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Abstract

TiO, and WO; based nanomaterials are highly attractive for various applications
encompassing photocatalysis, electrochromic devices, dye sensitized solar cells, hydrogen
production, and sensing applications due to their low cost, non-toxicity, high efficiency,
chemical inertness and ability to be synthesized in various morphologies. TiO; is the most
intensely studied photocatalyst and a significant proportion of research focuses on improving its
photocatalytic activity, which is innately limited due to its wide band gap and electron/hole
recombination kinetics. The doping and co-doping of metals and non-metals into the crystal
lattice of TiO, have proved to reduce the band gap and decrease the rate of electron/hole
recombination. This band gap reduction results in absorptive red shifting, which may be utilized
for visible light-driven photocatalysis and dye sensitized solar cells (DSSC). Although WO; is a
very promising material that has the capacity for absorbing in the visible spectrum, it pales in
comparison to TiO, in terms of efficacy and thus there are considerable opportunities for the

improvement of its activity for various applications through its modification.

During my PhD study, mesoporous N-doped and N,W co-doped TiO, photocatalysts
were initially prepared with an exclusive anatase phase and high specific surface areas, utilizing
a facile, reproducible and inexpensive solution combustion synthesis method. The atomic
percentage of N was kept constant, whereas that of W was varied from 0.5% to 3% in order to
evaluate the effects of the amount of W on the photocatalytic activities and other properties of
the materials. It was observed that the N and W atoms were well incorporated into the titania
lattice structure, which led to a significant red shift in the absorption edge of the co-doped TiO,,
and concordantly, a dramatic narrowing of the band gap. Photodegradation studies of rhodamine
B (RhB) dye on the various samples revealed that an enhancement of up to 14 fold in the
reaction rate was observed with 1.5 at% W doped TiO, as compared with commercial Degussa

P25.

To enhance the activity of the TiO, based materials we introduced a novel UV treatment
approach. The UV treated electrodes exhibited a dramatic increase in the donor density of the
TiO, nanotubes by three orders of magnitude. For the UV treated electrodes the photocurrent
was enhanced 15 fold and the photoelectrochemical activity was approximately 6.8 times higher

than that of the untreated TiO, nanotubes. This novel approach was also employed with the N, W



co-doped mesoporous TiO,. Following the UV treatment, the photocatalytic activity of the co-
doped samples was increased two-fold under UV light and a 12-fold under visible light. The
increase in the activity of the TiO, nanotubes and N, W co-doped samples may be attributed to

the lowering of the band gap due to the formation of Ti’" during the UV treatment process.

Next, WOs3 platelets were grown on W substrate via a hydrothermal method. The WO;
nanoparticles prepared at 180 °C over one hour heat treatment demonstrated the best
photocurrent, and as the duration of the heat treatment was increased, the photocurrent
commenced to decrease. The WO; prepared at 180 °C over three hours showed minimal
photocurrent. To elucidate crystal growth kinetics, for the first time, an electrochemical
reduction method was utilized, which revealed that the plate-like structures originated from an
arrayed nanosphere layer that resided beneath them. Interestingly, the obtained layer of
nanospherical WO; demonstrated high photocurrent and photocatalytic activity under UV-Vis
light.

To optimize the photocatalytic activity of the WO3, as well as the electrocatalytic activity
of the Pt nanoparticles, so-called bifunctional electrodes were prepared. The Pt nanoparticles that
were deposited on one side of the WOj5 electrodes served as an electrocatalyst, while the opposite
side, consisting of the WOs platelet like structures, was employed as the photocatalyst. The
results indicated that the synthesized WOs; electrodes possessed considerable activity when
exposed to visible light, while the deposition of the Pt significantly enhanced the activity of the
electrode. An overall enhancement in the catalytic activity was noticed for bifunctional
electrodes when electrocatalyst and photocatalyst were activated together, in contrast to the case

where photocatalysis and electrocatalysis were employed separately.

Moreover, the platelet WO; surfaces were modified with Ta,;Os, IrO; and IrO,-Ta,Os thin
films for energy storage. To the best of our knowledge, no previous study has articulated the
utilization of IrO,-Ta,0s as supercapacitors. Our results revealed that when Ta;Os and IrO, were
employed concomitantly on the WO; surface, they exhibited a synergistic effect, where the
capacitance measured for this electrode was much higher than that of the Ta,Os or IrO,
containing electrodes. These electrodes demonstrated high stability in which the 5000™

charge/discharge cycle was identical to that of the initial cycle.



In summary, the photocatalysts and electrocatalysts developed in this PhD study
exhibited high activity in the abatement of various pollutants, as well as for energy storage. Our
results indicated that the performance of the catalyst was contingent, to a significant degree, on
the dimensions, morphologies and electronic structures of the nanostructured materials. The
solution combustion method for co-doping TiO; and UV treatment approach, developed in this
study were shown to be rapid, reproducible and easily amenable to scale-up, thus creating
potential opportunities for the fabrication of high-performance TiO, and WO; nanomaterials in

myriad beneficial environmental applications.
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Chapter 1: Introduction

Over the last several decades, a number of reports have articulated the growing
importance of semiconductor based nanomaterials for energy harvesting and energy storage
applications [1-3]. Among all of the studied heterogeneous photocatalysts, semiconductor oxides,
particularly TiO, and WO3 based nanomaterials have established their superiority due to their
low cost, non-toxicity, high efficiency, chemical inertness and ability to be synthesized in
various morphologies [4-7]. Due to these unique attributes, TiO, and WO3 based nanomaterials
are highly attractive for various applications including photocatalysis, electrochromic devices,
dye sensitized solar cells, hydrogen production, and gas/chemical sensing. In the following
sections a brief introduction of this facet of nanotechnology and its applicability to
environmental science is provided, which is followed by a brief survey of electrochemical
supercapacitors. A detailed review of the properties, methods of synthesis and applications of

TiO, and WOj is presented in the next chapter.

1.1 Nanotechnology and its applications

Nanotechnology comprises a set of fundamentally enabling technologies that may be
utilized in the design and precisely controlled fabrication, or self-assembly of extremely small
constituents of matter, at the atomic and/or molecular scale, with at least one characteristic
dimension that is measured, typically from 1 to 100 nm [8,9]. The first scientist to suggest that in
the future materials might be fabricated to nanoscale dimensions was Richard Feynman, who
famously quoted in 1959 that “The principles of physics, as far as I can see, do not speak against
the possibility of maneuvering things atom by atom. It is not an attempt to violate any laws; it is

something, in principle, that can be done but, in practice, it has not been done because we are too



big.” [10]. The popularization of nanotechnology was subsequently articulated by K. Eric
Drexler in his 1986 book Engines of Creation, wherein, for example, he described the
“synthesis” of a jet engine in solution via the coordinated efforts of millions of sophisticated
autonomous nanorobotic assemblers [11]. The actual term ‘nanotechnology’ was initially coined
by Noiro Taniguichi in 1974, and although still in its nascent stages, great strides have been
made in terms of its capabilities [12]. Enormous frontiers and opportunities stand before
researchers worldwide, who are addressing various problems and providing their solutions via
the synthesis and integration of various classes of unique nanomaterials, which may be employed
for the betterment of humankind. The impacts of nanotechnology may be seen in many areas
(there are currently over 1,600 products on the market in which it is incorporated), encompassing
engine oils, automobile tires, sunscreens, cosmetics, textiles, sports equipment, foodstuffs and
myriad other products [13-19]. It would not be an exaggeration to suggest that nanotechnology is
the future, as it is currently one of the most potent tools available in the research community. It
has been instrumental toward the development of various useful technologies, such as the
Scanning Tunnel Microscope (STM), Atomic Force Microscope (AFM) and other ultra-precision
systems. It is also contributing increasingly to various facets of medicine, pharmaceuticals and

diagnostics, industrial processes, agriculture and the food industry [20, 21].

As aforementioned, it is quite likely that nanotechnology will play a significant role in
tackling a wide range of global challenges. Currently, one of the major challenges that confronts
human society is the deteriorating environmental conditions that are caused by the anthropogenic
contamination of air, water and soil [22, 23]. This technology could be utilized to manufacture
nanosensors for the detection of toxic materials and leaks thereof. When contaminants are

detected, TiO; and other semiconductor based photocatalyst nanomaterials might be used in the



degradation of pollutants via self-cleaning systems. Another area where nanomaterials are
initiating considerable paradigm shifts is the energy sector, as there is a direct correlation
between energy use and standard of living. As non-renewable sources of energy will inevitably
be depleted, the current focus is increasingly on alternative and clean sources of energy, such as
solar, wind, hydrogen and fuel cells [24]. Nanotechnology is contributing significantly in these
areas, as new nanomaterials for hydrogen storage and generation, as well as photovoltaic/solar
cells have been successfully synthesized and are undergoing further optimization through the
intensive study of various combinations of different elements. Metallic electrocatalysts have
demonstrated superiority when they are incorporated into fuel cells such as direct methanol fuel
cell (DMFC) [25]. Nanomembranes have the capacity for being utilized in water purification,
desalination and detoxification [26]. Additionally, nanotechnology is contributing to medicine,
food processing and storage, the construction industry, health monitoring, diagnostics and

agriculture.

1.2 Environmental catalysis

Environmental catalysis refers to catalytic technologies that serve to assist with the
reduction of emissions of environmentally unacceptable compounds, as well as the destruction of
contaminants that are present in the environment. Over the last two decades the presence of
environmental catalysis in the worldwide catalyst market has grown tremendously, as the
growing human population, rapid industrial growth and depleting energy resources have imposed
a significant negative impact on the environment, resulting in myriad health issues and quality of
life degradation. Catalysis can thus assist in the promotion of sustainability, energy, quality of
life and health. In today’s world, over 90% of all industrial chemicals are produced via the

application of catalysis during their synthesis. The Freedonia Group estimated that in 2012, the



global demand for catalysts increased to USD 16.3B, which was nearly double from what it was
in 1998 (USD 9.3B). Catalysts are employed primarily in the chemical industry, petrochemicals
(refining), polymerization and environmental applications [27]. They facilitate significant
increases in the efficiency of reactions, and to reduce the generation of environmentally

hazardous bi-products.

The release of industrial waste products into the environment is a major growing concern,
however; dedicated environmental catalysts have great potential for being at the forefront of the
resolution of this multifaceted issue. Heterogeneous catalysts are employed in wastewater
treatment applications as they can be repeatedly utilized and are comparatively very easy to
recover via filtration, centrifuge techniques and semipermeable membranes following the
completion of reactions as the catalysts exist in a different phase than that of the reaction mixture

[28]. They may be activated by applying an external voltage or by photo irradiation.

1.2.1 Heterogeneous photocatalysis

Photocatalysts absorb incident light, which then initiates a sequence of chemical reactions
of interest. Typically, photocatalysts are very stable under photonic irradiation and thus, do not
undergo photolysis, which makes it possible for them to endure repetitive cycles of

photocatalysis without any loss of activity [29].

The pioneering work of Fujishima and Honda in 1972 involved the irradiation of TiO, to
enable the photocatalytic cleavage of water molecules in the production of hydrogen [30]. Since
this initial discovery, an extensive volume of research has been devoted toward the development
of photocatalysts and the exploration of new application areas where they might have beneficial

effect. Photocatalysts are not restricted solely to oxidative cleavage reactions, as they may also



be employed in various synthesis modes such as reduction, isomerization, substitution,
condensation and polymerization reactions. While playing a significant role in synthetic
chemistry, photocatalysts also contribute to sustainable chemistry, as their use has a minimal
impact on the environment, and the reaction conditions are much milder than they would be

otherwise, without the assistance of photocatalysts.

Photodegradation is generally assigned to the total oxidative mineralization of
compounds under the influence of a photocatalyst in which complex organic compounds are
typically oxidized to very elemental molecules, such as carbon dioxide and water. The rapidly
accumulating surge in environmental pollution worldwide necessitates an urgent response in
terms of the development of clean and efficacious methods for the thorough eradication of
environmental contaminants so as to limit their negative effects on ecosystems. Effective
photocatalysts might be utilized to convert contaminants to value added products via photo

oxygenation, photooxidative cleavage and other oxidative conversions [31].

Subsequent to irradiation, in a general photocatalytic reaction, activated photocatalysts
produce mobile electrons and vacant holes. These electrons and holes then react with surface
adsorbed species such as O, and H,0. O, reacts with electrons and produces O, species, while
H,O reacts with the holes which results in the formation of OH’ free radicals. These active
species possess very high oxidizing potencies, and react with the organic contaminants that are

present on the catalyst surface. These steps may be summarized as follows.

(a) Absorption of energy
Photocatalyst + hv — h'+ e—
(b) Generation of active oxygen species

O, +e—— 0y



H,0+h"—H +OH
(c) Oxidation of dye
Contaminant + O,*— — products

Contaminant + OH" — products

New developments in photocatalyst research have led to their utilization in the abatement
of air pollution toward potential reductions in the levels of greenhouse gases such as nitrous

oxide (N;0), methane (CH4) and CO,.

1.2.1.1 Semiconductor nanomaterials based heterocatalysts

The optimization of all steps in photocatalysis is necessary toward obtaining selectivity in
the reactions during the photocatalytic process. There are various factors which affect the
activity and selectivity of the electrodes, such as surface area, morphology, porosity, and the
surrounding environment, as all of these characteristics contribute to the physical and chemical
characteristics of the photocatalytic system. Over the past decade a number of novel synthetic
routes and techniques have been developed to facilitate the preparation of photocatalytic
materials and have provided a high level of control over synthesis procedures to attain desired
photocatalyst compositions, dimensions and morphologies. The capacity for the synthesis of
photocatalysts at nanometer scales has spurred a new era in the field of catalysis, as these
diminutive particles exhibit much more robust activity as compared to larger molecules and
single crystal catalysts [32]. This is because they possess very high surface-area-to-volume ratios
due to their nanoscale dimensions. These nanoscopic photocatalysts can enable improved control

over atomic level activities, while elucidating their underlying kinetics.



Since the discovery of the photoinduced decomposition of water on TiO, electrodes
under UV light (Fujishima and Honda, 1972) enormous research efforts have been invested
toward the further development of this technology, as well as investigations into a host of new
materials which might serve as optimal candidates in this process. Over the last few decades a
large number of semiconductors and semiconductor oxides have been studied, which include
TiO,, CdS, SnO,, WOs3, SiO,, ZrO,, ZnO, Nb,Os, Fe;O;, SrTiO;, CeO,, SbyO4, and V,0s.
Further research is focussed on the discovery and investigation of additional new semiconductor

based compounds [33].

Fujishima and Honda originally utilized UV light energy to excite TiO, VB electrons.
Subsequently, however, various efforts have been focussed on enabling these photocatalysts to
operate under low energy wavelengths, with the ultimate goal of making them responsive to
visible light. The ideal dual aims would be to reduce reaction costs, while establishing
techniques to facilitate these photocatalysts to function under exposure to ambient sunlight,

which is a vast and unlimited renewable source of energy.

Despite the numerous aforementioned capabilities of nanometric photocatalysts there
remain several challenges to be overcome prior to this technology being transitioned to efficient
applications in environmental remediation. Foremost is the improvement of their efficiency, by
means of decreasing electron hole recombination events, in which excited mobile electrons revert
to the valence band to combine with vacant holes. Research efforts toward improving the
photocatalytic activity of TiO, under visible light or the identification of new materials that have
the capacity to convey a high photocatalytic response under exposure to ambient sunlight have

led to the development of visible light driven photocatalysts. Further research, however, is



required to ensure that their stability, efficiency, and activity are relatively equivalent to that of

UV light driven photocatalysts.

