation method has been earlier employed for self-healing also.?
We have followed here the similar strategy (under direct sunlight) for
the photocatalytic examination since the universal energy source sun
can only transmit the maximum light energy with all magnitude of

wavelengths.

The photocatalytic activities of BAT and standard Degussa-P25 were
evaluated and the decomposition plot of methylene blue (MB) under
solar illumination are shown in Figure 4. 5. The photocatalytic activity
of BAT was higher than the commercially available photocatalyst
Degussa-P25. For BAT the photodegradation was completed within 12
min, whereas Degussa-P25 has taken more than 18 minutes for the
same process (Figure 4. 5A, 4. 5B & 4. 5C). In both the photocatalytic
processes the characteristic monomer peak of MB was blue shifted

owing to N-demethylation.?
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Figure 4. 5. UV-Visible absorption spectra of methylene blue (MB)
photodegradation using A) BAT and B) Degussa-P25. C) MB
Degradation plot of BAT and Degussa-P25, D) MB degradation

recycling efficiency for five consecutive runs using BAT.

Retention of photocatalytic activity in five consecutive cycles were
also obtained for BAT (Figure 4. 5D). During the solar illumination,
the surface oxygen vacancy sites restrain the possibility of electron-
hole recombination can be explained as follows. Since the band gap
energy is very low for BAT the possibility for returning back of
electron to the hole is very high. When the electron tend to do so, the

surface oxygen vacancy sites trap the electrons and keep the hole to
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electron spacing in an agreeable combination for efficient

photocatalysis.
4. 3. Conclusions

A one pot gel combustion strategy towards Ti®* self-doped, black
anatase TiO2x has been developed. The defective anatase TiO>
nanocrystals were comprised of enormous Ti** and oxygen vacancy
sites which are considered as the key players for photocatalysis. As
synthesized black TiO2x was employed as photocatalyst using
methylene blue dye as model system under the universal energy source
sunlight. It was demonstrated that the black anatase TiO> was 33%
more photoactive than the commercially available photocatalyst
Degussa-P25. In addition, this facile route gives an insight to
implement the easily synthesized black anatase TiO2.x in several
applications such as in dye sensitized solar cells, water splitting, Li ion
batteries. These NIR absorbing glycolated TiO2 nanostructures may be
successfully used as a photothermal agent in cancer photothermal

therapy and in further biomedical applications.
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5. 1. Introduction

ZnO is a semiconductor with wide band gap energy (3.37 eV) similar
to TiO2 (3.2 eV), which means the wavelength of absorption is low (A
< 380 nm) and hence the lower photocatalytic efficiency under UV
region. Thus visible light absorbing ZnO particles of narrowed band
gap energy are under investigation by the scientific world that can
facilitate effective photocatalysis. Generally the band gap narrowing
for visible light absorption is introduced on ZnO by doping with metals
or non metals.>3* Doping with metal may cause the formation of
secondary impurities and leads to decrease in photoactivity.! Also the
addition of such impurity elements (metals and non metals) are not
economical and the need of expensive solvents for washing procedure
to remove byproducts keeps it away from cost-effectiveness. In this
direction there are a few ZnO fabrication techniques have been
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proposed to incorporate oxygen deficient sites and thus by decreasing
band gap energy towards a higher photocatalytic performance such as
vacuum deoxidation,? ball milling,® cold plasma treatment* and
electrospinning.® The present work is devoted to a temperature
controlled synthesis of dopant free solar ZnO photocatalysts through a
solution processing strategy that holds high temperature stable oxygen
vacancy sites and narrowed band gap energy of ZnO. Here the oxygen
vacancy richness is found as a kind of self-doping mechanism in ZnO
without introducing any impurity element. Moreover these temperature
driven ZnO nanocrystals are firmly rigid in their oxygen vacancy
richness even at 900 °C which led them to an extremely narrowed band
gap energy in the range 3.05- 3.09 eV, is a new invention to date. As
prepared ZnO photocatalysts were systematically inspected using
methylene blue dye solution as model system both under UV and

natural sunlight illumination.
5. 2. Results and Discussion
5. 2. 1. Synthetic Mechanism

ZnO nanocrystals were prepared by a solution processing route in
which zinc (1) nitrate hexahydrate was first converted to zinc (II)
hydroxide by reacting with ammonium hydroxide. Conversion to ZnO
was completed by heat treatment of zinc (1) hydroxide at higher
temperature 300, 500, 700, 800 and 900 °C in presence of oxygen. The
ZnO precursor obtained were with irregular shape and after calcination
at 300 °C, the nanocrystalline ZnO were formed with no specific

shape. Whereas, when the calcination was carried out at 500 °C the

96



ZnO microrod were formed and the rod morphology was retained after
700 °C calcination. At 800 and 900 °C the rod shape has been lost and
the aforementioned observations are evident from SEM images
(Figure 5. 1). Padmanabhan et al. used Zn(NOs),. 6H.O and
ammonium carbamate as precursors for the synthesis of ZnO micro
rods using microwave method.® The weakly basic condition leads to
the orientation of ZnO along c-axis and the morphology can be
changed (micro-spheres — micro-rods — micro-javelins) by adjusting

the time intervals of microwave power.®

Ostwald ripening

Mechanism:

_Z

HO

Scheme 5. 1. Growth Mechanism of ZnO microrods with proposed
mechanism of the formation of ZnO network.

Growth mechanism of ZnO microrod in the present work is described
in the Scheme 5. 1. As described in the scheme Zn (NO3z)2 6H20 was
used to ensure the increased OH concentration, which can lead to rod
like morphology by ensuring the sufficient growth rate along (001)
direction.” The persistence of surface adsorbed water even after the
heat treatment, accelerate the growth and ripening rate in one

dimensional fashion leading to the formation of ZnO rods.’
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Figure 5. 1. SEM images of A) ZnO precursor B) ZnO-300 C)
Zn0-500 and D) ZnO-700 E) Zn0O-800 and F) Zn0O-900.

5. 2. 2. SEM Analysis

Surface morphological studies of all calcined ZnO samples were done
using Scanning electron Microscope (SEM) are shown in Figure 5. 1.
The SEM analysis showed that, except the less crystalline ZnO
precursor and Zn0-300, other samples (ZnO-500 and ZnO-700) are
rod shaped (Figure 5. 1). The rod morphology has been lost after
calcination at 800 and 900 °C (Zn0O-800 and Zn0O-900).