1.2.2 Electrocatalysis

The requirement for efficacious and economical electrocatalytic materials is most
conspicuous in large electrolytic processes that require vast amounts of energy, where the cost of
electric power is a major factor in the determination of the efficiency and economics of the
process [34]. Prime examples include the chlor-alkali industry, aluminium extraction, large scale
water electrolysis, large battery systems for load levelling or energy storage and fuel cells. These
industrial processes consume thousands of kWh/year of electric power, where the cost of
electricity is a major portion of the total production cost. The consumption of energy of an

electrolytic cell is proportional to its voltage (V), which is given by an equation of the type

V:AEe'nA+nC'IR(1)

where AE. is the difference between the equilibrium electrode potentials for the two electrode
reactions, ma and mc are the overpotentials at the anode and cathode, respectively (both will
increase the numerical value of the negative cell voltage), and the IR term expresses the Ohm's
law losses through the electrolyte and other current-carrying cell components. In general, an
electrocatalyst may be defined as a catalyst that accelerates the rate of electrochemical reactions.

Thus, electrocatalysis is the science of minimizing the overpotential terms.

In the past, electrocatalysis was employed primarily for academic purposes. Recently it
has gained considerable importance, as it has facilitated the emergence of new concepts in
industrial electrochemical processes. With continual advancements in new technologies, the

design and preparation of electrocatalysts is far simpler and may be more easily controlled. The



core concepts that are utilized in tailoring electrocatalysts are controlled surface roughness,
atomic topographic profiles, defined catalytic centre sites, atomic rearrangements and phase
transitions in the course of the electrochemical reactions [35]. The reaction rates at the surface of
the electrocatalyst may be controlled by the electrode surface structure, electrode potential,

electrolyte and a number of additional electrochemical variables.

In redox reactions, the storage and consumption of electrons in chemical bonds takes
place. For securing the future availability of sustainable energy much focus has been put toward
electrochemistry, as redox reactions play an important role in various devices such as fuel cells,
batteries, electrolyzers, as well as naturally occurring processes that are related to energy
conversion in living systems. Pt and Pd based electrodes have been widely investigated for fuel
cell applications, in that these electrodes possess very high surface areas and electrocatalytic
activity toward the oxidation of various fuels [36]. The high cost and poisoning of these
electrodes are major drawbacks for their application. Their resolution may be realized by using
various approaches, such as the formulation of bimetallic or trimetallic alloys, or via the
deposition of expensive noble metals on other nanomaterials, which may serve to significantly
reduce the volumes required and thus decrease the overall cost of electrode fabrication [37].
Various materials have been utilized as substrate in the past, such as carbon nanotubes, different
metal foils, glassy carbon, etc. TiO, and WOs; based materials might be employed to provide a

stable and economical substrate for the deposition of precious metal atoms.

1.3 Metal oxide nanomaterials in energy storage

Concurrent with the rapid evolution of portable electronics and hybrid electrical vehicles,
there has been an ever increasing demand for high capacity energy storage devices. Hence, two

major challenges for electrochemical technologies are the development of new renewable
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sources of energy and energy storage materials. Electrochemical supercapacitors have attracted a
great deal of interest as they possess improved power and energy densities and much longer life
cycles compared with batteries and conventional capacitors [38]. The inherently low energy
density of conventional supercapacitors limits the wide applicability of this technology, and
hence other materials have been explored for their potential utilization as supercapacitors.
Among all of the studied materials in the recent past, transition metal oxides have emerged as
being the most suitable due to the variable oxidation states of the metals, which facilitate redox
reactions. Metal oxides should have higher surface areas, as supercapacitor properties are
directly controlled by the redox reactions that take place at the surface of the electrode. Thus,
varying the dimensions and morphologies of identical materials causes differences in their

electrochemical performance.

Hydrous RuQO; has emerged as the most suitable contender for utilization in
supercapacitors as the result of its exceptional supercapacitance properties [39]. The limitations
for the practical utilization of RuO, as a supercapacitor include its very high cost. Various other
transition metal oxides have also been investigated to identify eco-friendly and less expensive
alternatives for RuO,, such as NiO, MnO,, SnO,, Co3;04 and CuO [40-42]. There remains an
urgency to develop novel supercapacitor materials to increase efficiency and charge storage,
while decreasing the cost of supercapacitor materials. One approach that might be implemented
to further reduce the amount of metal oxide required is to deposit precious supercapacitor
materials onto a substrate with an extensive surface area. As mentioned previously, TiO, and
WOs; provide very stable and affordable alternative to the deposition of noble metals, and thus

they might be utilized as substrates for incorporation into supercapacitors.
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1.4 Dissertation, Rationale and Scope

The central theme of this dissertation relates to articulating the roles that are played by
TiO, and WOs; based nanomaterials in photocatalytic, electrocatalytic and energy storage

applications. The primary research objectives are:

1) The fabrication of various TiO; based nanomaterials using facile solution combustion and
anodization methods.

2) To study the effects of N and W co-doping on the photocatalytic activity, morphology
and other physical attributes of TiO,.

3) To study the synergetic effect of co-doping on TiO, activities.

4) The development of methods to enhance the activity of TiO, based nanomaterials.

5) Fabrication of WOj3 photocatalysts and their employment in wastewater treatment.

6) Utilization of WO;3 materials as a substrate for use in other applications such as energy

storage.

In the ensuing chapters, recent advancements in the development of TiO, and WO; based
materials with different properties and morphologies will be reported along with their potential

applications in photocatalysis, electrocatalysis and as energy storage materials.

Chapter 2 will showcase various fabrication methods, properties and applications of TiO,
and WOs materials, followed by an examination of future prospects in this field. In Chapter 3,
procedures for the fabrication of reported materials and different characterization techniques
used to elucidate morphological, as well as physical and photocatalytic and/or electrocatalytic
properties will be discussed. In Chapter 4, a facile method will be reported for the synthesis of N

doped TiO, and N,W co-doped TiO,. The morphology, composition and properties of the
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samples were characterized by X-ray Diffraction (XRD), Transmission Electron Microscope
(TEM), N, Adsorption Desorption and X-ray Photoelectron Spectroscopy (XPS). The
photodegradation of RhB was employed to evaluate the visible light activity of the samples. A
novel UV treatment method to conveniently and efficiently enhance the activity of the TiO;
nanotubes and N,W co-doped samples is reported in Chapter 5. The effects of UV treatments on
TiO, nanotube electrodes were characterized by SEM, EDS, CV, potential step
chronoamperometry and Mott-Schotty plots. For N,W co-doped samples N, adsorption

desorption studies, TEM, XRD, XPS and photodegradation studies of RhB were utilized.

Chapter 6 reports on a facile and effective approach for the synthesis of WO3; nanospheres
in conjunction with a study of the WO; platelet growth mechanism under hydrothermal
conditions via an electrochemical reduction technique. WO; platelets with variable dimensions
were grown directly on W substrates over different treatment timelines during the hydrothermal
process. To the best of our knowledge, the electrochemical treatment method was employed for
the first time to investigate the mechanism of WO; crystal growth under hydrothermal
conditions. The observed WO; nanospheres were observed to be well distributed on the
substrate, with an average nanoparticle diameter of ~50 nm. These secondary nanospherical WO;
particles demonstrated a much more robust photocurrent than did their parent platelets. The
activities of these samples were also evaluated via 4-nitrophenol (4-NP) oxidation, which
showed that these nanospherical particles had a seven-fold photocatalytic enhancement over their
parent platelets. In Chapter 7, a WO; based bifunctional electrode is described, where Pt is
deposited on one side of the electrode, which behaves as an electrocatalyst under applied
potential and the other side of the WO; was irradiated by visible light. The synergetic effects of

both the applied potential and photocatalysis are also reported in terms of their activities on the
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electrodes. Chapter 8 reports on the fabrication of WO; supported IrO,-Ta,Os electrodes for

supercapacitance applications, for the first time. The various characterization methods indicated

that Ta,Os and IrO, have a synergetic effect, which induces the electrode to store a much higher

charge. The electrode demonstrated very high stability, as was verified by a 5000 cycle stability

test.
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Chapter 2: Literature Review
2.1 Introduction

Environmental catalysis refers to catalytic technologies that assist with the reduction of
emissions of environmentally unacceptable compounds and the destruction of existing pollutants
that are present in the environment. These technologies may be roughly divided into two
categories including photocatalysts, where light energy is utilized to activate catalysts, and
electrocatalysts, which are typically activated via the application of an external potential or
current. In photocatalysis, following irradiation with light of suitable wavelength, electrons are
excited from the VB to the CB, which triggers a series of reactions at the surface of the

photocatalyst [1,2]. These reactions may be summarized in the following figure.
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e O *0,

‘@ H,O
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Figure 2.1 Depiction of the basic mechanism of photocatalysis
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Over the last two decades metal oxides have been used as key ingredients toward the
development of many advanced functional materials and smart devices (electrochromic devices,
hydrogen storage, gas sensors, DSSCs) [3]. Due to rapid advancements in nanotechnology,
nanomaterials with different morphologies may be fabricated, which has emerged as one of the
optimal tools for unlocking the full potential of metal oxides [4, 5]. TiO, and WOs; are unique
materials that have been rigorously studied for their chromism, photocatalysis, and sensing
capabilities [6-9]. The following sections will present a general review of nanostructured TiO,
and WOs, inclusive of their properties, methods of synthesis, and a description of how they

might be utilized in unique ways for various applications.

2.2 Development of TiO; based photocatalyst
2.2.1 First generation of TiO,: Pure TiO, nanomaterials

First generation nanostructured TiO,, which is not modified by any means, represents
pure TiO,. Nanostructured TiO, has a significantly high surface area due to its diminutive
particle size. When particle dimensions are decreased, the band gap becomes wider. This serves
to further enhance the redox potential of the holes and electrons that are present in the valence
band and conduction bands respectively. Pure TiO, may be efficiently used only under UV light,
as it requires high energy wavelengths to excite electrons from the valence band to the
conduction band [10-11]. Typically, TiO, may not be utilized under the visible light, which is a
cheaper source of energy, or under ambient sunlight, which is an inexhaustible (relatively
speaking) source of energy. Many researchers have employed TiO, under UV light to elicit

various reactions.
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Fox et al. used UV irradiated TiO, in order to oxidize B-chlorodiethyl sulfide to
corresponding sulfoxides, and successively, to sulphones in aerated aqueous, nonaqueous, or

mixed solvents [12].

*
TiO,
CH;CN i
0O, o

Activated TiO; has also been used in isomerization, condensation, substitution, reduction

and polymerization reactions [13-16].

A number of studies have been conducted into the decontamination of water from various

pollutants using UV irradiated TiO,, with high efficiency.

2.2.2 Second generation: Metal doped TiO;

An extensive number of metals have been utilized as dopants, which were incorporated
into the crystal structures of TiO, nanomaterials (e.g., Fe, Cr, Mo, W, Ru, La, Os, Re, Sn, V, Rh)
[17-22]. There are various existing methods by which metal ions may be introduced into the
Ti0; structure. In wet synthesis, TiO, nanoparticles are typically fabricated via hydrolysis of a
titanium precursor in a mixture of water and other reagents. These reagents normally contain the
metal atoms that are needed to be doped into TiO,. An alternate method for synthesizing metal
doped TiO; is ion implantation, by which ions of a material are accelerated within an electrical
field and impacted into a solid. Apno et al. have synthesized a series of Cr and V doped TiO,
materials using the ion implantation method [23]. The use of CVD was described by Cao ef al. as

an additional method that may be used for doping TiO, with Sn [24].

Metal ion doping has a great influence on substrate charge carrier recombination rates

and interfacial electron transfer rates. A significant number of factors influence the metal doping
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effect, such as the distribution and energy levels of the dopants and electron donor concentrations
[25]. Most, but not all, of the metal dopants increase the activity of TiO,. In some cases, V and
Cr doped TiO; exhibited reduced activity when compared to that of pure TiO, [26, 27]. The
explanation as to why some metal dopants demonstrate low activity is primarily due to the
promotion of the charge carrier recombination, as new dopant impurity levels in some instances

serve as sites for electron hole recombination [25].

2.2.3 Third generation: Non-metal doped TiO;

The main nonmetal dopants (B, C, CI, Br, F, S and N) are under study by various
research groups [28-30]. Among these, N has emerged as the optimal dopant, which significantly
enhances the activity of the doped TiO, by increasing its capacity for absorption in the visible
portion of the spectrum. The O2p orbital of N has an energy level that is very close to that of the
O,p of O, which constitutes the valence band in TiO,, thereby facilitating a good interaction [31].
N doped TiO; may be synthesized via hydrolysis of titanium tetraisopropoxide (TTIP) in an
amine mixture, in conjunction with the post treatment of the TiO, sol with amines. The doping of
N may also be accomplished using a solution combustion method, by which TTIP in an ethanol
solution that contains urea as an N source, is heated to introduce N in the TiO, structure during
its formation. The synthesis of S doped TiO, was achieved by various groups by mixing TTIP
with ethanol containing thiourea [32]. The ion implantation of S™ into Ti0O; has also been reported

[33].

X. Chen and S. Mao have written a very excellent review article on TiO, which gives an
insight of every aspect of the TiO,. They, very well in detail explained various methods of

synthesis and the applications of TiO, in different applications [25].
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2.3 Polymorphs of TiO;

The three most widely known polymorphs of titanium dioxide are rutile (tetragonal),
anatase (tetragonal), and brookite (rhombohedral), which may exist as bulk structures as well as
nanoparticles [34, 35]. Structure of Anatase, rutile and brookite phase is shown in Figure 2.2.
Anatase and rutile may be visualized as chains of TiOg¢ octahedra, where each Ti*" ion is
surrounded by an octahedral of six O” ions. Rutile exists as the most stable form of TiO at high
temperatures, in comparison to anatase and brookite which are metastable. Anatase and brookite
can, however; be easily transformed to rutile when heated. Anatase is the phase that is normally
found in the sol-gel synthesis of TiO,, but brookite is often observed as a by-product when
precipitation is carried out in an acidic medium at low temperature. It is possible to fabricate pure
anatase and rutile phases, which has resulted in a great deal of research that is focused on these
phases. On the other hand, it is very difficult to synthesize the pure brookite phase without rutile
or anatase. This is why brookite is not well studied in terms of exploring its photocatalytic and
other properties. Recently, however; there has been much interest among researchers in obtaining
pure brookite structures as there are some indications that this phase might poses high

photocatalytic properties [36].

The primary difference between anatase and rutile is that the latter phase is more
distorted [37]. In anatase, all the Ti-O bonds are not of the same length, as two of the titanium-
oxygen bonds are much longer than the others, which induces the O—Ti—O bond angles to deviate
more from 90 than in rutile. In brookite, although the interatomic distances and O—Ti—O bond
angles are similar to those of rutile and anatase, there exist six different Ti—O bonds that range
from 1.87 to 2.04 A in length. In addition, there are also twelve distinct O-Ti—O bond angles that

span 77 to 105 A. In anatase, each octahedron is in contact with eight neighboring octahedrons,
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Figure 2.2 Planar Ti;O building-block representation (left) and TiOg polyhedra (right) for the
Ti0; phases rutile (a), anatase (b) and brookite (c¢) [Ti (white); O (red)] adapted from reference
[34] with permission. copyright 2012 IOP science.
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four by sharing edge oxygen atoms and four by sharing corner oxygen atoms. In rutile, each
octahedron is in contact with 10 neighboring octahedrons, eight of which that share corner
oxygen atoms and two that share edge oxygen atoms. Distinct phases of the TiO, exhibit
different properties and thus have been employed for different applications. Due to its high
refractive index, the rutile phase is typically utilized in high-grade, corrosion-protective white
coatings and paint, or in plastics, rubber, leather, sunscreens, and paper. The anatase phase has
excellent optical and pigment properties due to its electronic structure and is used chiefly as an
optical coating and photocatalyst. As mentioned above, brookite has not been much studied as

compared to anatase and rutile due to difficulties in synthesis, which has limited its utility.