5. 2. 3. X-ray Diffraction (XRD)

The XRD patterns of Zn0O-300, Zn0O-500, ZnO-700, ZnO-800 and
Zn0-900 (Figure 5. 2) have shown high phase purity of ZnO samples
and they are in correct agreement with the typical wurtzite ZnO

98



structure (JCPDS-01-036-1451). However, the XRD pattern of ZnO
precursor contain peaks that can be assigned to Zn(NOs3). and Zn(OH)2
along with a small percentage of ZnO® (Figure 5. 3). The average
crystallite sizes of ZnO calcined at different temperatures calculated
using Sherrer equation were around 40 = 5 nm revealed the
nanocrystalline nature of ZnO that have been synthesized. The
enlarged XRD patterns of ZnO major peaks are shown inset and it is
clear from figure that the peak shift occurred as the temperature
changes from 300 to 900 °C. It is due to variation in residual strain
within the crystal lattice.® As the temperature changes from 300 to 900
°C the lattice strain varies and thereby the compressive strain is
shuttling along (101) direction.'® In particular as the temperature
varies, strain will vary inhomogeneously, hence different crystallites
will be strained by different amounts and correspondingly the shifts in

20 will also vary.
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Figure 5. 2. XRD spectra of A) Zn0O-300 B) Zn0O-500 C) ZnO-700
D) Zn0-800 and E) Zn0-900 (Inset presents the shifting of major
peaks).
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Figure 5. 3. XRD pattern of the ZnO precursor.
5. 2. 4. FTIR and Raman Spectroscopy

The formation of ZnO wurtzite structure was further confirmed by FT-
IR and Raman spectral analysis. The IR spectrum of ZnO precursor
(Figure 5. 4) has shown a very broad band in the range 3000-3500
cm™ as compared to the calcined samples.! It is due to the N-H
stretching vibration at ~3250 cm™ present along with O-H stretching
(~3450 cm™) in the ZnO precursor. The N-H stretching arises due to
the presence of ammonium hydroxide weakly bound to ZnO. As
shown in Figure 5. 5A, after calcination at high temperatures, the peak
of N-H vibration was disappeared and the band at ~3450 cm™ is alone
visible. This band corresponds to the O-H stretching arising from -OH
groups bound to the ZnO or surface adsorbed water molecules and the
peak at 1630 cm™ could be assigned to O-H bending.!! These spectral
features indicate that zinc hydroxide has been formed by the reaction

between zinc nitrate and ammonium hydroxide. The peak at 1383 cm™
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is attributed to the surface adsorbed CO2 molecules on ZnO.!* Only for
Zn0-300, Zn0O-500 and ZnO-700 samples a band at 1020 cm™ is
present, which is the threshold frequency band representing the
activation energy for electronic conduction.*? This threshold energy
may direct towards the high photocatalytic efficiency of these three
ZnO nanocrystals samples as compared to Zn0O-800 and Zn0O-900. For
Zn0-700, Zn0O-800 and Zn0O-900, the absorptions corresponding to
water, hydroxyl and N-H vibrations are no longer present and only
visible a strong Zn-O-Zn band at ~450 cm™ which is the characteristic
peak of nanocrystalline ZnO.*> However ZnO-500 projecting its
identity on account of the most intense Zn-O-Zn and O-H stretching
bands. These features would have positively contributed to its higher
photoactivity. For ZnO-900 having a weak Zn-O-Zn band have shown
the least photocatalytic activity under UV/sunlight illumination and it

is evident from the photocatalytic measurements (Section 3.7).

Raman active phonons of wurtzite ZnO have Cev Symmetry and
according to group theory A:+2Bi1+E:+2E, are the Raman active
phonons where B: (low) and B: (high) are silent normally. Except Eo,
both A: and E; are Raman active as well as IR active. E> is a non-polar
phonon mode with two frequencies, E> (high) and E2 (low) ascribed to
oxygen atoms and Zn respectively. Both A:; and E: experience,
frequencies for transverse optical (TO) and longitudinal optical (LO)
since they are polar phonon modes. The dominant peak at 435 cm
corresponds to the wurtzite characteristic E> (high) vibration mode
with orientation along c-axis. A second order forbidden frequency
mode at 330 cm™ is described by E2-E1 (low) phonons and the defect
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induced peak at 580 cm™ could be assigned to the A1 (LO) and E; (LO)

vibration mode indicate the presence of oxygen vacancies.™

From Figure 5. 5B, all the calcined ZnO samples have demonstrated
an intense peak at 435 cm, the characteristic of wurtzite phase of
ZnO. The maximum intense peak at 580 cm™ was obtained for the
Zn0-500 (Figure 5. 5B. b) indicating the presence of higher number
of oxygen vacancy sites in the ZnO-500 sample compared to other
calcined samples. In Raman spectra of ZnO, peak at 560 cm™ generally
attributed to the existence of Zn interstitial (Zn;) sites.® The peaks at
377 and 405 cm™ owing to A; (TO) and E; (TO) vibration modes,
which are the characteristics of structural or doping induced disorder.®
Here all the calcined ZnO samples showed no peak at 560 cm
confirms the absence of Zn interstitial (Zn;) sites, whereas the peaks at
377 and 405 cm™ with low intensity indicate the structural induced

disorder present in all the calcined ZnO samples.®
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Figure 5. 4. FTIR spectrum of the ZnO precursor.
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Figure 5. 5. A) FTIR and B) Raman spectra of a) ZnO-300 b) ZnO-
500 ¢) ZnO-700 d) Zn0O-800 and e) Zn0O-900 (The oxygen vacancy
defect vibration mode is highlighted in figure 5. 5B).

5. 2. 5. Photoluminescence (PL) Spectroscopy

For further confirmation of defects present in the ZnO lattice PL
spectroscopy was also been carried out. From PL spectra (Figure 5. 6)
the peaks at 420, 459, 483 and 530 nm are clearly visible. The
emission at 420 nm is attributed to the lattice defects related to oxygen
vacancies (Vo) and interstitial oxygen (Oi).2 This violet emission band
at 420 nm may also be due to the interface traps existing between the
Zn0-ZnO grain boundaries i.e. it should be emitted from the radiative
transition between interface traps and the valence band.'* The absence
of emission at 438 nm eliminates the possibility of Zn interstitial,
which was the earlier observation using Raman spectra (Figure 5. 5B)
is confirmed here. The green yellow emission band at 459 nm is
originating from the lattice oxygen vacancies and the 483 nm emission
associated with the transition between V, and Oj, reveals the existence

of oxygen interstitial.® The green emission at 530 nm is also ascribed
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to oxygen vacancies** whereas no noticeable green emission at 530 nm
is observed for Zn0O-300 rather than an emission broadening around
550 nm indicating the capture of holes by singly ionized oxygen

vacancy to generate doubly ionized surface defect states.'*

PL Intensity

400 450 500 550 600
Wavelength (nm)

Figure 5. 6. PL spectra of A) Zn0O-300 B) Zn0O-500 C) ZnO-700 D)
Zn0-800 and E) Zn0O-900.

5. 2. 6. UV-Visible absorption spectroscopy & Tauc Plot

The absorption spectrum of all ZnO samples shows vast area
absorption bands beyond the UV region. From Figure 5. 7A it is
evident that unlike the conventional ZnO, these oxygen vacancy rich
ZnO samples extended their absorption from UV to visible region even
at higher temperature 900 °C. With increase in temperature, ZnO
absorption wavelength is increased and maximum cut off wavelength
is obtained as 480 nm for Zn0O-900. The ZnO-300 appears as pale
yellow in color. As the temperature increases from 300 to 900 °C, color

of the ZnO sample changes from pale yellow to yellow (Figure 5. 8)
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indicating the self-doping of ZnO and higher visible light absorption.
The band gap energies of all calcined ZnO samples were calculated
from Tauc plot (Figure 5. 7B) are given in Table 5. 1. From Figure 5.
7 and Table 5. 1 it is clear that band gap energy of these ZnO
samples, lies in the narrower range 3.05 — 3.09 eV. XRD (Figure 5. 2)
confirms that there is presence of strain leading to the change in 26
value. This compressive strain is obviously due to lattice defects and
here it is predominantly due to oxygen vacancy defects confirmed by
PL and Raman spectroscopy. Thus the defect states paved the way to
yellow color of the calcined ZnO materials and they have shown

visible region absorption which has directed towards band gap

reduction.
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Figure 5. 7. A) Absorption spectra and B) Tauc plot of a) ZnO-300 b)
Zn0-500 ¢) ZnO-700 d) Zn0O-800 and e) Zn0O-900.
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Table 5. 1. Band gap energy of ZnO samples

Sample Band gap energy (eV)
Zn0-300 3.09
Zn0-500 3.08
Zn0O-700 3.09
Zn0-800 3.05
Zn0-900 3.07

Figure 5. 8. Photographs of A) ZnO precursor B) ZnO-300 C)
Zn0-500 D) ZnO-700 E) Zn0O-800 F) ZnO-900.