2.4 WO3;: Introduction and properties.

Tungsten oxide (WOs) is a semiconductor oxide material with a band-gap of 2.6-3.0 eV
that is becoming the focus of much research due to its unique electronic properties [38]. The
number of applications of WOs is extensive; it may be utilized in (photo) electrochromic “smart”
windows, solar energy conversion and storage cells, solar water-splitting cells, a potential
catalyst enhancer for fuel cells, photocatalysis, batteries, and gas/chemical sensors [39-42]. WOs3
has the capacity for being synthesized in various nanostructured morphologies, such as
nanoparticles, nanoplatelets, nanorods, and nanowires, which impart several unique properties
that are not observed in bulk form. The induction of nanocrystallinity significantly alters its
surface energies, which allows for the tuning and engineering of its attributes, in that atomic
species that are close to the surface have different bond structures than those that are embedded
within the bulk [43]. Although the photocatalytic activity and efficacy of WO3; as a photoanode in
DSSC is not comparable to that of TiO, and other semiconductor oxides, it has demonstrated its

superiority in electrochromism and is being employed in smart windows and EC displays.
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The three distinctive crystalline structures that comprise WOs; includes triclinic,
monoclinic, orthorhombic, tetragonal, hexagonal and cubic. The triclinic, monoclinic,
orthorhombic, and tetragonal WO; phases have the same WO; crystals structure, where they are
generally formed by corner and edge sharing of WOg octahedra, which makes them transform
reversibly into one another. They differ only to the extent by which the W atoms are displaced
from the center of the WOg octahedra. Only triclinic, monoclinic, orthorhombic, tetragonal
phases are known for their photocatalytic activity. The crystalline phase of the WO; depends to a
significant degree on the annealing temperature and the transition from one phase to the other
that takes place during annealing and cooling. According to the literature, the phase
transformation occurs in the following sequence: monoclinic II (< =43 °C) —triclinic (—43 °C
to 17 °C) — monoclinic I (17°C to 330 °C) —orthorhombic (B -WO3, 330 °C to 740 °C) —

tetragonal (a -WO0O3,>740 °C) [43-45]

Most of the properties that we are interested in are tailored by the electronic structure of
the molecule, and in that sense WOs3 is quite an interesting case. It is a wide-band n-type
semiconductor, where the valence band is a 2p orbital of O and the conduction band is empty W
5d orbitals. In the case of WOs, the band gap is strongly dependant on the crystal phase and the
degree of distortion from the ideal cubic phase. In principle, this transition is also accompanied
by a change in band gap (E,), as the occupied levels of the W 5d states change [46]. Amorphous
WOs;, which has the most distorted structure, normally possesses a relatively large Eg on the
order of =3.25 eV, whereas bulk monoclinic WO; has been reported to exhibit a typical Eg of

~2.62 eV at room temperature.

Similar to TiO,, it is also possible to manipulate the optical properties of WO3 through

doping. The insertion of H, Li, N and Co can induce chromic effects due to changes in the band
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gap structure [47-49]. Phase changes in the WO; were also reported subsequent to doping, for
instance, it is very rare to find cubic WO; at room temperature, however; following H
intercalation, cubic phase may be observed for the species HysWOs3, LiyWO3, and Na,WOs; [50].
WO; also undergoes an insulator-to-metal transition after the intercalation of Li, Na, or H, which
is due to the position of the energy levels of the dopants. It has been found that the band gap of
WOs3 nanowires decreases with N doping, resulting in an increase in conductivity. The
conductivity of the electrodes may also be enhanced by the addition of the metal oxides, such as

Ti0,, C0304, MnO,, LiO and Al,O3 [51-53].

2.5 Methods used in the preparation of TiO, and WQO; materials
2.5.1 Sol-gel method

The sol-gel method is likely the most utilized method in the synthesis of TiO,
nanoparticles, as this technique may be employed to obtain any desired morphology [25].
Typically, a sol is a stable dispersion of colloidal particles (~0.1-1um) in a liquid, where only
Brownian motion suspends the particles. The sol is formed by dissolving metal salts or metal
organic compounds. Subsequently, hydrolysis and polymerization takes place in the solution via
the removal of the stabilizing components and forms a gel. The gel proceeds to become denser
when the removal of the solvent is continued. This step is very critical as it determines the
porosity of the gel. Aerogels are very low density materials that are obtained when the solvent is
removed under supercritical conditions. Following the complete removal of the solvent the

resulting powders are heat-treated to obtain the desired mechanical properties.
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Figure 2.3 Graphic of sol-gel chemistry process

In the case of the synthesis of TiO, via the sol-gel method, the process typically
undergoes acid-catalyzed hydrolysis of titanium alkoxides followed by condensation. The size
and morphology of the particles depends significantly on the hydrolysis rate as Ti-O-Ti bonding
is favored at a low hydrolysis rate, which results in the formation of a three dimensional skeleton
that is derived from the development of Ti-O-Ti bonds. If the volume of water present in the
solution is marginal, the hydrolysis reaction rate is rapid to preferentially form Ti(OH)s, which

does not allow for the development of three dimensional polymeric skeletons.

Chemseddine et. al. studied the control parameters related to crystal, size, shape and
organization of TiO; nanocrystals using the sol gel method [25, 54]. In this study the hydrolysis

and polycondensation of titanium alkoxide was performed in the presence of tetramethyl
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ammonium hydroxide. Briefly, the base was cooled to 2 °C whereafter the titanium alkoxide
dissolved in 2-propanol was introduced dropwise into a three necked flask. During the course of
addition, a white precipitate is formed. An aliquot from this solution was then heat-treated at 50-
60 °C for 13 days, or at 90-100 °C for 6 h. To improve the crystallinity of the prepared samples, a

second heat treatment was performed at 175 and 200 °C for a period of 5h.

The sol-gel method may also be easily employed to synthesize doped and co-doped TiO,
nanomaterials. J. Li et al. synthesized N and W co-doped mesoporous TiO; via the hydrolysis of
TiCly with ammonia in a water solution in the presence of glacial acetic acid and ammonium
tungstate, serving as nitrogen and tungsten sources [55]. To avoid the drastic hydrolysis of TiCly,
the TiCly solution was introduced very carefully with gentle stirring in an ice bath followed by
the addition of the glacial acid and ammonium tungstate. After a 24h aging period, the slurry was
rinsed carefully with absolute ethanol three times. The sample was then dried at 353 K for 12 h
and calcined at 773 K for 3 h. Various other research groups have contributed in developing TiO;

based materials with sol-gel method [56-61].

Similar to TiO, nanostructures, WO; can also be easily synthesized using the sol-gel
method. Chan et al. synthesized nanostructured WO; films utilizing a sol-gel spin coating
method. In a typical process, the precursor solutions for WO; films were prepared by mixing
tungsten hexachloride with anhydrous ethyl alcohol [62]. Silica glass plates (2.5 cm x 2.5 cm)
were employed as the substrates. All glass plates were cleaned with detergent soap, alcohol and
deionized water prior to coating. The WO; coatings were obtained by a spin coating technique
and the process was repeated up to seven times in order to obtain a film thickness of ~700 nm.

These coatings were then dried at room temperature for 5 min. and annealed in air under 100—
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400 °C for 1 h. The gasochromic device was then prepared by sputtering a layer of platinum (Pt)

over the WOs film. The thickness was estimated to be about 15 nm.

The synthesis of WO3 conjugated with other semiconductor oxides and metals is gaining
interest due to their robust activities. For the photoelectrochemical splitting of water, Liu et al.
synthesized a mesoporous TiO,/WO; nanohoneycomb at a molar ratio of 3:1, which was
prepared by a sol-gel method at room temperature [63]. Briefly, 0.25 g of a triblock copolymer
P123 was dissolved in 2.5 g of ethanol and combined with a precursor solution that was prepared
by mixing titanium (IV) n-butoxide and WClg at a 3:1 M ratio, and stirring for 2 h. A solution of
300 nm PS(polystyrene) spheres was subsequently spin-coated on a Si wafer to form a mask.
Next the Ti and W solution was introduced into the interspaces of the PS spheres via spin
coating. The as-prepared sample was aged at 60 °C for 1 day and then annealed at 500 °C for 4 h.
The resulting TiO,/WO;3 showed a red shift in absorption and high photoelectrochemical activity

in water splitting and hydrogen production due to the lowered band gap.

Aqueous solutions of tungstic acid are also widely utilized and are much easier to handle
then are precursors containing WClg. These are typically obtained by the acidification of aqueous
sodium tungstate solutions. Mwakikunga et al. reported a new technique for the preparation of a
tungstic acid solution, in which the mixing of a Na,WOQO, solution and HNO; was conducted
using a microfluidic “Y” connector with a controlled flow rate, rather than mixing the two
solutions at once [64]. Micro- and nanotextured tungsten oxide in a randomly aligned flake-like
structure was obtained by using this method, with a thickness of 10-30 nm, when the flow rate
was slow. The porosity of the prepared structure was contingent on the humidity during the aging

process. Enhanced film porosity could be obtained in a more humid environment.
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2.5.2. Sol method (non-hydrolytic sol gel method)

The sol method is very similar to that of the sol-gel method; the only difference is that it
does not proceed via hydrolysis. In a general reaction, the titanium chloride reacts with the
different oxygen donor molecules. Ti-O-Ti bonds are formed via condensation between Ti-Cl
and Ti-OR. In this reaction the alkoxide groups may be provided by titanium alkoxides, or can be

formed in situ by a reaction titanium chloride with alcohols or ethers [25].

Chang et. al. synthesized TiO, nanocrystals using the sol method by condensation
between TiCly and Ti(OCsH5)s. Briefly, 0.5 g of TiCly and 0.6 g of Ti(OCs;H5)s were dissolved
in trioctylphosphine oxide at 150 °C under a N, atmosphere. This mixture was then heated at 320
°C for 3 h followed by cooling and the addition of acetone to precipitate the TiO, nanocrystals

[65].

2.5.3. Hydrothermal method

The hydrothermal method is widely utilized in the synthesis of various nanomaterials. A
large number of researchers have employed this method in the preparation of TiO, with different
morphologies. In this mode of TiO; nanoparticle synthesis, the reaction took place in an aqueous
solution under controlled temperature and pressure in a Teflon cell that was tightly sealed in a
steel pressure vessel. The vapor pressure within the autoclave is controlled by the applied

temperature.

Chae et. al. synthesized pure anatase phase containing TiO, nanoparticles where they
regulated the dimensions of the synthesized particles to between 7 - 25 nm by controlling the size
and the concentration of the Ti precursor as well as the composition of the solvent system [66].

An acidic ethanol-water solution was employed for the hydrothermal reaction of titanium
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alkoxide. In general, TTIP was introduced dropwise to the ethanol and the water solution and the

sealed autoclave was subjected to a heat treatment of 240 °C over 4 h.

Not only spherical nanoparticles but other TiO, morphologies have been reported by
different investigators. To synthesize TiO, nanorods, Zhang et al. treated TiCly in the presence of
acid or inorganic salts at 69.5-149.5 °C for 12 h [67]. Various surfactants and the composition of
the solvents present in the cell influenced the morphology of the nanotubes, thus nanorods with

different lengths may be obtained by influencing these parameters.

Ti0, nanotube structures have garnered much attention in the photocatalytic field as they
provide very high surface areas, in that the tubes are hollow. A hydrothermal method was
employed by Kasuga et al. in the preparation of TiO, nanotubes. In general, a 20-110 °C heat
treatment over 20 h was applied to the autoclave that contained TiO, powders in a 2.5-20 M
NaOH solution [68]. Following heat treatment, the samples were rinsed with a dilute aqueous
solution of HCI and then water, after which the TiO, nanotubes were obtained. Rinsing with HCI
and water is critical as they react with Ti-O-Na and Ti-OH, which results in the formation of new
Ti-O-Ti bonds. These Ti-O-Na and Ti-OH bonds are formed at the onset of the reaction, where
NaOH reacts with the TiO, to cleave some of its bonds. Ti-O-Ti bonds or Ti-O-H-O-T1 hydrogen
bonds that are generated following the HCI treatment results in a decrease in the distance
between the two Ti atoms, thus initiating the folding of the sheets, which results in the formation

of the tubes.

Various investigators have also synthesized TiO, nanowires using the hydrothermal
method. Yoshida et. al. used a fine TiO, anatase powder as starting material and added this
powder (2 g) and 25 ml of a 10 ml NaOH aqueous solution into a Teflon lined stainless steel

autoclave. The autoclave was heated at 150 °C for 72 h and after this process it was washed with
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H,0 and then filtered under vacuum. This was followed by stirring the obtained precipitate for
24 h in an aqueous HCI solution at pH 2. This process was repeated three times to ensure that all
of the residual Na ions were removed. The samples were then rinsed with distilled water

followed by heat treatment in an air atmosphere for 2 h at 200-900 °C [69].

The hydrothermal treatment is one of the most widely used techniques in the synthesis of
the WO; nanostructures as it is a very facile and cost-effective, and can be utilized to obtain WO;
of various morphologies. In most cases, the hydrothermal synthesis of nanostructures involves a
tungstic acid solution (H;WOQ,) as the precursor. This solution is then maintained at an elevated
temperature (120-300 °C) for a certain period of time, allowing for the nucleation and growth of
crystallites. Such synthetic processes generally produce layered WO;-nH,0 flakes with lateral
dimensions in the range of several tens of nanometers to several micrometers, and thicknesses in

the nanometre range.

WOs; may also be grown by oxidizing the W plates in the presence of an oxidizing agent.
Plate-like WOs; structures were synthesized by Amano ef al. by using a hydrothermal method.
Briefly, a Teflon lined autoclave was employed and tungsten sheets were heated in 8 mL of 1.5
mol L™ nitric acid at 100 °C for 3 h, 140 °C for 2 h, or 180 °C for 1 h, respectively. The films
thus obtained were rinsed with pure water and then dried at room temperature (ca. 20 °C). The

samples were calcined at 450 °C for 3 h [70].
2.5.4. Solvothermal method

The sole difference between solvothermal and hydrothermal methods is that the former
involves only non-aqueous solvents during the synthesis process. The advantage of using the
solvothermal method in some cases is that high boiling liquids may be used. Thus the

temperature during the heat treatment can be increased significantly, which is not possible when
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aqueous solutions are used. As a result of this advantage, the solvothermal method exerts

improved control over the size and shape distributions, in contrast to the hydrothermal method.

The solvothermal method has been employed in the synthesis of TiO, nanoparticles and
nanorods with and without the aid of surfactants. For example, in a typical procedure by Kim et
al., TTIP was mixed with toluene at a weight ratio of 1-3:10 and kept at 250 °C for 3 h. Li et al.
synthesized TiO; nanorods by a controlled hydrolysis reaction of Ti(OC4Hy)4 and linoleic acid

[71].

2.5.5. Oxidation method

The oxidation of Ti metal may be accomplished by using various oxidizing materials
and/or under applied potentials. TiO, nanotubes have been extensively studied in photocatalysis,
and as a substrate for the deposition of metals to participate in electrocatalysis. To describe the
general synthesis of TiO, nanotubes via the anodization method, a Ti plate is rinsed with acetone
and water to remove any impurities from the surface and then etched to obtain a rough surface
area, which is ideal for the growth of nanotubes. Subsequently, the Ti plate is introduced into a
two electrode cell, where the counter electrode is typically a Pt electrode and the solution
contains DMSO and HF. The anodization process ensues at applied voltage, which can be
anywhere from 10-120 V over different time periods. Following anodization, the electrode is

annealed at 450 °C.

Ti0, nanomaterials may also be synthesized via oxidation without the introduction of an
applied potential. TiO, nanorods were prepared by the direct oxidation of a titanium metal plate
with hydrogen peroxide. Briefly, a clean Ti plate was immersed in a 50 ml, 30 wt% H,O,
solution at 353 K for 72 h. The formation of crystalline TiO, occurs through a dissolution

precipitation mechanism. Inorganic salts such as NaF, NaCl and Na,SO4 may be added into the
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reaction mixture to control the crystalline phase of TiO,. The addition of different anions from
the inorganic salts assists in the formation of different phases, as SO, and F~ preferentially form

the anatase phase, while CI preferably forms the rutile phase [72, 73].