5. 2. 7. Photocatalysis

Photocatalytic studies of ZnO precursor and all calcined ZnO (300 to
900 °C) samples were carried out using methylene blue dye as a model
system. In order to compare the photocatalytic efficiency of as
synthesized ZnO samples, similar experiments were also carried out
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using standard Degussa-P25 under the same conditions. The
degradation was easily followed by decolorization of the dye solution
using UV-Visible spectroscopy. The absorbance spectra as a function
of time for the degradation of dye solution under both UV and natural
sunlight were shown in Figure 5. 9 and 5. 10 respectively. The
photocatalysis follow first order kinetics which displayed inset of
Figure 5. 9 and 5. 10.

From Figure it can be seen that all the ZnO nanocrystals are
extraordinary platform for photocatalysis. In all the photocatalytic
processes the major absorption peak of methylene blue at 662 nm were
blue shifted in the absorption spectrum owing to N-demethylation of
the dye solution.®® While looking into UV assisted photodegradation
(Figure 5. 10), the photocatalytic activity of Degussa- P25 was slightly
higher as compared to ZnO photocatalysts and the order of
photocatalytic efficiency is found to be Degussa-P25 > Zn0O-300 >
Zn0-700 > Zn0O-800 > Zn0O-500 > Zn0-900. The higher activity of
Degussa-P25 under UV light is well studied and is mainly due to its
wide absorption ability in the UV region and it contains a mixed phase
(75% anatase and 25% rutile) with a high BET surface area around 45
m?/g. All these factors would have contributed towards the higher
activity of Degussa-P25 under UV irradiation. 16:7:18
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Figure 5. 9. UV-Vis spectra of degradation of methylene blue by A)
Degussa-P25 B) Zn0O-300 C) ZnO-500 D) ZnO-700 E) ZnO-800
and F) Zn0O-900 in presence of natural sunlight (kinetic plots are

shown inset).
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Figure 5. 10. UV-Vis spectra of degradation of methylene blue by

A) Degussa-P25 B) ZnO-300 C) ZnO-500 D) ZnO-700 E) ZnO-800

and F) Zn0O-900 under UV illumination (kinetic plots are shown

inset).
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CIC,

Figure 5. 11 indicates the degradation of dye using Degussa-P25 and
ZnO samples in presence of sunlight. In presence of sunlight,
degradation follows the order ZnO-500 > ZnO-700 > Degussa-P25 >
Zn0-300 > Zn0-800 > Zn0-900. The maximum photoactivity was
observed in the case of ZnO-500 having the lowest band gap energy of
3.08 eV, which is twice active than that of standard Degussa-P25. The
Zn0-500 took only 10 minutes for dye degradation whereas Degussa-
P25 have taken 20 minutes.
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Figure 5. 11. Photodegradation of methylene blue under natural
sunlight and UV illumination using A) Degussa-P25 B) Zn0O-300
C) Zn0O-500 D) ZnO-700 E) Zn0O-800 and F) Zn0O-900.

The higher solar photocatalytic activity of ZnO-500 and ZnO-700 than
standard Degussa-P25 can be explained as follows. It is already
reported that, with the increase in oxygen deficiency a drastic increase
in photocatalytic performance can be introduced.'®?° The band gap
energy of these samples are in the range of 3.05-3.09 eV which
corresponds to visible light region in the electromagnetic spectrum.

This narrower range of narrowed band gap energy along with increase

110



in oxygen deficiency of as synthesized ZnO samples facilitated a
peculiar way to show higher photocatalytic efficiency. The band gap
narrowing in ZnO samples are undoubtedly due to the excess oxygen
vacancies (which is evident from Raman spectra, Figure 5. 5B) as a
kind of self-doping mechanism present in the lattice.?* Also it is clear
from Raman spectra that, since there is no dopant and the presence of
Zn interstitials here, oxygen vacancy is the only key player that is
responsible for band gap narrowing, hence higher visible light
absorption and thus optimizing higher photocatalytic efficiency of ZnO
samples. The maximum photocatalytic efficiency under sunlight was
obtained for Zn0O-500 (Figure 5. 9) which has relatively the maximum
intense peak at 580 cm™ (Figure 5. 5B) further reveals the dependence
of photocatalysis on oxygen vacancy concentration. Other samples
such as ZnO-800 and Zn0-900 show lower photocatalytic activity.
According to previous reports as the temperature increases ZnO loses
its oxygen vacancy sites which led to noticeable shift of absorption
peaks towards the lower absorption region, consequently an increment
in band gap energy also occurs.!®?® However, here the higher
wavelength absorption is retained along with slightly low oxygen
vacancies at high temperatures as compared to the most active
photocatalyst ZnO-500. Moreover on account of the densification of
these samples occurs at high temperatures, the microrod morphology
was disappeared. All these factors have contributed towards the lower
photocatalytic activity of ZnO-800 and ZnO-900. Also, the ZnO
precursor has lower sunlight photocatalytic activity due to its poor

visible light absorption and weak crystallinity.
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5. 2. 8. Photocatalytic Reaction Mechanism

Generally a photocatalytic process commence with the photoexcitation
of electrons from valence band to conduction band access to the
generation of holes at the valence band. As a result an electron-hole

separation arises as follows.
ZnO +hv —ewp +hw' (5.1)

In defect free ZnO fast electron-hole recombination taking place.
However, the recombination rate is reduced in defect rich ZnO. This is
happening due to the presence of an electron acceptor, obviously here
the surface oxygen vacancy sites (Vo) of as synthesized ZnO sample
that can trap the photogenerated electrons. These oxygen vacancy sites
of ZnO samples are highly beneficial for restraining electron-hole
recombination leading to the formation of O, " radical by reduction as

shown below.
Vo' +ew — Vo (5.2)
Vo+ 02— 07 (5.3)

When the oxygen vacancy concentration is very high, the oxygen
vacancy state will be above the valence band as a forbidden state as
depicted in Figure 5. 12. Zheng et al.?? have already reported that the
separation efficiency of electron and hole is controlled by oxygen
vacancies. Moreover some oxygen interstitials (Oi) are also generated
(which is evident from PL spectra, Figure 5. 6) in the as prepared ZnO

samples during light absorption and temperature processing. These O
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combines with the hole generated at the valence band facilitate

oxidation to OH" described by the following equations.
Oi" + hw"— O/ (5.4)
Oi'+OH — 0"+ OH" (5.5)

According to band bending approximation,®® oxygen vacancies are
believed to be more efficient in suppressing electron-hole
recombination and thus exhibiting high photocatalytic efficiency®
which is in correct agreement with the photocatalytic efficiency as
shown in Figure 5. 11, where Zn0O-500 shows maximum
photocatalytic efficiency due to maximum oxygen vacancy sites
present as compared to ZnO-300, ZnO-700, ZnO-800 and Zn0O-900.