Mukherji et al. reported the first use of anodization to produce WO3 nanostructures. In
their experiment, a W foil was used in an oxalic acid electrolyte resulting in the production of a
thin nanoporous WO; layer on the W foil surface. Following this initial work various other
research groups also reported the anodization of WOs foils in fluorine containing electrolytes.
The presence of fluorine species has a significant effect on the WO3; growth, and a uniform and
thicker layer is obtained, in that it greatly enhances the electrochemical etching and chemical

corrosion processes [74].

2.5.6. Electrodeposition method

Electrodeposition, which can also be referred to as electroplating, is a process that is
generally employed to deposit a metallic coating by using an electrical current, which reduces the
metal atoms on the cathode. The substrate was used as the cathode in a three electrode cell that
contained a solution of the metal salt. When a suitable potential was applied, it resulted in the
metal ions being attracted toward the cathode and their subsequent deposition. Porous anodic
alumina membranes (AAMs) have been utilized extensively as a template for more than 50 years
in the fabrication of many types of nanowires and nanotubes. Lei et al. fabricated TiO,
nanowires using an electrodeposition method in which a three compartment cell was used with a
saturated calomel reference electrode and a Pt counter electrode. The electrochemical deposition
was performed in 100 ml of a 50 mM TiCls solution, pH 2.5, at 0 V vs SCE. Following the

electrochemical deposition, the sample was heated at 450 °C for 1 h in an argon atmosphere.
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2.5.7 Chemical vapor deposition

As its name suggests, for the chemical vapor deposition method, materials are vaporized,
which are then allowed to condense onto a substrate to produce a solid phase. This process is
typically performed in a vacuum chamber. In CVD, the source material is not pure as it is
combined with a volatile precursor that serves as a carrier. This method is primarily used to form
coatings in order to alter various properties of the substrates. For example, the deposition of a
conductive metal layer onto a non-conductive substrate will alter its electronic properties.
Similarly, other properties such as mechanical, thermal, optical, etc. of the substrate can be

manipulated and improved by depositing a desired material onto a substrate.

Pradhan et al. synthesized TiO; nanorods on cobalt-cemented tungsten carbide (WC—Co)
substrate. The substrate was initially cleaned via sonication in acetone and water. Argon was
subsequently bubbled through the TTIP liquid and maintained in a stainless steel bubbler at 60
°C, to carry the TTIP vapor to the reactor. The total deposition time for each experiment was 90

min [75].

Houweling et al. revealed the CVD synthesis of tungsten oxide (WO3.) thin films, which
consisted of layers with varying oxygen content [76]. In general, the depositions were performed
in a vacuum tube reactor on glassy carbon wafers. The reactor vessel was initially evacuated to a
high vacuum of 1.0x10”" mbar. The total pressure was then kept constant at various values of
between 0.25 to 0.4 mbar as flow of H; at 100 Standard cubic centimeters per minute (sccm) and
ambient air at between 15 and 30 sccm were admitted. The depositions commenced by passing a
constant direct current of 8.0 A through the filaments, which heats them to a temperature of 2160

°C. Following the deposition, which typically lasts for 30 min the filament was turned off and H,
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flow begun. There are various other examples in the literature where CVD is used in the

synthesis of nanostructured WO3.

2.5.8 Physical vapor method

The major difference between physical vapor deposition and chemical vapor deposition is
that the former does not involve any chemical process; rather, deposition is driven by physical
forces. In PVD, a pure source material is transitioned into a gas by physical methods such as
evaporation, the application of high power electricity, laser ablation, ion implantation and
sputtering. This gasified material is then allowed to condense on the substrate to obtain a desired

layer. No chemical reactions take place throughout the entire process.

Wu et al. described the growth of TiO, nanowires using a two-step thermal evaporation
method. In the first step, the substrate was covered with a uniform layer using ~0.5 g of Ti
powder, and positioned at the high-temperature (HT) zone of a graphite boat [77]. A high
frequency dielectric heater was used as the power source and the graphite boat was kept at a
high-speed heating ramp of 200 °C/min up to a temperature of 1050 °C, where it was held for 30
min. The sample was then removed and cleaned. In the next step, a new source material of ~0.5 g
titanium powder and alumina substrate were kept separate and positioned at the graphite boat HT
zone and low-temperature (LT) zone, respectively. The heating ramp was 200 °C/min. up to
1050 °C in the HT zone, while the LT zone was heated to 832 °C, and the temperature was held

constant for 30 min.

In the PVD process, the WO; material source is in the form of a solid and may be
evaporated utilizing many possible techniques. The most important of these are ion

bombardment, heating, electron beam, and laser irradiation.
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Li et al. synthesized WO3 nanorods using the PVD method. Helically curved tungsten
filaments were employed as the target [78]. The tungsten filaments were placed on a steel mesh
plate, and a Si wafer was positioned beneath the steel mesh plate at a distance of 2 mm, where it
was used as the deposition substrate. The heating was conducted in air, and when heated from
the top, the W filaments reached temperatures of 950-1000 °C, while the temperature of the Si
substrate was ~600 °C. The heating process continued for 1 h. When the chamber cooled to room
temperature, the upper surface of the Si substrate was entirely covered with a semi-transparent
film, and a layer of green colored oxide powders formed on the surfaces of the tungsten

filaments.

There are several additional reports in which PVD method is described for the synthesis

of WOj3 nanoparticles.

2.5.9 Sonication method

The sonochemical method has been applied in the preparation of various TiO;
nanomaterials by different groups. Yu et al. applied the sonochemical method to prepare highly
photoactive TiO; nanoparticles with anatase and brookite phases [79]. Typically, 0.032 mol
titanium isopropoxide and 3.2 g of triblock copolymer were dissolved in 20 mL of absolute
ethanol. The resulting solution was added dropwise to 100 mL of deionized water under
sonication, after which the suspension was heated for 3 h. The suspension was subsequently
centrifuged to isolate and collect the particles, which was followed by rinsing and drying at 373

K. The as-prepared sample was calcined at 673 K for 1 h.
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2.6 Applications of TiO,
2.6.1 Photocatalytic applications

TiO, is the most extensively investigated heterogeneous photocatalyst as it possesses
various unique properties including chemical inertness, high efficiency, non-toxicity, low cost,
and the high oxidizing power of generated electrons and holes. Due to these attractive properties
it has been widely used as an environmental photocatalyst in the photodegradation of various
contaminants. It has the capacity to effectively destroy organic or biological pollutants that are
present in wastewater. There are literally thousands of research articles that are published every
year as relates to the photocatalytic activities of TiO, in the degradation of various types of

pollutants, which illustrates its broad versatility.

Pure anatase TiO; has a wide band gap of ca. 3.2 eV, which makes its use possible only
under UV light. When TiO; is exposed to UV light, electron/hole pairs are formed, which can
then be utilized for various useful reactions, such as those required for synthetic chemistry.
Pichat et al. performed the gaseous anaerobic photodegradation of ethanol to acetaldehyde over
UV irradiated TiO,.

TiO,
h
CH;CH,0H ———> CH;CHO

0,

Similar to the above reaction, various oxidation reactions have been performed on
activated TiO,. For example, the synthesis of sulfones and sulfoxide from sulfides, and the
conversion of C=C into C=0. Although the reducing potency of the excited electrons of TiO; is
significantly lower than that of the oxidizing power of the generated holes, the application of a

co-catalyst (Pt, Pd, ZnS etc.) can increase the efficiency of the TiO, in reduction reactions. The
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presence of hydroquinone, a hole acceptor, also increases the light conversion efficacy of the
reduction reactions. Similarly, TiO, may also be used in isomerization, condensation,

substitutions and polymerization reactions.

The primary focus of TiO, applications is in the area environmental decontamination.
TiO; has been utilized in eradicating myriad species of pollutants from contaminated water and
air samples. The eutrophication of water that results from anthropogenic activities initiates the
generation of hazardous algae blooms (HAB) comprised of cyanobacteria. These HABs contain
and release biological toxins. Cyanobacterial toxins, such as microcystin-LR, can cause skin
irritations, liver damage, or affect the nervous system. TiO, based photocatalysts have shown
promising results in the degradation and detoxification of such biological toxins. Bacterium such

as E. coli can also be destroyed via TiO, photocatalysts.

Industries are the primary sources of hazardous contaminants, as the bulk of the
wastewater that they release contains multiple types of harmful chemicals into ambient water
resources. TiO, has shown its superiority in the complete degradation of most types of hazardous
organic wastes, such as phenolic compounds (nitophoenols, amino phenols, chloro phenols, etc.),

and organic dyes (thodamine B, methylene blue, acid orange II).

The doping and co-doping of TiO, with metal ions or non-metals enables it to be used as
a photocatalyst under visible light or under ambient sunlight toward the photodegradation of
contaminants. Recently, Pathakoti et al. have utilized N doped and N, F co-doped TiO; in the
degradation of E. coli under simulated solar light and visible light irradiation [80]. Other organic

compounds may also be eradicated under visible or ambient sunlight at modified TiO,.

2.6.2 Photocatalytic water splitting
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The discovery, by Fujishima and Honda in 1972, of photocatalytic water splitting on TiO,
electrodes, led to an enormous amount of research that focused on exploring the properties and
applications of TiO, for water splitting under photonic irradiation. As the global reserves of
fossil fuels are declining very rapidly, there is a critical need for alternative energy sources. The
production of H, and O, occurs due to redox reactions that take place on TiO, electrodes
following the excitation of electrons from the valence band to the conduction band via the
absorption of photonic energy from a light source. Excited electrons react with water molecules
and reduce it to release H,. In similar way vacant electron holes oxidize water molecules to form
O,. The reason that TiO, is optimal for water splitting is due to the position of its band gap, as
the conduction band should be more negative than the reduction potential of H+/H,. Additional
factors that significantly influence photocatalytic water splitting on TiO, electrodes are charge
separation, mobility, the lifetimes of photogenerated electrons and holes, surface states, surface
chemical groups, surface area, and active reaction sites [25]. The activity of TiO, electrodes
toward photocatalytic water splitting can be further enhanced by depositing metals or metal
oxides onto TiO, electrodes. These co-catalysts (e.g., Pt, NiO and Mn,0s3) introduce additional
active sites for the evolution of H,. Fujishima and Honda originally utilized UV light to induce
water splitting on TiO, electrodes. However, since then efforts have been expended to employ
visible light in this process, such that ambient sunlight may be utilized. This can be done by
narrowing the band gap via doping of the TiO,, which creates a new donor level above the

valence band.

2.6.3 Electrochromic devices

Electrochromism is the reversible change of color exhibited by various materials that may

be induced via the application of an electrical current or a potential difference. TiO,
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nanomaterials have been widely explored as electrochromic devices, such as electrochromic
windows and displays. The application of a low voltage to electrochromic windows will cause
them to change color, and when this applied voltage is reversed the color will revert back to its
original state. Electrochromism of nanocrystalline TiO, electrodes in Li" containing electrolyte
has been reported by various research groups in which the rapid accumulation and Li"
intercalation within the TiO; lattice results in rapid and reversible electrochromatic switching.
The dimensions and morphology of the TiO, nanoparticles play a critical role in the
electrochromic process and it is enhanced when a nanocrystalline morphology is utilized. The
rate of the electrochromic process is controlled by the diffusion of the Li" ions throughout the
TiO, lattice. Nanocrystalline TiO, electrodes that are modified with viologens may also be
efficiently employed as electrochromatic devices. Due to the robust conductivity of TiO, and the
electron exchange between TiO, and the photochromic compound monolayer, these devices
respond rapidly to changes in charge, thus exhibiting excellent optical dynamics. Ag-TiO, films
exhibit multicolored photochromism, which is related to the oxidation and reduction of Ag

nanoparticles under UV and visible light irradiation [81].

2.6.4 Hydrogen storage

A significant quantity of research has been dedicated to the utilization of TiO, based
nanomaterials for H; storage. Lim et al. showed that TiO, nanotubes may be used as a hydrogen
storage material as it could reproducibly store up to ~2 wt % H, at room temperature. Out of this
stored H,, approximately 75% could be released when the hydrogen pressure was lowered to
ambient conditions due to physisorption. Approximately 13% was weakly chemisorbed and
could be released at 70 °C as H,, and approximately 12% was strongly bonded to oxide ions and

could only be released at temperatures of above 120 °C as H,O.
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The sorption of hydrogen in the temperature range of -195 to 200 °C between the
multilayered walls of nanotubular TiO, was studied by Bavykin ef al. with the results indicating
that the hydrogen can intercalate between the layers of TiO,. The rate of hydrogen sorption is
contingent on temperature, and as the temperature was elevated the sorption rate increased with
the characteristic time for hydrogen sorption into the TiO, nanotubes being several hours at 100
°C. According to the isotherm for hydrogen adsorption at -196 °C, 1.5 hydrogen molecules per

Ti atom could be adsorbed at a hydrogen partial pressure of 2 bar [82].

2.6.5 TiO; in dye sensitized solar cells (DSSC)

Because of their high energy conversion efficiency, dye-sensitized solar cells (DSSCs)
are considered to be an alternative energy source to conventional semiconductor solar cells. TiO,
with various morphologies have been utilized to fabricate DSSC, as the morphology of the
photoanode plays an important role in the determination of electron transport properties. TiO; is
optimal for use as a photoelectrode material due to its favorable physiochemical properties.
Mesoporous TiO, produces improved results as a photoanode material in comparison to TiO;
nanotubes, nanowires and other morphologies, because of their special functionality, where
interconnected junctions with open pores in the mesoporous structure speeds up electron
transport. Mesoporous TiO; also provides a much more extensive surface area as compared to

other structures.

2.7 Applications of WO;

2.7.1 Photocatalytic applications:

Nanostructured WO3; may provide an optimum surface to volume ratio, and it has a lower

band gap as compared to TiO,, which makes it a promising material for study in photocatalytic

42



applications. Various research groups have investigated nanostructured WO; materials and they
have concluded that by using nanostructured WOs, incident photon to electron conversion
efficiency (IPCE) of more than 100% could be achieved. When organic species such as methanol
are added into the electrolyte, an IPCE as high as 190% was calculated by researchers. The
addition of organic compounds increases the IPCE due to the photo-oxidation kinetics between

the WO; and the organic species.

Gondal et al. studied the deactivation of E. coli in culture media with nano WO3 and
concluded that the photocatalytic activity of the WO3 nanostructured material was so efficient

that practically all of the bacteria were eradicated in under five minutes [83].

Recently Hayat et al. successfully demonstrated the removal of the carcinogenic dye
safranin-O by laser induced photocatalysis on nanocrystalline WO; [84]. They further
demonstrated a linear relationship between the laser intensity and the degradation of the dye on
the WOs;. Their study clearly illustrated that hazardous organic compounds could be eliminated
by WOs in the presence of a light source. Other groups have successfully used nanostructured
WOj; materials with different morphologies in the abatement of various pollutants in wastewater.
An additional advantage of using nanocrystalline WO; based photocatalytic devices is that they
require less power, as it is easier for the charge carriers to travel to the oxide surface. This
translates to mean that if WOs; films are used in a photoelectrochemical cell, only a very small

applied potential is required to generate a relatively higher photocurrent.

2.7.2 Photocatalytic water splitting

Even though WO; exhibits good photocatalytic activity when it is irradiated by UV or

visible light, it cannot be utilized in photocatalytic water splitting to generate H, as it is
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thermodynamically unfavourable. This is because WO3 possesses a more positive conduction
band than the H,/H,O reduction potential (vs NHE). This shortcoming may be overcome by
applying an external potential such that the generated electrons are infused into water molecules,
rather than recombining with electron holes. Another strategy for making it possible for WO; to
photocatalytically split water is to combine it with other metal oxides, which have a more

negative CB than that of the H,/H,O reduction potential.