Reduction
O,+e"———— 0,
; Superoxide
N&

radical
3.08 eV
3 eV 337ev

Organic
Pollutants

sU

Defectrich ZnO Defect free ZnO

Oxidation

Hydroxyl
radical

h+
SOV state

Figure 5. 12. Photocatalysis mechanism of Oxygen deficiency
enriched ZnO nanocrystals (VB: Valence band, CB: Conduction

band, SOV state: Surface oxygen vacancy state).
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Figure 5. 12 displays that the oxygen vacancy sites are occupied just
above the valence band of ZnO nanocrystals as a kind of self-doping
mechanism (ZnO-500 with band gap 3.08 eV is shown). Consequently
the valence band and the oxygen vacancy state overlap together leads to
the narrowing of band gap which is far less than the defect free ZnO
(3.37 eV). Thus by utilizing the natural sunlight, electrons are excited
from the high energy valence band to the conduction band easily results
in the formation of O, ° and OH" by reduction and oxidation
respectively photocatalyzes the mineralization of organic dye pollutants
into CO2 and H20.

5. 3. Conclusions

ZnO nanocrystals having narrowed band gap energy with rich oxygen
vacancy sites were achieved by a facile and dopant free, solution
processing method that has been designed only by using zinc nitrate
hexahydrate, ammonium hydroxide and nitric acid. As synthesized
ZnO nanocrystals have narrowed band gap energies in the range 3.05 —
3.09 eV which is due to the presence of excess oxygen vacancy sites in
the crystal lattice and these vacancy sites are retained even after
annealing at high temperature, 900 °C. These ZnO nanocrystals were
successfully applied as photocatalysts under normal sunlight due to
their extended substantial absorption ranges upto 480 nm. Rod shaped
Zn0-500 and ZnO-700 with band gap energies 3.08 and 3.09 eV
respectively have demonstrated greater photocatalytic efficiency than
the commercially available photocatalyst Degussa-P25 which revealed
the combined activity of morphology and oxygen deficiency character

of ZnO. The Degussa-P25 has performed dye degradation by taking
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more than 20 minutes while ZnO-500 and ZnO-700 have completed
the same within 10 minutes and 20 minutes respectively. These high
temperature stable solar active ZnO nanocrystals will unambiguously
serve as remarkable photocatalysts and in future they may pave the
way as a photocatalytic self-cleaner in ceramic tiles since its
fabrication needs high temperature processing (~900 °C) along with

light harvesting capability.
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6. 1. Introduction

Structurally different nano and micro sized TiO2 nanostructures have
been prepared and utilized for light harvesting in the area of visible
light photocatalysis, water splitting and dye sensitized solar cells!®
using different synthetic strategies. The synthetic methods those have
been used to prepare TiO> materials include sol-gel, microwave,
hydrothermal, solvothermal, micelle, inverse micelle, chemical vapor
deposition (CVD), physical vapor deposition (PVD), gel combustion
and electrospinning.®1° Till date several reports are available for the
synthesis of TiO, nanostructures such as spheres,''? beads,*4
nanotubes,'® nanorods,'® nanosheets!’ and cuboid*® morphologies with
high structural orderliness for DSSC applications. However, in most of
the previous reports, the conversion efficiencies were limited in the

range 2-5%. Very recently TiO. blocking layers have been
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implemented for improving the conversion efficiency.?®2?! Li et al.
reported 5.38% conversion efficiency by inserting TiO2> compact layer
between ITO nanowires and porous TiO, shell.r® Salvinelli et a1?°
reported an efficiency of 3.1% using sputtered TiO2 blocking layer on
Cd-Si oxide layer. By the similar technique it was reported that the
efficiency can be achieved upto 4.9%%' on ZnO: Al based DSSC.
Keeping these facts in mind, our present work has devoted to develop
anatase TiO2 nanoparticles for DSSC application through a rapid
microwave technique using low cost materials. This facile synthetic
strategy using titanium butoxide, ethanol and deionized water as only
precursors led the way to anatase TiO> nanoparticles and its application
as a photoanode material in DSSC.

6. 2. Results and Discussion
6. 2. 1. Growth mechanism of TiO2 Nanonetwork

The overall synthesis of TiO2 by the hydrolysis and condensation
reactions by using titanium butoxide and water can be represented

by the following equations 6. 1 and 6. 2.
Ti(OC4Hg)s + H2O — Ti(OH)s + C4H9OH (6. 1)
Ti(OH)s — TiO2 + H.0 (6. 2)

Schematic representation for the formation of TiO2 nanonetwork are
shown in Scheme 6. 1. As shown in scheme, after the mixing ethanol
and titanium butoxide (A), four water molecules are added to the
system. While the water molecule enters in to the titanium butoxide
system (B), tertiary (3°) carbocation is formed since it is highly stable.
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The three electron donating — CHs groups donate electron to the highly
electronegative oxygen atoms attached to titanium forming the tertiary
(3°) carbocation. This carbocation is stabilized by the attack of OH"
from water to the positively charged carbon atom forming tertiary
butanol. Whereas the unstable tetra-positively charged oxo anion
(TiOs*) accept 4 H* ions leading to the formation of Ti(OH)s, the
titanium hydroxide (C). The same process carrying out in the whole
system directing towards the propagation of titanium hydroxide
molecules (D) by applying microwave power leads to a rally of
condensation reactions heading to the formation of the anatase TiO:
nano network (E and F). In Scheme 6. 1, (F) indicates the TiOe
octahedra of anatase TiO2 nano network which are edge shared.

HO_  oH\/HO_ OH HO_~ OH
| /TI\ /TI\ /Tl\
i HO' OHHOO OH,

N HO\ /DH HO\ /OH
Yl\ /Tl
S\Ho” “oH/\Ho” “on

,,,,,(,B) HE

d BN i/o\Ti/o\ i/o\ i/o\ i/
N NS
)

Scheme 6. 1. The growth mechanism of anatase TiO2 nanonetwork.
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6. 2. 2. X ray Diffraction

XRD spectra of TiO2 nanoparticles synthesized using microwave
method is shown in Figure 6. 1. The sample showed amorphous
characteristics before microwave irradiation (Figure 6. la). After
microwave irradiation for 5 minutes, crystalline anatase TiO. was
formed (Figure 6. 1b) at 300 W and the same result was obtained at
600 W power as well (JCPDS Card No. 21-1272). These results have
proved that crystalline anatase TiO> can be prepared by a
comparatively low microwave power (300 W) within a smaller time 5
minutes. The crystallite size of as synthesized titanium dioxide were
calculated using the Scherrer equation are shown in Table 6. 1. A
small increase in crystallite size from 6.5 to 6.8 nm was observed when

the microwave power was increased from 300 W to 600 W.