The photocatalytic activity of WO3; may also be enhanced via doping with various metal
atoms and non-metals. A few examples of the dopants that have been studied include N, C, Mg,
Ni, Au, Cu, Zn, Bi, Ag, Fe and Co. Doping with Ni and Ag were found to be promising for H;
evolution, while the band positions of WO3 doped with Fe, Cu and Au shifted downwards, which

improved the water oxidation.

2.7.3 Electrochromic devices

WO; based electrochromic devices have been widely studied and are commonly used in
smart windows and EC displays. Properties such good memory effect, low power consumption,
high contrast and long term stability makes WOs; perfect for this application. A general setup
includes WO; as an EC layer, an electrolyte for ion storage, and two transparent conductors,
which are utilized to establish electrical contacts. For intercalating H' ions, the most commonly
used electrolytes are H,SO4 and HClO4, whereas LiClO4 is used for Li". When a voltage is
applied, the ions are intercalated, which results in the chromic effect. This process is reversed

when the voltage is inverted, in which case the ions are expelled from the WOj3 lattice.

Among amorphous and crystalline WOs;, amorphous films exhibit high efficiency (=55

cm” mC™' for H  intercalation). They also have high a charge density which is ~9 mC cm™ mg™.
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However, the disadvantage of using amorphous WOj is that it does not have a high EC stability
because of its poor structural and chemical stability. On the other hand, because of its more
dense structure and slower dissolution rate, crystalline WO3 is more stable. The lower energy
charge density of the crystalline phase is a negative point. Bulk crystalline WO3 has a relatively
lower charge density of 3 mC cm *mg ' in comparison to the amorphous form, as well as poor

coloration efficiency (=25 cm?>mC ™ 'for H' intercalation
y

Nanostructured WOs; films have been found to exhibit a much higher charge density,
coloration efficiency, and coloration bleach time as compared to bulk amorphous and crystalline
WO;. Recently, researchers have utilized a nanostructured WOs5 film with a high degree of

porosity to overcome the drawbacks of crystalline WO; for EC applications.

2.7.4 Dye sensitized solar cells

TiO, is the most investigated photoanode material for DSSCs, as its efficiency is
approximately 11%. For the first time, Zheng et al. recently reported that WO; nanostructures
have the potential to be used as alternative photoelectrode materials in dye-sensitized solar cells.
In their experiment they employed commercially available WO3 nanoparticles (940 nm) as the
photoelectrode in DSSC, and investigated the effects of various parameters on the cell
performance. The conversion efficiency of the WO3 nanoparticles in the DSSC was calculated to
be 0.75%, which was enhanced to 1.46% via surface modification [85]. The efficiency of WOj; is
very low as compared to that of DSSCs based on other semiconducting metal oxides, such as
Ti0;, SnO;,, and ZnO. There is still a need to focus research on increasing the efficiency of WO;3

based photoanodes for DSSCs.
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2.8 Electrochemical Supercapacitors (ES)

With the depletion of non-renewable energy resources coupled with rapid increases in
energy demands there is a critical need to develop and implement efficient and cleaner sources of
energy [86, 87]. The storage of electrical energy may be accomplished either electrostatically in
conventional capacitors, or electrochemically in cells or batteries. For capacitors, the electrical

energy stored is given by:
W = QAV = CAV?

where AV is the electrical potential drop across the capacitor when the electrical charge Q

resides on its plates; C is the capacitance of the condenser defined as:
C=Q/AV

The amount of charge, as well as the capacitance C, is directly proportional to the surface

area of the plates.

Supercapacitors (also known as ultracapacitors) and electric double layer capacitors
(EDLC), are electrochemical capacitors that can store much higher charges as compared to
conventional capacitors. A capacitor stores energy by means of a static charge as opposed to an
electrochemical reaction. Supercapacitors store energy using either ion adsorption
(electrochemical double layer capacitors) or rapid surface redox reactions (pseudo-capacitors),
where the application of a voltage differential on the positive and negative plates charges the
capacitor. In recent years ES have attracted much attention due to their high power density and

extended longevity [88].

ES are devices similar to batteries, which store a charge. In general ES contains two

electrodes which are isolated from each other with an electrolyte. In recent years major
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advancements in the development of the ES have been achieved as can be seen by large number
of publications dedicated to the technology. There are also a number of excellent review articles
such as “A review of electrode materials for electrochemical supercapacitors” by Wang et al.

which describes the development, functionality, and applications of ES in much detail [89].

ES have long been studied as can be concluded from the fact that the earliest ES patent
was filed in 1957. However, they have garnered increasing attention over the last decades due to
advancements in material science and nanotechnology, as new materials with unique attributes
may be fabricated and utilized as electrode materials. Despite having high power densities and
long life cycles, there are some disadvantages of ES that need to be addressed. The chief issues

are the high cost of production and low energy density.

Various materials have been studied as candidates for use as efficient electrodes, with the
most attractive contenders being carbon particle materials and metal oxides, particularly RuO,
and MnQO; [90-91]. Carbon particles have high surface areas for storage, but the physical storage
of the charge within the porous electrode layers is limited. These types of capacitors have low
specific capacitance and energy density. These issues can be overcome through the addition of

active materials on the surface of the carbon electrode.

2.8.1 Classification of ES

According to the type of charging, ES may be classified as two types. One is EDLS,
where there is no electrochemical reaction that takes place on the electrode material and the
charge is physically accumulated. The other is a Faradaic supercapacitor in which an
electrochemical reaction takes place at the electrode surface during charge/discharge [89]. These

types are described in more detail below.
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2.8.1.1 Electrostatic capacitors or electric double layer supercapacitor (EDLS)

In this type of supercapacitor an electrostatic charge accumulates at the interface. The
mechanism of electrode surface charge generation includes surface dissociation, as well as ion
adsorption from both the electrolyte and crystal lattice defects. In general, an excess or deficit of
electric charge accumulates on the electrode surfaces. In order to maintain the electroneutrality
of the system an opposite charge is built up on the electrolytic side. The charge on the electrode
is typically generated because of the ion adsorption from both the electrolyte and crystal defects.
Thus, there is simply the accumulation of charge taking place that is devoid of an
electrochemical reaction. In this type of ES, no charge is transferred across the
electrode/electrolyte interface, and no net ion exchanges occur between the electrode and the
electrolyte. This implies that the electrolyte concentration remains constant during the charging

and discharging processes.

Electrolyte

/ N\

+ Electrode - Electrode

000000000
000000000
000000000
000000000
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Figure 2.4 Schematic diagram of a charged and discharged electric double layer capacitor
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2.8.1.2 Faradaic supercapacitors (FS)

In Faradaic type supercapacitors, when a potential is applied, reversible redox reactions
take place on the electrode materials, which results in a flow of charge across the double layer.
The material utilized for the fabrication of electrodes for FS typically consists of conducting
polymers and several metal oxides, including RuO; and MnO; [89, 92]. There are three types of
reactions which occur on the electrodes including reversible adsorption, redox reactions of
transition metal oxides (e.g.RuQ;,) and reversible electrochemical doping-dedoping in conductive
polymer based electrodes. Because in FS the electrochemical processes are not only occurring in
the bulk near the electrode, but also on the surface of the solid electrode, they exhibit far larger
capacitance values and energy density than an EDLS. Conway et al. reported that the capacitance
of FS can be 10-100 fold higher than the electrostatic capacitance of an EDLS. The redox
reactions on the FS are typically slower than the physical accumulation of charge on the EDLS

with their lower power density [93].

The performance of a supercapacitor depends to a great extent on the type of electrolyte
used. The main requirements for an electrolyte is that it should have a wide voltage window,
high electrochemical stability, high ionic concentration, low solvated ionic radius, low resistivity,

low viscosity, low volatility, low toxicity, low cost and high purity.

The electrolyte could be an aqueous solution of H,SO4, KOH, or Na,SO,, etc. Aqueous
solutions may normally provide higher power than organic electrolytes because they possess a
higher ionic concentration [87]. The main issue with the use of aqueous electrolytes is that they
provide a very small voltage window. On the other hand, organic electrolytes provide a high
voltage window which might attain 3.5 V [87]. The primary organic compounds and organic

salts that are typically used currently as electrolytes are acetonitrile, propylene carbonate,

49



tetramethylammonium tetrafluoroborate etc. Other types of electrolytes that are garnering
interest are ionic liquids (IL), which are prepared by melting a salt. They normally remain as a
liquid at desired temperatures. The chief advantages of ionic liquids are high chemical stability,
thermal stability, low flammability and a wide electrochemical window, which can be in the
range of between 2-6 V. Commonly used IL encompass imidazolium, pyrrolidinium and some

aliphatic quaternary ammonium salts [87].

The advantages of the ES may be summarized as follows

1. Practically unlimited cycle life; may be cycled millions of time

2. High specific power; low resistance enables high load currents

3. High efficiencies

4. Wide range of operating temperatures

5. Charges in seconds; no end-of-charge termination required

6. Simple charging; draws only what it needs; not subject to overcharge
7. Safe; forgiving if abused

8. Excellent low-temperature charge and discharge performance

Despite all of these positive features there is still a need to further investigate and prepare
new electrode materials in ES, as there still remain several issues that need to be addressed in the

ES, such as low energy density, high cost and high self-discharging rate.

2.9 Summary and perspectives

TiO, and WO; have numerous applications in various fields and can be utilized to
address practical problems that are related to the environment and energy storage. An array of

methods are available for the synthesis of nanoparticles with different morphologies and phases,
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which can expand the use of the TiO, and WOj3 based nanomaterials. However, some limitations

still persist for the broad range use of catalysts. Thus, the further development of nanomaterials

based catalysts is needed to 1) increase efficiency, 2) reduce the recombination rate of the

electron/hole pairs, 3) increase the stability of the material to extend the operational lifetimes of

the materials being employed, 4) make the process of catalysis more affordable through the

development of cheaper materials and low cost synthesis techniques such that they can be

universally employed and 5) make these techniques environmentally compatible by limiting the

use of toxic materials.
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Chapter 3: Materials and Methods

3.1 Introduction

An overview of TiO; and WOj; based nanomaterials, synthesis methods and applications
is presented in previous chapters. In this chapter, various methods that were employed in this
study in the fabrication of nanomaterials are briefly discussed. This chapter also presents the
various techniques and instrumentation that were employed to characterize the synthesized

materials in this study.

3.2 Experimental

3.2.1 Materials

Titanium (IV) isopropoxide (97%), urea (= 99%) and sodium tungstate (Na,WO4.2H,0)

were purchased from Sigma-Aldrich, and rhodamine B was purchased from BDH, UK.

Titanium plates were obtained from Alfa-Aesar and were cut into lcm X lcm squares.

Hydrochloric acid (37%) and methanol were purchased from Sigma-Aldrich.

Tungsten plates with a thickness of 0.25 mm were received from Sigma-Aldrich (99.9%
trace metals basis) and were cut into lcm x 1cm squares. Acetone (>99.5%), Nitric Acid (70%),
and H,SO4 (99.999%), were purchased from Sigma Aldrich and used as received. Anhydrous
Ethyl Alcohol was purchased from Commercial Alcohols, Brampton, Canada. IrCl;-3H,O was
purchased from Pressure Chemical Corp. and TaCls was purchased from Aldrich.

The water (18:2 MQ cm) used for the preparation of the aqueous solutions was purified

with a NANOpure® Diamond™ water system.

62



All solutions were deaerated with ultrapure argon (99.999%) prior to performing and

measuring experiments.

3.2.2 Instruments and electrochemical experiments

A transmission electron microscope (JEOL 2010) and scanning electron microscope
(Hitachi SU 70) were used to determine the surface morphology and particle size of the samples.
The crystalline phase of the synthesized samples was obtained by X-ray diffraction (Phillips PW
1050-3710 Diffractometer with Cu Ka radiation (A=1.5406 A). N, gas adsorption/desorption
studies at liquid nitrogen temperature (77 K) were conducted utilizing a Quantachrome Nova
2200 surface area and pore size analyzer for determination of the Brunauer-Emmett-Teller (BET)
surface area of the samples. The UV-Vis absorbance spectrum was obtained using a UV-visible
spectrophotometer (Varian, Cary 5E). The surface composition was examined either by Energy
dispersive X-ray spectroscopy (Oxford AZtech) or X-ray photoelectron spectroscopy (Omicron
EA-125 energy analyzer and a multi-channel detector). All binding energies reported in this
work were corrected using the C 1s peak at 284.5 eV as an internal standard. The broad N 1s

region of samples was fitted using XPSPEAK41 software.

Electrochemical experiments were performed using a Voltalab 40 Potentiostat (PGZ301)
or Solatron SI 1287 electrochemical interface instrument. The fabricated electrodes were used as
the working electrode. A Pt coil with a 10 cm” surface area was utilized as the auxiliary
electrode; an Ag/AgCl electrode was used as the reference electrode. The Pt counter electrode
was flame annealed prior to each experiment. All measurements were conducted at room

temperature (22 + 2°C).
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3.2.3 Fabrication of electrodes
3.2.3.1 Synthesis of N-W co-doped TiO;

Titanium (IV) isopropoxide (TTIP) (Sigma-Aldrich, 97%,) was used as a Ti precursor,
urea (Sigma-Aldrich, > 99%) as a nitrogen source and sodium tungstate (Na, WO4.2H,0, Sigma-
aldrich) as a tungsten source, ethanol as a solvent and acetic acid as an inhibitor to the hydrolysis
of the organic precursor; 2 ml of TTIP was added dropwise to a mixture of 20 ml of ethanol and
0.5 ml of acetic acid under vigorous stirring for 30 min. To obtain an equivalent composition of
N in all samples, 5 g of urea and a predetermined amount of 0.1 M Na,WOQy, based on the target
composition of W, were added. Initially, the mixed solution was heated on a hot plate and
subsequently to facilitate the combustion reaction, the solution was transferred to a preheated

(300° C) furnace. Finally, the synthesized powder was calcinated at 450 °C for 3 h.
3.2.3.2 Fabrication of TiO, nanotubes

Ti plates (99.2%) were obtained with dimensions of 1.25 cm % 0.80 cm x 0.5 mm. The
plates were then cleaned, initially by sonication in acetone to remove all the organic impurities
present on the surface, followed by rinsing with pure water (18.2 MQcm). The electrodes were
subsequently etched in a 18% HCI solution at 85 °C for 15 min and rinsed with pure water. The
Ti0;, nanotubes were grown electrochemically at 40 V for 8 h in a one compartment two-
electrode cell, containing DMSO + 2% HF. An etched Ti plate served as the working electrode
and a Pt plate was used as a counter electrode. To obtain the anatase crystal structure the plates

were then annealed at 450 °C for 3 h.
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3.2.3.3 Fabrication of WO3; platelet electrodes

To prepare the WO3 nanomaterials, a facile hydrothermal method was employed, where a
commercially available tungsten plate (Sigma-Aldrich, 99.7 %) was cut to obtain a 1 cm? area,
which was utilized as a substrate. To grow the tungsten oxide onto the substrate, the tungsten
plate was introduced into a Teflon-lined autoclave containing 1.5 M HNO;, To observe the effect
of temperature on the crystal growth of the WO; on the substrate, various temperatures and time
increments were employed for the hydrothermal treatment. Following the hydrothermal
treatment, the electrodes were rinsed with ultrapure water several times, heated at 450 °C for 3 h

and then utilized for the electrochemical tests.

The WOj; that contained Pt nanoparticles for the bifunctional electrodes were fabricated
using a photoreduction method. In general, a 0.1 mM solution of inorganic precursor
H,PtCls-6H,0O was formulated in ultrapure water. A desired amount of this solution was added
into a 5 mL 50% (v/v) methanol solution and was deaerated for 10 min. with ultrapure argon gas
to eliminate any oxygen that was present in the solution; the test tube was then sealed with
rubber stopper. The electrode in the Pt solution was subsequently irradiated under UV light for 1
h. The electrodes were then rinsed carefully under pure water and dried at 50 °C in an oven

overnight.

0.1 M IrCl5.3H,0 and 0.1 M TaCls solutions were prepared in ethanol and painted on one
side of the WOj; electrode in obtaining WO3/IrO, and WO3/Ta,0s electrodes. The WO5/IrO,-
Ta,0s electrode precursor solution was made by combining the 0.1 M IrCl5.3H,0 and 0.1 M
TaCls solutions in equal amounts. Following this, the mixture was painted onto the WOj3
electrodes, which were subjected to 3 h calcination at 450 °C to oxidize the metal chlorides to

metal oxides.
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3.3 UV treatment of TiO, nanotubes and N,W co-doped TiO;

In general, for the UV pre-treatment, a TiO, sample was initially placed in a quartz tube
containing 5 mL of 50% methanol-H,O (v/v); after bubbling with argon for 10 min, the quartz
tube was capped, after which it was irradiated under UV light for various time periods for TNW
and 30 min for the TiO, nanotubes. Following the treatment, the samples were rinsed with

ultrapure water and dried in an oven at 50 °C.

3.4 Photocatalytic and Electrocatalytic measurements.

The photocatalytic activity of the as synthesized samples were evaluated by measuring
the photodegradation of RhB (organic dye pollutant) or 4-NP under visible light in the case of
photocatalysis or under an applied potential, in case of electrocatalysis. The reactor was a
cylindrical pyrex/quartz vessel. In a general experiment, 20 mg of the photocatalyst was
suspended in 20 ml of 25 uM aqueous solution of RhB. The depth of the solution in the reactor
was ~2 cm. The distance between the surface of the reactor and the light source was kept
constant. The light source used in this study consisted of an Oriel system, including a 300 W
xenon arc lamp. The lamp was allowed to warm up for half an hour prior to testing. For visible
light irradiance, the source light was passed through an optical filter (Edmund Optical Co.
GG420) which cut off wavelengths of below 420 nm. Infrared light was removed via a water
filter. The wavelength range of the resulting light was between 420-700 nm with the intensity of
~2.50 mW cm > measured by a Cole-Palmer Radiometer Series 9811 at the point where the light
entered the reactor. Samples were collected from the reaction mixture at 20 min increments. The
samples was taken out at regular time intervals and the degradation of organic compounds were

quantified using a UV-visible spectrometer (Varian, Cary 50).
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3.5 Measurement of capacitance

A Solatron SI 1287 electrochemical interface instrument was employed to run the charge-
discharge cycles. Specific capacitance (mF/mg) may be estimated via the voltammetric charge

(integrated from the CV over the potential range) according to the following equation:

C = Q/(AEXW)

where Q is the charge (in mC), AE is the operating potential window (in V), and W is the weight

of the metal oxides deposited (mg) onto the working electrode.
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Chapter 4: Synthesis of Mesoporous Nitrogen-Tungsten co-doped TiO,
Photocatalysts with High Visible Light Activity”

4.1. Introduction

The extensive use of dyes in the textile, cosmetic and plastics industries and their
subsequent release via wastewater into the ecosystem is one of the major sources of
environmental pollution [1, 2]. Due to the high resistivity of these modern dyes towards chemical
and microbiological degradation, they are becoming an increasing threat to aquatic life as a result
of their tendency to cause aesthetic pollution and eutrophication [3, 4]. Dyes containing N atoms
can undergo reductive anaerobic degradation to produce cancer causing aromatic amines [5].
Hence, it is critical that these dyes undergo sufficient degradation prior to their release into
wastewaters in order to protect fragile ecosystems. Heterogeneous photocatalysis has
demonstrated superiority toward the abatement of organic pollutants over conventional methods
(e.g., occulation, reverse osmosis, activated carbon adsorption, ozonization and chemical
oxidation technologies), which have inherent problems in the complete removal of color and for
the potential generation of secondary pollution [6]. In recent years, a great effort has been placed
on the development of clean and inexpensive heterogeneous photocatalysts for the elimination of
myriad pollutants from water.

TiO; is one of the most intensely investigated semiconductor photocatalysts which may
be utilized for the environmentally compatible treatment of inorganic and organic pollutants due

to its chemical inertness, high efficiency, non-toxicity and low cost [7, 8]. However, a significant

"Most of the results presented in this chapter have been published in Applied Catalysis B:
Environmental 2012, 111-112, 38-45.
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constraint that prevents its pervasive implementation is that the TiO, based photochemical
process may only be initiated by UV light, due to its large energy band gap (~3.2 eV for anatase)
[9]. Unmodified TiO, photocatalysts show negligible response to visible light (which constitutes
a significant portion of natural sunlight). The modification of the electronic structure of TiO,
based materials is thus required to shift the absorption edge to the visible region in order to
enhance and expand the utilization of renewable solar energy. A common approach in shifting
the absorption edge of TiO, to the visible region is to modify its electronic structure by
substituting the oxygen in the lattice with anionic dopants such an N, C, S and halogen atoms
[10-12]. Among these, N stands out as the most promising candidate due to its comparable ionic
radius, which is close to that of O such that N 2p states may effectively merge with O 2p states.
This modifies the electronic structure of the valance band, which facilitates the transport of
charge carriers. Nonmetal doping also induces oxygen vacancies, which have a significant
influence on catalytic activity [13]. Asahi ef al. [14] prepared N doped TiO, via the sputtering
method and showed absorption in the visible region due to the formation of the O-Ti-N bond.
This hypothesis was supported by the presence of the N1s peak at 397 eV that was observed
during the XPS analysis. Following this discovery, it was confirmed by a number of researchers
that the N1s peak at 397 eV is responsible for the visible light response, as N substitutes for the
O atoms in the lattice structure of TiO,, causing a modification in its electronic structure [15].
Although N-doped TiO; exhibits good visible light induced photocatalytic activity, electron-hole
recombination remains a major obstacle that blocks the effective use of TiO, photocatalysts
which are doped with only non-metals [16, 17]. This deficiency has spurred the development of
co-doped TiO, which may involve the combination of non-metal and metal elements or two

different non-metal elements. Due to the synergistic effect of both dopants, co-doped TiO, show
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greater visible response than single doped TiO; [18, 19]. However, very few studies of N,W co-
doped TiO, photocatalysts have been reported in the literature. Kubacka et al. employed a
microemulsion method to fabricate N,W co-doped TiO, with over 10% of W [20, 21]. B. Dai and
co-workers used a slow hydrolysis approach in an ice-water bath to synthesize twist-like helix
tungsten-nitrogen-codoped titania [22]. A two-step method has also been reported, where N-
doped TiO; nanoparticles were fabricated first using a sol-gel method, and followed by either
mechanical alloying with W-doped TiO, nanoparticles [23] or dispersing the N-doped TiO;

powders in a dilute ammonia solution containing tungstic acid [24].

In the present work, a novel and facile solution combustion synthesis method was
developed and employed to prepare N,W co-doped TiO, nanomaterials that contained various
percentages of atomic tungsten dopant levels. The one-step solution combustion method is much
less time consuming compared to the sol-gel method and the microemulsion method and it does
not involve any expensive or complicated instruments. Our experimental results show that the
synthesized N,W co-doped TiO, exhibit the photocatalytic active anatase phase exclusively, with
a very high surface area and mesoporous structure consisting of particles of between 8-12 nm in
size. The fabricated N,W co-doped TiO, nanomaterials show marvelous photocatalytic activity

under visible light irradiation.

4.2. Experimental Section

4.2.1 Photocatalyst synthesis

To prepare the mesoporous N-doped or N,W co-doped TiO,, commercially available
titantum (IV) isopropoxide (TTIP) (Sigma-Aldrich, 97%,) was used as a Ti precursor, urea

(Sigma-Aldrich, > 99%) as a nitrogen source and sodium tungstate (Na,WO,4.2H,0, Sigma-
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aldrich) as a tungsten source, ethanol as a solvent and acetic acid as an inhibitor to the hydrolysis
of the organic precursor. 2 ml of TTIP was added dropwise to a mixture of 20 ml of ethanol and
0.5 ml of acetic acid under vigorous stirring for 30 min. To obtain an equivalent composition of
N in all samples, 5 g of urea and a predetermined amount of 0.1M Na,WO,, based on the target
composition of W, were added. Initially, the mixed solution was heated on a hot plate, and
subsequently, to facilitate the combustion reaction, the solution was transferred to a preheated

(300° C) furnace. Finally, the synthesized powder was calcinated at 450 ° C for 3 h.

4.2.2. Characterization techniques

The crystalline phase of the synthesized samples was obtained by X-ray diffraction
(Phillips PW 1050-3710 Diffractometer with Cu Ka radiation (A=1.5406 A). For the
determination of the Brunauer-Emmett-Teller (BET) surface area of the samples, N, gas
adsorption/desorption studies at liquid nitrogen temperature (77 K) were conducted utilizing a
Quantachrome Nova 2200 surface area and pore size analyzer. The samples were initially
degassed at 400 °C for 3 h under vacuum. Transmission electron microscopy (JEOL 2010)
analysis was performed in order to determine the surface morphology and particle size of the
samples. The UV-Vis absorbance spectrum was obtained using a UV-visible spectrophotometer
(Varian, Cary 5E). The surface composition was examined by X-ray photoelectron spectroscopy
(Omicron EA-125 energy analyzer and a multi-channel detector). All binding energies reported
in this work were corrected using the C 1s peak at 284.5 eV as an internal standard. The

broad N 1s region of the sample was fitted using XPSPEAK41 software.
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4.2.3. Photocatalytic activity measurements

The photocatalytic activity of as synthesized powders and Degussa P25 was evaluated by
measuring the photodegradation of rhodamine B (organic dye pollutant) under visible light. The
reactor is a cylindrical pyrex vessel having internal diameter of 4 cm and 4.5 cm internal height
and is open to the air. In a general experiment, 20 mg of the photocatalyst was suspended in 20
ml of 25 uM aqueous solution of RhB. The depth of the solution in the reactor was ~2 cm. The
distance between the surface of the reactor and the light source was kept at 3 cm. The
Rhodamine solution was prepared using pure water (18.2 MQ.cm) obtained from a NANOpure®
Diamond™ UV ultrapure water purification system. The reaction mixture was sonicated for 30
min in the absence of light in order to obtain a homogeneous suspension and to achieve an
adsorption-desorption equilibrium. The light source used in this study consisted of an Oriel
system including a 300W xenon arc lamp. The lamp was allowed to warm up for half an hour
before testing. For visible light irradiance, the source light was passed through an optical filter
(Edmund Optical Co. GG420) which cut off wavelengths of below 420 nm. Infrared light was
removed by a water filter. The wavelength range of the resulting light was between 420-700 nm
with the intensity of ~2.50 mW c¢m > measured by a Cole-Palmer Radiometer Series 9811 at the
point where the light entered the reactor. Samples were collected from the reaction mixture at 20
min increments. The samples were centrifuged (Thermo Electron Co., Sorvall Biofuge Stratos
Centrifuge) to remove particles from the solution and this particle free solution was used to
measure the degradation of RhB using a UV-visible spectrometer (Varian, Cary 50). The solution

and the centrifuged particles were then added back to the reactor.
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4.3. Results and discussion

4.3.1 XRD analysis

The XRD patterns of the synthesized powders are presented in Figure 4.1. Among the
anatase, rutile and brookite phases of TiO; only the diffraction peaks of the higher photocatalytic
active anatase phase was observed in all samples. Additional peaks from WO; due to
inhomogeneous doping or from any impurities were not observed, which signifies that all of the

tungsten was incorporated into the lattice structure of the TiO,. This indicates that the solution
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Figure 4.1. XRD patterns of TiO,, TiO2:N and the TiO»:N-W(x%).
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combustion approach developed in this study provides a simple and effective method for the
doping of certain species of atoms into a TiO, lattice. Interestingly, it was observed that
concomitant with the increasing W doping level, the (101) peak broadens and its intensity
decreases. This may be attributed to the inhibition of crystal growth that is prompted by the metal
dopant, which results in the formation of smaller particles [25]. The principal characteristic peak
(101) for the anatase phase, located at 25.5°, was studied and used in the determination of the
average crystalline size of the samples using the Scherrer equation d = AA/p cos6, where A is the
X-ray wavelength, B is the full width at half maximum of the (101) peak, 6 is the incident angle,
and k is a shape factor. The calculated crystalline dimensions of the samples are shown in Table
1. It can be seen that the particle size decreases from 18.80 nm of TiO; to 9.00 nm of 3 at% of

W doped TiO,.

4.3.2 TEM Observation

The as-synthesized samples were characterized by TEM. Figure 4.2A and 4.2B depict the
TEM micrographs of the N-doped and N,W(1%) co-doped samples, respectively. Both of the
samples show a mesoporous structure with irregular pore sizes. The insets in Figure 4.2A and
4.2B are corresponding selected area electron diffraction (SAED) patterns, indicating that the
two samples are polycrystalline with an anatase nature. The d value for the observed rings
(0.351, 0.237, 0.189 and 0.169 nm) in both of the SAED patterns corresponds to the reflections
of (101), (004), (200) and (105). Figure 4.2C and 4.2D present the corresponding high resolution
TEM (HRTEM) images of N- doped and N,W co-doped TiO,, respectively. It can be seen that
single crystalline TiO, particle with 5-8 nm size, which are in concordance with the XRD

determination, interconnect with each other to form a porous network. The lattice spacing of the
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Figure 4.2. TEM and high resolution TEM images of N doped (a), (¢c) and N,W codoped TiO,
(b), (d), respectively. Inset is respective SAED pattern.
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TiO, in the HRTEM images was calculated to be 0.301 nm, which corresponds to the (101)
crystal plane of the anatase TiO, structure. The pores are visible as bright spots within the darker
areas, and the size distribution is relatively narrow with an average diameter of 4-6 nm for both

the N-doped and N,W co-doped TiO, samples.

4.3.3 BET surface area and pore structure

To examine the surface area, as well as the pore sizes and their distribution, nitrogen
adsorption/desorption analysis was performed on all synthesized samples. Each sample showed
Type IV N, adsorption/desorption isotherms, indicating that mesoporous structures were
achieved via this synthesis method; this is consistent with the TEM observations. The isotherm
curve for the N,W (1.5%)-TiO, sample is presented in Figure 4.3A. The results of the BET
analysis on the pure, doped and co-doped samples are displayed in Table 4.1. The specific
surface area calculated for the pure TiO, is 51 m’g”, which is similar to the average value for
Degussa P25. However, the surface area increases in correspondence with raised W doping
levels. This is ascribed to the small size and mesoporosity that is present in the structure of the
samples. The surface area of 1 at% W doping is 147 m”g", which is close to three times that of
the un-doped TiO, synthesized in this study using the same solution combustion method. N & W
co-doping has some impact on the particle size and surface area as observed by comparing the
results for W doped TiO, from the literature [26], where the surface area for TiO,-W(2%) is 116
m’g" and the particle size is 11.6 nm. With the co-doping of N&W the surface increased to 136
m’g” and the particle size decreases to 9.6 nm. Since photocatalytic properties are influenced by
surface area and pore size, this enhancement of specific surface area in the co-doped samples

signifies the presence of additional available active sites for photocatalysis. The average pore
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diameter for the co-doped samples shown in Figure 4.3B, which was calculated from the
desorption branch of the N, isotherms by the Barret-Jayner-Halenda (BJH) method, is ~3.5 nm,
which further validates the existence of a mesoporous structure. This finding is also consistent
with the HRTEM observation. The pore sizes were observed to increase slightly with higher W

doping levels.