Intensity (Arb. Units)
3]

Two theta (degree)

Figure 6. 1. XRD pattern of TiOz a) before irradiation b) at 300 W
c) 600 W for 5 min irradiation (A=Anatase).
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6. 2. 3. BET Surface Area

The surface area, pore volume and pore size of all microwave
synthesized samples using ethanol were measured using a BET surface
area analyzer. It can be seen from Table 6. 1 that the microwave
synthesized TiO, samples show very high surface area. The 300 W
treated samples shows comparatively higher surface area as compared
to the 600 W samples. This is attributed to the aggregation of particles
which is higher for the samples prepared at 600 W. This aggregation
will reduce the surface area of these samples. The N2 adsorption and
desorption isotherms are shown in Figure 6. 2. The adsorption and
desorption isotherms of all samples have shown type IV behaviour
with the typical hysteresis loop. This is the characteristic of
mesoporous materials. The mesoporous nature of these samples is also
evident from the adsorption and desorption measurements using BJH
method (Table 6. 1).

Table 6. 1. Crystallite size, BET Surface area and pore size of

anatase TiOa.

Surface area Pore Pore Crystallite size
Power .
(m2/g) volume size (nm)
(cm3/g) (nm)
300 W 210 0.263 2.3 6.5
600 W 205 0.266 2.4 7.8
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Figure 6. 2. Type IV isotherm of TiO2 synthesized using microwave
power A) 300 W and B) 600 W.

6. 2. 4. SEM and TEM Analysis

Scanning electron micrographs (SEM) of the TiO2 samples prepared
using the microwave method are shown in Figure 6. 3A and 6. 3B.
These TiO> particles are aggregated and have uniform distribution.
However, the particle size of the aggregate varies at different
microwave power. At 600 W power spherical aggregates are of large
size (Figure 6. 3B) compared to lower power 300 W (Figure 6. 3A).
These TiOz particles can adsorb more number of dye molecules on its
surface as a results of its higher surface area.?? It should have
positively contributed towards the improvement in the efficiency of
dye sensitized solar cells. The TEM image of microwave synthesized
TiO2 600 W power is shown in Figure 6. 3C. TiO2 nanoparticles of

nearly uniform shape and spherical morphology were observed with
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average particle size below 10 nm. The samples were further
confirmed by high-resolution TEM (HRTEM) images (Figure 6. 3D).
From the HRTEM image mesoporous fringes are clearly visible and
the spacing of fringe pattern is found 0.34 nm, which corresponds to
the (101) plane of anatase phase.?®> These observations indicate the
mesoporous nature of the TiO> samples that have been synthesized

along with its crystalline nature.

Figure 6. 3. SEM images of anatase TiO:2 synthesized using
microwave power A) 300 W and B) 600 W, C) TEM and D)
HRTEM images of anatase TiO2 synthesized using microwave
power 600 W.
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6. 2. 5. Microwave TiO2 as DSSC Photoanode

The anatase TiO. nanoparticles that have been synthesized are
deposited on ITO plate using the screen-printing method in order to
investigate the performance of those TiO: nanoparticles as DSSC
working electrodes. The thickness of the films were measured by
profilometer and it is found to be an average thickness value of 12 um.
Solar cells were constructed with the photoanode films made by using
the TiO, synthesized at 300 W and 600 W. These cells were tested
under dark condition and different illumination intensities of 10.3, 38.5
and 100 % of the sun. The device performance parameters obtained for
the solar cell made up of TiO2 synthesized at 300 and 600 W under
different light illuminations are presented in Table 6. 2 and 6. 3. The
I-V and IPCE data of these films under different illumination power
were shown in Figure 6. 4 and 6. 5. As the illumination increases from
10.3 to 100% there is a significant increase in short circuit current (Jsc)
from 1.02 to 10.34 as shown in Table 6. 2 for TiO2 synthesized at 300
W whereas short circuit current (Jsc) increased from a value from 1.28
to 11.84 which is slightly higher than the cell constructed using the
TiO2 synthesized at 600 W. The higher efficiencies of 6.43% and
6.60% were observed for the solar cells made up of TiO2 synthesized
at 300 and 600 W under 100% sunlight intensity. Interestingly 6.58%
of efficiency is achieved under 10.3% sunlight (Table 6. 3) for DSC
fabricated using TiO. synthesized at 600 W. This clearly evidenced the
higher conversion efficiency of the solar cells at lower intensity of

sunlight.
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Table 6. 2. Summary of open-circuit voltage, short-circuit current

density, fill factor and overall light conversion efficiency of anatase
TiO2 (300 W/5 min) photoanode film.

Light intensity Dark sun  10.3% sun  38.5% sun 100.0% sun
Voc (mV) - 725 772 804
Jsc (mA/cm?) - 1.02 3.91 10.34
Fill factor - 0.792 0.788 0.773
Efficiency (%) - 5.68 6.18 6.43
" dark
S 103 %sun| ] Y
g1 38.5 % sun 40+ ‘J' %
= —— 100 % sun ]
N ol N
% W 5ql% o
s’ Ly H"-.
5 7 ~ o] h
5 0 % 0. k
T e 0 800 1000 400 500 500 700 800

400 600
Voltage (mV)

Wavelength (nm)

Figure 6. 4. 1-V characteristic of the solar cell fabricated using

TiO2 synthesized at 300 W photoanode films under different solar
irradiation power (dark, 10.3, 38.5 and 100% sun) and IPCE

curve.
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Table 6. 3. Summary of open-circuit voltage, short-circuit current
density, fill factor and overall light conversion efficiency of anatase
TiO2 (600 W/5 min) photoanode film.

Light intensity  Dark sun 10.3% sun  38.5% sun  100.0% sun

Voc (mV) - 693 737 766
Jsc (mA/cm?) - 1.28 4.63 11.84
Fill factor - 0.767 0.745 0.728
Efficiency (%) - 6.58 6.60 6.60
H dark 0
o 12 —+10.3 % sun| 504 .'ﬁ-L‘
§ 0. 38.5 % sun ‘_r"
E 4] 100 % sun Q4°' !.r -'\\
= 6 %30' 7 -'.
c 9 ] kY
L 4] Q2044 %
E 24 .'/...- h!
2 104 S
30 \,.ﬁ-., ] ]
-2 T T T T T T T T T ’ T T T T T T T T
0 200 400 600 800 1000 400 500 600 700 800
Voltage (mV) Wavelength (nm)