Table 4.1: Textural properties of the samples determined by BET and XRD studies.

Surface Area Pore size Pore volume Crystallite
Sample (m?/g) (nm) (cm’/g) size(nm)
Ti0O, 52 3.6 0.220 18.80
TiOx:N 122 3.6 0.235 11.68
TiO2:N-W(0.5% 128 3.7 0.260 11.82
TiO2:N-W(1%) 147 3.6 0.290 10.34
TiO2:N-W(1.5% 146 4.5 0.305 10.74
TiO2:N-W(2%) 136 4.6 0.311 9.62
Ti0:N-W(3%) 137 6.0 0.352 9.00

4.3.4 UV-visible spectroscopic studies

The optical properties of materials are very sensitive to, and are heavily influenced by
their inherent microstructures and hence electronic structural changes. UV-visible absorbance
experiments were carried out, and the resulting spectra are shown in Figure 4.4A. It is seen that
pure TiO, shows absorbance only in the UV region; the absorbance shifts to longer wavelengths
with N doping and N,W co-doping. The corresponding Tauc plots are presented in Figure 4.4B.
By assuming TiO; to be an indirect semiconductor, the band gap energy of pure TiO,, N doped
and N,W(1.5%) co-doped TiO; are 3.08, 2.79, and 2.64 eV, respectively. The absorbance edge in

the N doped and N,W co-doped powders was significantly shifted to the visible region. Table 2
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presents the calculated band gap for the samples. This red shift is attributed to the presence of

nitrogen and tungsten in the lattice structure of the TiO, This modification serves to alter the

electronic band structure.
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Figure 4.4 (a) UV-visible absorption spectra of TiO,, TiO,-N and the TiO,:N-W(1.5%); (b)
Tauc plots of TiO,, TiO,:N and TiO,:N -W(1.5%).
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Table 4.2.: Band gap estimation for prepared nanomaterials

Sample Estimated Band gap (eV)
TiO, 3.08
TiOx:N 2.88
TiO2:N-W(0.5%) 2.82
TiO2:N-W(1%) 2.87
TiO2:N-W(1.5%) 2.68
TiO2:N-W(2%) 2.67

4.3.5 XPS analysis

All of the samples were analyzed by XPS to investigate the chemical components, their
electronic state, and atomic concentration. The XPS spectra of TiO,-N,W(1.5%) are presented in
Figure 4.5. As seen in Figure 4.5A, the peaks for Ti 2ps,; and Ti 2p;; are centered at 458.69 and
464.38 eV. This clearly shows the presence of a Ti (IV) oxidation state in all samples. The Ols
XPS spectra shown in Figure 4.5B reveal a well-defined peak at 530.01 eV with a small shoulder
centered at 531.52 eV. The peak at 530 eV is characteristic of the oxides of transition metals.
The small peak centered at 531.52 eV could be attributed to the presence of hydroxyl groups or
adsorbed water molecules on the surface [27]. A controversy still exists as to which peak
corresponds to the doped N in the TiO,. Asahi ef al. and other researchers assign the peak at 397
eV to anionic doping in which O atoms are substituted by N atoms, and the peak at 399 eV and
402 eV to the molecularly chemisorbed N [14, 28]. This is altercated by Sato et al, who

postulates
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that the peak at 399 eV is due to the interstitial doping of N into the crystal structure of TiO, and
not chemisorption; an interpretation that is supported by many others [29-32]. Contrary to the
above results some authors have attributed the peak at 399 eV to substitution nitrogen doping
[33, 34]. As shown in Figure 4.5C, a broad peak extending from 397.5 to 402.5 eV is observed
for all the N containing samples. These were fitted via a curve-fitting procedure to give three
very distinct peaks centered at 397.93, 399.79 and 402.72 eV. The peaks at 397.93 eV and
399.79 eV may be assigned to substitutional doping in the form of N-Ti-O and interstitial doping
as Ti-N-O, respectively. The peak located above 400 eV might be attributed to chemisorbed N
containing compounds [35]. For tungsten, as shown in Figure 4.5D, only one strong peak at
247.06 eV is observed. This peak may be assigned to the W dopant within the TiO, structure as
there was no WOs detected in the XRD studies. The value is ~0.5 e¢V lower than the values
obtained by other researchers for the W44 in W doped TiO; [36], indicating that the presence of
N in the lattice has some significant effect on the surrounding electronic structure. The atomic
percentages of nitrogen and tungsten were calculated from their respective peak areas and the
results are shown in Table 4.3. The doping percentage level of nitrogen was almost constant as

the amount of urea used in all of these experiments was the same. The tungsten doping level was

Table 4.3: Chemical constitution of the samples determined by XPS.

Sample At wt% of N At wt% of W
Ti0O, n/a n/a
TiOy:N 0.61 n/a
TiO,:N-W(0.5%) 0.62 0.56
TiO2:N-W(1%) 0.58 1.11
TiO2:N-W(1.5%) 0.57 1.68
TiO,2:N-W(2%) 0.40 2.07
Ti0,:N-W(3%) 0.66 2.78
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also observed to be consistent with the amount of tungsten solution added during the synthesis of

the samples.

4.3.6. Visible-light-induced catalytic activity studies

We tested our as-synthesized samples under UV light, showing that they exhibit very
similar photocatalytic activity as P25. The photodegradation reaction of RhB under visible light
(A>420) irradiation was thus used to evaluate and compare the photocatalytic activity of un-
doped, N-doped and N,W co-doped TiO, and commercial Degussa P25. The irradiation time was
2 h and a sample was collected from the reaction mixture at 20 min intervals to measure the
absorbance of RhB using a Cary 50 UV-visible spectrometer. Calibration measurements were
performed to correlate the concentration between the dynamic range of 2.5- 25 uM and the
absorbance of RhB, as illustrated in Figure 4.6. The linear regression equation was calculated to
be A= 0.098c-0.129 with a correlation coefficient of 0.999. Figure 4.7 presents the kinetic curves
for the photodegradation of Rhodamine B over P25 and the N-doped TiO;, and N,W co-doped
TiO, samples. The kinetics curves for the photodegradation of the dye on the un-doped TiO,
synthesized in this study and P25 are almost the same. In contrast, the photodegradation of the
dye on the N-doped TiO; is much more rapid than that on P25, and the speed of degradation is
further dramatically improved by increasing the amount of W dopant in the samples until 1.5 at%
doping level of W was achieved. Beyond this level a continuous decrease in photocatalytic
activity is observed, which indicates that there exists a maximum doping level. Based on the
modeling analysis by G. L. Puma [37, 38], the differences in the dye degradation kinetics may be
caused by different optical characteristics of each catalyst in suspension if the materials have

different particle sizes. In this study, all the samples were prepared using the same method under
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TiO, and N,W co-doped TiO; samples.

similar conditions. As shown in Table 4.1, the synthesized N,W-codoped TiO, catalysts possess
similar BET surface area and particle size. The difference observed in the photocatalytic activity
can be attributed to the level of the doped W. On one hand, doping can reduce the band gap
energy of materials, and therefore may harvest more visible light, which is favorable for
photocatalytic efficiency, whereas on the other hand, impurities that are added to the
semiconductor lattice due to doping might result in the formation of defects which act as
recombination centres. In this co-doping system, the physically larger atomic W occupies more

volume than atomic Ti. Hence, a high doping level will produce a significant defect
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concentration. The detailed kinetics of the reaction is presented in Table 4.4 and is depicted on

Figure 4.8.

Table 4.4: First order kinetic constant and relative coefficient for degradation of Rhodamine
B over prepared samples.

Sample Rate constant(min'l) R?
P25 2.12 x 107 0.962
TiOx:N 6.94 x 107 0.986
TiO2:N-W(0.5%) 9.65 x 107 0.994
TiO2:N-W(1%) 227 %107 0.994
TiO2:N-W(1.5%) 3.01 x 107 0.997
TiO2:N-W(2%) 1.64 x 107 0.991
Ti02:N-W(3%) 1.40 x 107 0.997

0.035

0.030 A

0.025 A

0.020 -

0.015 -

Rate constant (min'1)

0.010 A

0.005 -

0.000 ' . .
N NW(0.5%) NW(1%) NW(1.5%) NW(2%) NW(3%)

Figure 4.8. Bar chart showing the effect of W concentration on the rate of the reaction.
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The kinetic calculations reveal that the rate of photodegradation of RhB on the TiO,-N,W(1.5%)
is approximately 14 times higher than that on the P25, demonstrating that the co-doped samples

enable a significant enhancement in the visible light induced photocatalytic activity.

The photodegradation of organic dyes on the surface of a TiO, based photocatalyst is
generally initiated by the irradiation of the reaction mixture with a light source which excites and
transitions the electrons from the valence band to the conduction band. The energy inherent to
visible light is not adequate to excite an electron of pure TiO; due to the wide band gap of ~3.08
eV, which results in poor photocatalytic activity. The significantly enhanced visible light activity
of the prepared N,W co-doped TiO, is explained by the fact that doping with nitrogen, which
replaces the oxygen atoms resident within the TiO; lattice structure creates an impurity level that
is just above that of the valence band. The simultaneous doping with tungsten introduces an
impurity level that is just below the conduction band; thereby narrowing the band gap and
leading to the augmented visible light response of these solution combustion synthesized
photocatalysts. Consequently, when these co-doped TiO; are irradiated, the electrons may be
promoted from the valence band to the impurity level introduced by the doping of the metal
atom, or from the lower to higher impurity level. Subsequently, these electrons are captured by
the adsorbed O, to give O, and the water molecules adsorbed on the surface of the catalyst react
with the hole(+) vacancies to give OH'. Finally, these active oxygen species attack the dye
radical cations and decompose them. The proposed sequential mechanism is as follows.

(a) Absorption of energy

TiO; + hv — h™+ e— (1)

(b) Generation of active oxygen species

O, te—— Ozk (2)
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H,0+h"—H +OH (3)
(c) Oxidation of dye
RhB + Oy*— — products 4)
RhB + OH" — products (5)
The slight activity of pure TiO; as observed in Figure 7 may be attributed to a photosensitized
process whereby RhB absorbs visible light, which results in an intramolecular t—n* transition.
The photoelectrons in * are injected into the conduction band of the TiO, from where the same

series of reactions ensue, as shown below.

(a) RhB + Av — RhB*
(b) RhB* + TiO; — RhB™ + TiO; (e)
(c) TiO; (e) + Oy — TiO; + Oy~

(d) RhB™ + O," — products

4.4. Conclusions

We have successfully prepared mesoporous N-doped and N,W co-doped TiO,
photocatalysts with an exclusive anatase phase and a high specific surface area utilizing a facile,
reproducible and inexpensive solution combustion synthesis. The atomic percentage of N was
kept constant, whereas that of W was varied. The textural, morphological and chemical
composition studies with the prepared samples were done using various characterization
techniques. XPS analysis showed that the N and W atoms were well incorporated into the lattice
structure of the titania by this combustion preparation method, thus leading to a significant red

shift in the absorption edge of the co-doped TiO,, and concordantly, a dramatic narrowing of the
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band gap was observed. This narrowing of the band gap serves to induce high visible light

response photocatalytic activities in the co-doped samples in comparison to those of P25 and

therefore, may be beneficially utilized in green chemistry. Photodegradation studies of

Rhodamine B dye on the different samples revealed that an enhancement factor of up to 14 times

in the reaction rate was observed with the 1.5 at% W doped sample in contrast to commercial

Degussa P25. The novel combustion process developed in this study is rapid and reproducible,

and can be easily scaled-up, thus opening a door to fabricate high-performance TiO,

photocatalysts for promising environmental applications.
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Chapter 5: Significant Enhancement in the Photocatalytic Activity of TiO,

Nanotubes and N,W co-doped TiO, Nanomaterials’

5.1 Introduction

Environmental pollution is becoming an increasingly serious threat to fragile ecosystems
worldwide. Every year millions of tons of untreated organic waste are discarded into natural
water systems. Thus, there is an urgent need to develop effective methods for the degradation of
pollutants in wastewater prior to its discharge. Photocatalysis provides a clean and cost effective
method for the oxidation of organic pollutants that is facilitated by highly oxidizing free radicals
0O, and OH’, which are produced by photogenerated electrons and holes [1, 2]. In past decade,
various metal oxide semiconductors have been studied for the abatement of organic pollutants
from wastewater [3-5]. Titanium dioxide (Ti0O;) has been widely investigated as a photocatalyst
[6-9] due to its biological and chemical inertness, cost effectiveness, corrosion resistance and the
strong oxidizing power of its photogenerated holes [10-17]. When TiO, is irradiated with near
UV light (A< 400 nm), the ensemble of electrons are excited from the valence band to the
conduction band, generating electron—hole pairs that initiate subsequent surface catalytic
reactions. These electron—hole pairs have an innate tendency to recombine, which cumulatively
diminishes photocatalytic efficiency. Despite inherently promising features, the major barrier in
the efficient use of TiO; is that it possesses a very wide band gap of ~3.2 eV [18, 19]. Thus, in
order to populate the conduction band with electrons in carrying out the photocatalytic process,
only UV light may be employed for its activation [20, 21]. Hence, unmodified TiO; is devoid of

visible light response and exhibits low efficiency under irradiation by ambient sunlight, which

" Most of the results presented in this chapter have been published in Electrochemistry

Communications 2011, 13, 1186-1189 and Nanotechnology 2012, 23, 475706 (8pp)
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provides a continuous source of renewable energy. For the most part, sunlight contains radiation
in the visible region of the spectra, with ~5% in the UV domain [22]. Thus a modification of the
electronic structure is required to shift the absorbance edge of TiO, into the visible regions to
enable its utility under visible light and sunlight. This may be attained via anionic doping (e.g.,
with N, C, S and halogens) or through doping with metal ions [23-26]. Doping with N has
proven to be very efficacious as recent studies show that it favors the creation of oxygen
vacancies [27-29]. Exclusive doping with non-metals, in order to replace O from the TiO; lattice,
has been shown to be ineffectual. There are still a number of restrictions that impede the
improvement of the photocatalyst, as electron-hole recombination remains a major obstacle [30,
31]. Co-doping with metal atoms provides a way forward in the suppression of electron-hole

recombination, as metals with changing valence may serve as electron trapping sites [32,33].

Ti10; nanotubes have been synthesized via various approaches, including using a template
of nanoporous alumina [34], sol-gel processes [35], seeded growth method [36], hydrothermal
techniques [37] and the anodization of titanium in a fluoride-based electrolyte [38, 39]. The
anodization of titanium offers superior control over the nanotube dimensions in comparison to
other approaches. However, TiO, nanotubes prepared in a fluoride-based electrolyte (e.g. DMSO

+ HF) exhibits relatively low activity [40-42].

In the present work, we report, for the first time, a facile and effective approach for the
enhancement of the photocatalytic activity of TiO, and N,W co-doped TiO,. The TiO; nanotubes
prepared by the electrochemical oxidation of titanium in DMSO with 2% HF and N,W co-doped
TiO, prepared with solution combustion method were treated in a methanol solution under UV
light irradiation. The treated TiO, nanotubes showed considerable enhancements in both

photocurrent for water splitting and photocatalytic activity towards wastewater treatment. The
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effect of the pretreatment time was also determined for N,W co-doped TiO,. The efficiency of
the UV pretreatment was systemically assessed using the photochemical degradation of RhB
under irradiation of both UV and visible light. To decipher the origin of the substantial
improvement in the photocatalytic activity, the N,W co-doped TiO, samples prior to and
following the UV pretreatment were examined using various surface analytical methods. The

stability of the UV pretreated N,W co-doped TiO, was further tested.