Figure 6. 5. 1-V characteristic of the solar cell fabricated using
TiO2 synthesized at 600 W photoanode films under different solar
irradiation power (dark, 10.3, 38.5 and 100% sun) and IPCE

curve.
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Incident photon current efficiency (IPCE) can be defined as the
number of electrons in the external circuit under short circuit
conditions per incident photon at a given wavelength.?* IPCE at 540
nm has been measured for the solar cell constructed using photoanode
film of anatase TiO> synthesized at 300 and 600 W are shown in
Figure 6. 4 and 6. 5. As compared to the solar cell fabricated by TiO2
synthesized using 300 W, the quantum efficiency was enhanced from
50% to 55% for the solar cell fabricated using TiO, that has been
synthesized at 600 W. Connecting all the parameters those have been
described here, it can be seen that the surface area is grater in the case
of 300 W microwave treated TiO2 (210 m?/g) as compared to 600 W
microwave treated TiO2 (205 m?/g). According to previous reports
surface area is a crucial factor for the solar cell efficiency. Yu et al.
reported the highest solar cell efficiency of TiO, nanosheets with a
surface area ~2.5 times lower than that of TiO> nanoparticles (101
m2/g) and almost the same surface area to that of commercially
available Degussa-P25 (45 m?/g).? Similarly here 210 m?/g and 205
m?/g are the surface area those have been calculated for 300 and 600
W microwave processed TiO> respectively. Here the reasons for the
slight increase in the solar cell efficiency of 600 W microwave
processed TiO> are due to higher pore volume, larger crystallite size
and thereby good crystallization higher current density, Jsc (11.84
mAcm2) which is greater than 300 W microwave processed TiO
(10.34 mAcm2) and most importantly the higher IPCE value, 55%.
The higher pore volume can enhance transfer and diffusion of
electrolyte. It is well known that the efficient diffusion of I3 /I" to

regenerate the dye is important to the photovoltaic response of the
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solar cells.?® Higher crystallize size and thereby good crystallization of
600 W microwave power processed TiO2 meaning fewer imperfections
located on the surface and in the bulk of particles, is beneficial to
reduce the recombination of photogenerated electrons and holes at
defects.?® The maximum value of the IPCE spectra appears at 535 nm,
and the IPCE of 600 W microwave power treated anatase TiO2 solar
cell is about 55%, obviously higher than that of the 300 W microwave
power treated anatase TiO2 solar cell (50%).

6. 3. Conclusions

A rapid microwave assisted sol-gel synthesis of randomly oriented
mesoporous anatase TiO2 nanoparticles have been developed using
titanium butoxide, ethanol and water as only precursors. Crystalline
mesoporous anatase TiO» nanoparticles were obtained by using
different microwave power 300 and 600 W on the TiO: sol for 5
minute irradiation. The crystallinity, morphology and textural
properties of these anatase TiO. nanoparticles were examined by
powder XRD, SEM, TEM and BET measurements. These TiO2
nanomaterials consist of particles size ~10 nm and they have been
successfully applied as photoanode in dye sensitized solar cells,
obtained a higher efficiency of 6.6% with a fill factor of 73% using 1
sun. Solar cell efficiency of anatase TiO2 nanoparticles that have been
synthesized using 300 and 600 W power reveals that a notable
increment in conversion efficiency from 6.43% to 6.6% respectively
has been observed under 1 sun with increment in IPCE value from
50% to 55%.
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7. 1. Introduction

Although TiO2 semiconducting oxide film have been the most widely
studied DSSC photoanode material, 234 Zinc oxide (ZnO) has recently
been identified as a promising material for use as photoanode in
DSSCs.>® Exploitation of the advantages of ZnO such as the similar
band gap of ZnO to that of TiO2, higher electron mobility than TiOg,
easy tailoring and easy surface modification led towards a suitable
photoanode material alternative to TiO2.”8° Structurally different nano
and micro sized ZnO have been prepared and utilized for visible light
photocatalysis and electrochemical water splitting.*%11213 For e.g. Liu
et al. reported the controlled fabrication of highly oriented ZnO
microrod and microtube arrays and nano ZnO tetrapods, nano tetra

spikes, nanowires and spheres were developed.'®!! This illustrates the
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ease with which ZnO can be made and its utilization for variety of

applications 10,11,12,13,14,15,16,17

Sol-gel route is one preferred methods for the synthesis of
nanomaterials, because of its low cost and relatively mild processing.
In fact, sol-gel methods, especially those involving polymeric
precursors, have provided the impetus for the majority of scientific and
technological applications of ZnO nanoparticles. Previous work on the
DSSCs, has identified that the electrode material morphology, shape
and size, surface structure, particle size, porosity and the film thickness
are all important factors for optimizing device performance.'® For
ZnO, these factors can easily be tailored through the modification of
wet-chemical methods such as sol-gel method to obtain the ZnO

nanostructures having required properties.

Various ZnO nanostructures, such as nanotips, nanorods, nano flowers,
nanosheets, nanobelts have been fabricated using different
methodology and used as DSSC photoanode materials.'®20?1:22 For
example, a DSSC fabricated using ZnO nanorod showed an efficiency
of 1% whereas higher efficiencies of 1.9% were achieved with the
nano flower material®®?’ and 1.5% with the nanosheet ZnO based
materials.?® DSSCs fabricated using ZnO nano tips electrode have been
reported to have a power conversion efficiency of 0.77% under the
illumination of a one sun-simulated sunlight.?® Aspects that have not
been explored in detail in these previous studies are the relationship
between photoanode film thickness and dyeing time on the DSSC

efficiency.
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In this work, the facile synthesis of ZnO nanoparticles through simple
and low cost sol-gel method from a zinc (Il) acetate precursor in the
presence of oxalic acid and its application as a photoanode in DSSCs.
The structure and morphology of the nanocrystalline ZnO produced on
calcination has been studied using variety of characterization
techniques, such as XRD, Raman, FTIR, TEM and SEM. Further this
new material was successfully applied as a photoanode in DSSCs and
the influence of ZnO film thickness on the efficiency of the dye

sensitized solar cells were examined.
7. 2. Results and discussion

Nanocrystalline ZnO was prepared by a straightforward one step sol-
gel route in which zinc (Il) acetate was first converted to zinc (II)

oxalate by reacting with oxalic acid as shown in equation 7. 1.

Zn(CHsCOO)2 2H,0 + HoCo042H,0 — ZnC0s 2H,0 +
2CH3COOH + 2H,0 (7. 1)

Conversion to ZnO was completed by heat treatment of zinc (II)
oxalate at 500 °C in presence of oxygen (equation 7. 2):

ZnOC,04 2H20 — ZnO + 2CO;, + 2H20 (7.2)

A schematic illustration of the synthesis of ZnO nanoribbon is shown
in Scheme 7. 1.
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Scheme 7. 1. Schematic illustration of the synthesis of ZnO

nanoribbons.
7. 2. 1. X ray Diffraction

The XRD pattern of the xero-gel obtained at 80 °C and the ZnO
obtained by heating xero-gel at 500 °C were shown in Figure 7. 1. The
XRD pattern at 80 °C consists mainly of peaks that can be assigned to
zinc (11) oxalate (JCPDS 01-075-7129) along with a small percentage
of ZnO whereas the XRD at 500 °C is typical pattern of ZnO with a
wurtzite structure (JCPDS -01-036-1451). The crystal size of ZnO
calculated using Scherrer equation was 25 = 5 nm. The nanocrystalline
nature and phase purity of the ZnO calcined at 500 °C was clear from

the XRD measurements.
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Figure 7. 1. Powder XRD pattern of A) the zinc oxalate precursor
and B) ZnO formed by calcination at 500 °C.

7. 2. 2. FTIR Spectroscopy

The formation of nanocrystalline ZnO with a wurtzite structure from
zinc oxalate was further confirmed by FT-IR spectral analysis, which
is shown in Figure 7. 2. The spectrum of as-prepared xero-gel of ZnO
precursor prior to calcination showed an absorption peak at 3400 cm™,
which corresponds to the O-H stretching arising from OH groups
bound to the ZnO or surface adsorbed water molecules. The three
bands occurring in the region of 1000-500 cm™ and a sharp peak at
1630 cm™ correspond to the to the asymmetric and symmetric
stretching of the carboxyl (-CO2).% The band at 1630 cm™ is mainly
due to -OH bending but there may be an underlying band due to the
asymmetric -CO> stretch, the symmetric stretch is either at 1316 or
1361 cm™ or both. Further the symmetric and asymmetric stretching
bands of acetate species can be observed at 1316 and 1361 cm™.%

These spectral features indicate that zinc oxalate has been formed by
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the reaction between zinc acetate and oxalic acid as indicated by the
previous equation 1 and 2. For the ZnO calcined at 500 °C, the
absorptions corresponding to water, hydroxyl, oxalate and acetate
vibrations are no longer present and showed only a strong ZnO peak at

490 cm1.®
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Figure 7. 2. FTIR spectra of a) the zinc oxalate suspension
prepared at 80 °C and b) ZnO calcined at 500 °C.

7. 2. 3. Raman and UV-Visible Spectroscopy

The Raman spectrum of ZnO calcined at 500 °C is shown in Figure 7.
3A. The most intense peak at 436 cm™ corresponds to E; mode of ZnO
hexagonal wurtzite structure, while the one at 326 cm™ can be assigned
as the second order Raman spectrum arising from the zone boundary
phonons 3Ezn - E2..2% A strong E» mode indicates highly crystalline
ZnO with only a very low oxygen vacancy. The absorption spectrum of
the ZnO powder calcined at 500 °C was shown in Figure 7. 3B.

Maximum absorbance of the ZnO showed a value of 374 nm. The band
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gap was calculated from this absorbance is found to be 3.3 eV which is

in agreement with the reported value.?’
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Figure 7. 3. A) Raman spectrum and B) absorption spectrum of
ZnO calcined at 500 °C.

7.2.4. TEM and SEM Analysis

Figure 7. 4A represents the TEM image of nanocrystalline ZnO
synthesized and Figure 7. 4A shows a selected area diffraction pattern
(SAED) from a region of the TEM sample and indexed according to
the hexagonal wurtzite ZnO structure. In Figure 7. 4A, ZnO particles
are arranged in two distinct types, they are not single crystal. One type
(a majority) appears to be a roughly linear assemblage of crystallites in
the 5-50 nm size range whilst the other appears featureless at this
magnification. In the SAED, the ring-like pattern indicates the finely
polycrystalline morphology, however, the sharp spots in the rings
confirm that individual nanocrystals are well formed and relatively

perfect. Figure 7. 4C represents the higher magnification image of
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ZnO nanocrystals and at this higher magnification (Figure 7. 4C), the
perfection of the larger crystallites of ZnO is evident whilst the
featureless ZnO particles (Figure 7. 4A) resolve into very finely
polycrystalline assemblages of 2-10 nm particles (Figure 7. 4D). The
SEM image (Figure 7. 5) indicates the nanoribbon morphology of
ZnO0.

25 nm
P

Figure 7. 4. A) TEM image of well-ordered ZnO nano ribbon B)
SAED pattern C) HRTEM of part of a crystalline ZnO ribbon
showing (inset) the high degree of order in these nanocrystals and

D) higher magnification TEM image of ZnO nanoribbon.
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Figure 7. 5. SEM micrograph of a ZnO photoanode film annealed
at 500 °C showing the nanoribbon morphology.

7.2.5. Zn0O as DSSC Photoanode

In order to investigate the performance of the ZnO as DSSC working
electrodes, ZnO films having different thicknesses were deposited
using the screen-printing method. The thickness of the films were
measured by profilometer and showed values of 4, 8, 12, 16 and 20
um. A typical SEM micrograph of a ZnO film annealed at 500 °C as
shown in Figure 7. 5. The ribbon-like arrangement of ZnO morphology
observed in the HRTEM of the powdered sample annealed at 500 °C is
clearly evident in SEM image (Figure 7. 5). Solar cells constructed
with ZnO photoanaode of different thicknesses (4-20 um) were tested
under dark condition and different illumination intensities of 10.3, 38.5
and 100 % of sun. These photoanode films had been dyed in a 0.3 mM
solution of N719 dye for either 2 or 24 hrs. This allowed us to compare

the effect of dyeing time on device efficiency and to explore whether
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precipitation of the dyes, the stability of the ZnO film or other factors

affected the cell efficiency.

Figure 7. 6 and 7. 7 shows the I-V characteristic of devices
constructed with ZnO films having thicknesses 8, 12, 16 and 20 pm for
the two different dyeing times and at various light intensities. The
device performance parameters obtained under 1 sun (100% sun
intensity) illuminations are presented in Table 7. 1. For the initial set
of experiments, conducted with films dyed for 24 hours there is a
significant increase in short circuit current (Jsc) and fill factor as the
film thickness increases from 4 um to 16 pum, (see Figure 7. 6 and
Table 7. 1) which results in an increase in efficiency from 0.45 % for a
4 yum thick film to 1.86 % for a 16 pm film. However, a further
increase in film thickness to 20 pum causes a slight decrease in
efficiency to 1.67%, arising mainly from a decrease in the fill factor.
The observed increase in Jsc, and hence efficiency, is probably due to
an increase in dye loading that is associated with the higher film
thickness resulting in higher photon absorption.®3” The plot of
efficiency Vs thickness is shown in Figure 7. 8, where the efficiency
was linearly increases with thickness upto 16 pm and then decreases

for 20 um film thickness.
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Figure 7. 6. 1-V characteristic of the solar cell fabricated using 24
hr dyed ZnO photoanode films having different thickness: A) 8
pm, B) 12 pm, C) 16 pm, and D) 20 pm under different solar

irradiation power.
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Figure 7. 7. 1-V characteristic of the solar cell fabricated using 2 hr
dyed ZnO photoanode films having different thickness: A) 8§ pm,

B) 12 pm, C) 16 pm, and D) 20 pm under different solar
irradiation power.
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Table 7. 1. Summary of open-circuit voltage, short-circuit current

density, fill factor and overall light conversion efficiency relative to

the type of ZnO film under 1 sun (100 % sun intensity)

illumination.
24 h Dyeing
Film Thickness 4 8 12 16 20
(pm)
Voc (mV) 629 636 612 612 596
Jsc (mA/cm?) 1.15 1.88 3.14 4.29 4.25
Fill Factor (%) 63 71 70 71 66
Efficiency (%) 0.45 0.85 1.33 1.86 1.67
2 h Dyeing
Film Thickness 4 8 12 16 20
(pm)
Voc (mV) 651 663 629 651 651
Jsc (mA/cm?) 1.54 2.39 459 4.68 4.63
Fill Factor (%) 52 55 70 73 72
Efficiency (%) 0.51 0.88 2.03 2.23 2.17
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Figure 7. 8. Plot of efficiency Vs thickness of A) 24 hr dyed films and
B) 2 hrs dyed films.

To examine whether the dyeing time influenced the cell performance,
devices constructed with films dyed for two hours were tested. The
trend in device performance followed that observed for films dyed for
24 hrs, that is, an increase in short circuit current and fill factor
accompanies the increase in film from 4 pm to 16 um, no further
increase in efficiency for the 20 pm thick films. The highest
efficiencies of 2.2 % were observed for these films when compared
with 1.9 % for the 24 hour dyed films. This difference in efficiency for
different dyeing time has been attributed to the precipitation of the dye
in pores of the nanocrystalline ZnO structure as the dyeing time
increases.®?® The dissolution of ZnO structure by the acidic carboxylic

anchoring groups of the sensitizer can take place and the resulting Zn?*
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ions complexes with the N719 dye, causing precipitation of these
complexes in the pores of the film.3’ This gives rise to a filter effect by
forming inactive dye molecules, so that net yield for charge carrier
injection is decreased and a corresponding decrease in efficiency will
take place for solar cell constructed with longer time dyed film

electrode.
7. 3. Conclusions

In conclusion, a facile sol-gel synthesis of nanocrystalline ZnO has been
developed using zinc acetate and oxalic acid as precursors. The
morphology and spectroscopic properties of the ZnO have been studied
by powder XRD, FTIR and Raman spectroscopy, SEM and TEM. These
ZnO material consists of crystallites having around 25 nm in size. These
nanocrystaline ZnO material has been successfully applied as
photoanode in the dye sensitized solar cells and ontained an efficiency
of 2.2% with a very high fill factor of >73%. Investigations on the effect
of varying the ZnO photoanaode film thickeness and dyeing time
influenced the solar cell perfomance. Solar cell efficiency study using
different thickness film thickness (4-20 um) showed that the efficiency
increased from 0.51% to 2.23% when the film thickness increases from
4 pm to 16 pm and then remains constant or decreases slightly for 20
pum film. Thus, the optimum thickness to obtain maximum efficiency

was 16 um irrespective of the dyeing time.
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8. 1. Overall Conclusions

The aim of the present research work was to explore the preparation of
semiconducting metal oxide micro/nanomaterials of TiO2 and ZnO a
using different methods such as microwave, gel combustion, solution
processing and sol-gel method. Later the same metal oxide and were
employed in the area of photocatalysis and/or dye sensitized solar cells
(DSSC). The introduction and the experimental sections have been
reviewed in Chapter 1 and 2 respectively. The research works are
included under chapter 3 to chapter 7.

In Chapter 3, a green and rapid microwave syntheses of ‘yellow
oxygen rich’ (YAT-150) and ‘black oxygen vacancy rich’ (BAT-150)
anatase TiO2 nanoparticles have been reported for the first time by in
situ Mn?* modification. As synthesized ultra-small (=5 nm) yellow and
black anatase TiO2 nanoparticles were found two fold and four fold
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more photoactive than the commercially available photocatalyst

Degussa-P25 under sunlight illumination.

In Chapter 4, a one pot gel combustion synthetic strategy has been
developed for the first time towards the rapid formation of self-doped
black anatase TiO2x (BAT) using titanium butoxide, diethylene glycol
(DEG) and water as the only precursors. This swiftly formed
nanoplatform was occupied with a high concentration of surface defect
sites, especially Ti®* and oxygen vacancy sites in excess. These defect-
enriched features enabled 33% more photocatalytic activity for BAT

than Degussa-P25 under solar illumination.

In Chapter 5, dopant free, solar active ZnO photocatalysts with oxygen
vacancy richness were achieved by a solution processing strategy
followed by calcination at various temperatures 300, 500, 700, 800 and
900 °C. All the ZnO nanocrystals possessed defective structures with
copious surface oxygen vacancies directed towards notable visible
light absorption around A = 480 nm (band gap = 3.05 - 3.09 eV).
Methylene blue (MB) dye was used as model system in all
photocatalytic experiments, where the ZnO calcined at 500 °C, having
maximum surface oxygen vacancy has shown a two-fold photoactivity
than the commercially available photocatalyst Degussa- P25 under

solar illumination.

In Chapter 6, a facile and rapid synthesis of randomly distributed
mesoporous anatase TiO2 nanoparticles for DSSC application using
microwave method has been introduced. Nanocrystalline anatase TiO>

were achieved at low microwave power intensity (300 and 600 W) for
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5 min irradiation. These anatase TiO> nanoparticles possessed high
surface area up to 210 m?g™. These anatase TiO2 nanoparticles were
successfully employed as the working electrode for DSSC and a
systematic investigation of the performance of DSSC constructed with
standard N719 dye with conventional iodide/triiodide (I7/137) has

demonstrated an efficiency of 6.6% under 100% sunlight.

In Chapter 7, nanoribbon ZnO with 25 nm average particle size has
been synthesized by a facile sol-gel synthesis. This material has been
successfully applied as photoanode material in DSSCs. A systematic
investigation of the performance of DSSCs with film thickness and
dyeing time had also been carried out. Among the five different film
thickness 4, 8, 12, 16 and 20 um prepared, best result was obtained for
the film thickness of 16 um for 2 hrs dyeing showed an efficiency of
2.2% with a Jsc of 4.7 mA cm2 and a very high fill factor of >73%.

8. 2. Future Outlook

8. 2. 1. Black TiOz2 as new generation electron transporters in Dye
Sensitized Solar Cells (DSSCs) and Perovskite Solar Cells (PSCs)

The world has no longer rely fully on non-renewable resources for
power generation. Also the present energy production and distribution
system faces a number of physical threats. Therefore a reliable, clean,
abundant and affordable energy source can eliminate the current
difficulties by implementing a long wavelength (infrared) absorbing
material such as black TiO2, in DSSCs and PSCs. In addition, these
new generation solar cells require little maintenance and are highly

cost effective in their operation. Till date the efficiency has been

153



reached around 23% for both DSSC and PSC.! Therefore this
technology can make an important contribution in energy technology
for many reasons. It has numerous environmental benefits and as a
domestic source of electricity, it contributes to the world’s energy
security. The photovoltaic industry estimates a growth rate of 25% in
the near future according to the United States Energy Efficiency and
Renewable Energy (EERE) agency.? EERE also predicts a huge market
for this type of technology by 2020.2 With these technological
innovations to develop low cost and highly efficient solar cells, these
technologies can become a major source of energy which could

contribute significantly to industrial growth worldwide.

We have synthesized black TiO: by a sol-solvothermal strategy which
is not a part of this thesis. This IR absorbing black TiO> nanoparticles
has been implemented as photoanode in dye sensitized solar cell
(DSSC) and that has been compared with the DSSC, where the
photoanode was the commercially available P25. The cell efficiency
(m) of black TiO> has found 3.45%, whereas the P25 based DSSC has
shown an efficiency of 1.93%. Distinctly, the efficiency of the IR
absorbing black anatase TiO2 was 79% more to that of P25-TiO.. Since
we have found such a promising result using black TiO2 in DSSC, |
hope that black TiO. has the potential to be the new generation
electron transport material both in dye sensitized and perovskite solar

cells.
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8.2. 2. Black TiO2 in Li ion Batteries

In addition to these experiments, mesoporous spherical black TiO; has
been synthesized and implemented also in Li ion batteries. A specific
capacity of 150 mAhg? has been achieved and the efficiency was

unchanged up to 20 cycles.
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