5 2. Experimental
5.2.1 Materials

For synthesizing N,W co-doped TiO,, Titanium (IV) isopropoxide (TTIP) (97%), urea (>
99%), sodium tungstate (Na,WO4.2H,0) and acetic acid were purchased from Sigma-Aldrich
and used as received for the synthesis of the N, W co-doped TiO,. For electrochemical tests on
Ti0, nanotubes, solutions were prepared using sulfuric acid (Aldrich, 99.999%), and pure water
purified by a Nanopure water system (18.2 MQ cm). All solutions were deaerated with ultra-pure

argon (99.999%) prior to performing and measuring experiments.

Rhodamine B (BDH, UK) was employed as a model of typical organic dye pollutant in
the evaluation of the photocatalytic activity of the N,W co-doped TiO,. 4-Nitro Phenol was used

for measuring the photocatalytic activity of the TiO, nanotubes.

5.2.2 Photocatalyst synthesis and UV pretreatment

The N,W co-doped TiO, photocatalysts were prepared by a facile solution combustion
method, where 2 ml of Ti precursor TTIP was added under vigorous stirring into a mixture that
consisted of 20 ml ethanol and 0.5 ml acetic acid. Acetic acid acts as an inhibitor of the

hydrolysis of the Ti organic precursor. The solution was stirred vigorously for 30 min in order to
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obtain a homogenous mixture. Predetermined amounts of urea and 0.1 M sodium tungstate
solution were added to obtain 0.5 at% and 1.0 at% of N and W, respectively. The solution was
initially heated on a hot plate and subsequently transferred to a preheated furnace (300 °C) to
facilitate the combustion reaction. Finally, the synthesized powder was calcinated at 450 °C for 3
h.

The TiO; nanotubes were grown electrochemically at 40 V for 8 h in a one compartment
two-electrode cell containing DMSO + 2% HF [7, 42] first. To obtain the anatase crystal
structure, the plates were then annealed at 450 °C for 3h. For the UV pre-treatment, a TiO;
sample was placed in a quartz tube containing 5 mL of 50% methanol-H,O (v/v) first; after
bubbling with Ar for 10 min, the quartz tube was then capped; and finally it was irradiated under

UV light for 30 min.

5.2.3. Characterization techniques

The synthesized N,W co-doped TiO, nanomaterials were characterized by X-ray
diffraction (Phillips PW 1050-3710 Diffractometer with Cu Ko radiation (A=1.5406 A).
Transmission electron microscopy (JEOL 2010) analysis was performed in order to determine
the surface morphology and particle size of the samples. The N,W co-doped TiO; photocatalysts
were initially degassed at 400 °C for 3 h under vacuum and then used for the determination of the
surface area by a N, gas adsorption/desorption method at liquid nitrogen temperature (77 K),
utilizing a Quantachrome Nova 2200 surface area and pore size analyzer. The optical properties
of the samples were investigated by measuring the UV-vis absorbance spectrum using a
spectrophotometer (Varian, Cary 5E). Corresponding Tauc plots were plotted to estimate the

band gap energy of the N,W co-doped TiO, photocatalysts before and after the UV pretreatment.
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Surface composition was examined via X-ray photoelectron spectroscopy (Omicron EA-125

energy analyzer and a multi-channel detector).

The synthesized TiO; nanotubes were characterized by scanning electron microscopy
(SEM) (JEOL 5900LV), X-ray diffraction (XRD) (Philips PW 1050-3710 Diffractometer with
Cu Ka radiation). A three-electrode cell system was employed for the electrochemical studies. A
Pt coil with a 10 cm® surface area was used as the auxiliary electrode; a saturated calomel
electrode (SCE) was used as the reference electrode. Mott-Schottky plots were measured with
Voltalab 40 Potentiostat (PGZ301) at a fixed frequency (500 Hz) [43]. The amplitude of
modulation potential for the electrochemical impedance measurements was 10 mV. The potential
range for capacitance measurement was varied from -400 mV to 1400 mV vs. SCE. A Dymax
Cure Spot 50 (main line of emission, 365 nm) with an intensity of ~2 mW cm™ was used for the

irradiation of the TiO, nanotubes.

5.2.4. Photocatalytic activity measurements

Photodegradation experiments were performed using a model organic pollutant
(Rhodamine B) to evaluate the photocatalytic activity of the N,W co-doped TiO; photocatalysts
prior to and following the UV pretreatment under UV, visible and ambient sunlight in an open
cylindrical pyrex glass vessel. In a typical trial, 20 mg of the sample was suspended in 60 ml of
25 uM Rhodamine B aqueous solution. To attain a homogenous mixture and adsorption-
desorption isotherm, the reaction mixture was initially sonicated for 30 min in the dark. The
reaction mixture was then exposed to the various light sources. An Oriel system equipped with a

300 W xenon arc lamp was employed in this study as the source of the UV and visible light.
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5.3 Results and Discussion
The structure and morphology of the TiO, nanotubes were characterized by SEM. As
shown in Figure 5.1A, the self-organized nanotubes consist of pored arrays with uniform

diameters of ca. 70 nm and lengths of ca. Ium. It is evident that the lumens of the pores are open
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Figure 5.1. SEM images of (A) TiO, nanotubes (B) corresponding XRD pattern. Inset in (B)

EDS of TiO, nanotubes.
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at the top of the layer. The EDS of the nanotubes (inset in Figure 5.1B) displays strong oxygen
and titanium peaks, which confirms the composition of the formed nanotube arrays. Figure 5.1B
presents the corresponding XRD patterns of the prepared TiO, nanotubes. Except for the peaks
(marked with stars) derived from the Ti substrate, all of the diffraction peaks are attributed to
those of the tetragonal anatase TiO,, revealing that the formed TiO, nanotubes exist in the

anatase phase.

Figure 5.2A shows the cyclic voltammograms of the synthesized TiO, nanotube electrode
recorded in a 0.1 M H,SO;, solution in the dark (a) and under UV irradiation (b & c). TiO; is a
semiconductor; it has low electrocatalytic activity [44]. No notable current was observed in the
potential range from 0.0 to 1.5V without UV irradiation (Curve a). Under UV illumination, a
small photocurrent arose (Curve b). In contrast, the photocurrent of the TiO, nanotubes that
underwent the UV pretreatment in methanol (Curve ¢) increased continuously in the investigated
potential range and reached 5.2 mA cm™at 1.5 V vs. SCE, which is ca. 15 times higher than that
of the TiO, nanotubes without the pretreatment. In addition, the color of the TiO, nanotube
electrode was dramatically affected by the UV irradiation in methanol. As seen from the insets in
Figure 5.2A, the color of the electrode (gray (d)) changed into dark blue (e), indicating change in
the structure of the TiO; caused by the pre-treatment.

We further investigated the photocurrent transients at the applied electrode potential of
1.4 V vs. SCE by switching the UV light on and off. The duration of light pulses was set at 180 s,
followed by dark current measurements for 60 s. As depicted in Figure 5.2B, the response of the
photocurrent under UV irradiation is very rapid, and the photocurrents for the unpretreated TiO,
nanotubes and the TiO; nanotubes with the UV pretreatment are 0.32 (curve b) and 4.78 (curve

a) mA cm’, respectively.
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Figure 5.2. (A) Cyclic voltammograms of TiO, nanotubes electrode without (a) and with UV irradiation (b,
¢). Scan rate (mV/s): 20, supporting electrolyte: 0.1 M H,SO,. (B) The transient photocurrent-time profiles of
the TiO, nanotubes with and without the UV pretreatment in methanol. Applied bias (V): 1.4; Insets in Figure
2A, the digital images of TiO, before (d) and after (e) the UV treatment. (C) Mott-Schottky plot of the TiO,
nanotubes obtained in 0.1 M H,SO, at 500 Hz without (a) and with (b) the UV pretreatment in methanol. Inset
in Figure 2C: the Mott-Schottky plot of the TiO, nanotubes after the UV pretreatment.
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The steady-state photocurrent of the TiO, nanotubes with the pretreatment is ca. 15 times
higher than that of the unpretreated TiO, nanotubes, which is consistent with the observation in
the cyclic voltammetric study shown in Figure 5.2A.

To further characterize the electronic properties of the TiO, nanotubes that were
pretreated with methanol and UV light, the Mott-Schottky measurement was carried out in a
0.1IM H,SO4 solution. The Mott-Schottky plot can be employed to estimate the donor density
(Np) [43]:

1 2

kT
== (E—Epp ——)

C%2  gggeNp

where C is the capacitance of the space charge layer [F'm °]; ¢ is the average value of the
semiconductor dielectric constant (~120 for TiO,); g is the permittivity of the free space charge
(8.854 x 1072 F-m"); and e is the absolute value of the electron charge (1.602x 10™'° C). The
donor density is dependent on the dopant level and plays a key role in the determination of
electronic conductivity. Figure 5.2C presents the Mott-Schottky plot for the as-synthesized TiO,
nanotubes (a) and the UV pretreated TiO, nanotubes (b). For clarification, curve b is also
enlarged and presented in Figure 5.2C as the insert. A sigmoidal plot was observed in the
investigated potential range, which is typical for n-type semiconductors. There is a good linear
relationship between C? and the potential in the range of 0 and 0.40 V vs. SCE for the non-
pretreated TiO; nanotubes and the UV pretreated TiO, nanotubes. It is interesting to note that the
donor density of the nanotubes that underwent the UV pretreatment (1.1x10*'cm™) is almost
1000 times larger than that of the TiO, nanotubes without the pretreatment (3.0x10'*cm™).

To further investigate the enhanced photocatalytic activity of the TiO, nanotubes with

the pretreatment, we examined the photoelectrocatalytic oxidation of 4-nitrophenol (4-NPh).
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H,SO;4 at the TiO, nanotubes after (A) and before the UV pretreatment in methanol. Applied
bias: 1.4 V. (C) The relationship between In(C/Co) and time.
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Figure 5.3A shows the time dependence of the spectral absorbances of 0.2 mM 4-NPh in 0.1 M
H,SO, taken at four-minute intervals during the photodegradative process. The absorbance of 4-
NPh at 317 nm decreased with time and approached 0.37 after 28 min of photoelectrocatalytic
degradation. This corresponds to over 80% removal of the 4-NPh from the solution. For
comparison, the photoelectrochemical oxidation of 4-NPh was also carried out (Figure 5.3B)
using native unpretreated TiO, nanotubes; ca. 20% removal of the NPh from solution was
observed. As shown in Figure 5.3C, the photocatalytic oxidation of 4-NPh at the as-prepared
Ti0O, nanotubes (Curve b) and TiO, nanotubes after the UV pretreatment (Curve a) can be fitted
based on first-order kinetics. The rate constants for oxidation of 4-NPh at the TiO, nanotubes
with and without the UV pretreatment was found to be 9.0x10~ and 6.2x107 min™', respectively.
It is apparent that the oxidation of 4NPh at pretreated TiO, nanotubes is 6.8 times more rapid
than that of TiO, nanotubes without pretreatment, indicating a significant enhancement of
photocatalytic activity by the pretreatment in methanol solution under UV irradiation.

The effect of the UV pretreatment on the photocatalytic properties of the N,W co-doped
TiO, (TNW) was initially evaluated under visible light using the photodegradation of Rhodamine
B (RhB). Figure 5.4 presents the kinetic plots of the photodegradation of RhB using the
fabricated TNW before and after the UV pre-treatment for 30, 60 and 90 min under visible light,
showing that the UV pretreatment had a significant impact on the improvement of the TNW
activity. The linear relationship of InC/C, vs. time reveals that the photodegradation of RhB on
TNW follows the pseudo first order kinetics. The rate constants and relative coefficients for the
degradation are listed in Table 5.1. For the as-synthesized TNW, the rate constant was
determined to be 8.96 x 10~ min”', which was significantly increased to 4.60x10? min™

following 30 min of UV treatment. When the TN'W sample was treated for an additional 30 min,
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the rate constant was further increased to 1.19 x 10™' min”, which is over 12 fold higher in
comparison to the untreated TNW. Upon further increasing the UV treatment time to 90 min, no

increase of the rate constant was observed, indicating that 60 min is the optimal duration for the

UV pretreatment.
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Figure 5.4. The time effect of the UV pretreatment on the TNW activity under the visible light.

Table 5.1: First order kinetic constants and the relative coefficients for degradation of
Rhodamine B over prepared samples.

Sample Rate constant (min™) R’
TNW before treatment 8.96 x 10°° 0.999
TNW 30 min. UV pretreated 4.60 x 10 0.999
TNW 60 min. UV pretreated 1.192 x 10! 0.999
TNW 90 min. UV pretreated 1.11 x 10" 0.995
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The impact of the UV pretreatment of TNW on the photocatalytic activity was also
investigated under UV irradiation. Figure 5.5 displays the kinetic plots of the photodegradation
of RhB on TNW prior to and following one-hour of UV pretreatment. For comparison, the
kinetic plot using P25 (Degussa), one of the best commercially available TiO, nanoparticles, was
also included in Figure 5.5. The rate constants and the relative coefficients for the degradation

under UV irradiation are listed in Table 5.2.
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Figure 5.5. Comparison of the TNW sample prior to and following the UV pretreatment with
P25 under UV light.
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Table 5.2. First order kinetic constants and relative coefficients for the degradation of
Rhodamine B over the TNW samples prior to and following the UV pretreatment and P25 under
UV light.

Sample Rate constant (min-1) R?

P25 4.50 x 107 0.998
TNW before treatment 5.53 x 107 0.992
TNW after treatment 1.18 x 10 0.998

The as-synthesized TNW exhibited a slightly higher photocatalytic activity than the P25.
The UV pretreatment greatly enhanced the photocatalytic activity of TNW; the rate constant of
photodegradation of RhB on the UV pretreated TNW was 2.1 times higher in comparison to the

unpretreated TNW, and over 2.6 times higher than that on the P25.

To decipher the origin of the significant enhancement in photocatalytic activity imparted
by the UV pretreatment, various surface analytical techniques were employed to characterize the
N,W co-doped TiO, sample before and subsequent to the UV pretreatment. TEM images of the
as-synthesized and UV pretreated TNW samples are presented in Figure 5.6A and 5.6B,
respectively. The TN'W sample was comprised of spherical nanoparticles that possessed a highly
mesoporous structure with irregular pore sizes. No notable difference was observed in the TEM
images that were taken before and after the UV pretreatment. In addition, as shown in Figure 5.7,
the selected area electron diffraction (SAED) patterns of the TNW samples prior to and

following the UV pretreatment are very similar, revealing that both are polycrystalline in nature.
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Figure 5.6. TEM images of N,W co-doped TiO; (A) before and (B) after UV pretreatment.
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Figure 5.7. SAED images of the Untreated (a) and UV pretreated (b) sample respectively.

It is well known that anatase TiO, exhibits more robust photocatalytic properties than the
other phases of TiO,, i.e. rutile and brookite. To examine any alterations in the crystalline
structure that might be caused by the one-hour UV pretreatment, the TNW samples were
characterized by XRD, with the results shown in Figure 5.8A. The XRD pattern depicts only
anatase phase peaks and is devoid of those associated with WOs3, showing that there was no
alteration in the crystalline structure following the UV pretreatment in comparison with the as-
synthesized TNW sample. The crystalline dimensions of the samples were calculated using the

Scherrer equation:

d = kMNP cosB

where A is the X-ray wavelength, B is the full width at half maximum of the (101) peak, 0 is the
incident angle, and k is a shape factor based on one of the characteristic peaks of the anatase
phase, located at 25.5°. The nanoparticle size calculated from the XRD pattern was in good
agreement with the TEM images as we can see that the average particle size is ~10 nm. The

crystalline size was slightly decreased from 10.0 to 9.4 nm after the UV pretreatment.
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The highly mesoporous structure of the UV pretreated and unpretreated TNW samples
was further verified as they exhibited isotherms of type IV for N, adsorption-desorption as
shown in Figure 5.8B. The UV pretreatment had some positive impact on the surface area. For
the as-synthesized TNW, the specific surface area was measured to be 127.0 m°g”, which was
increased to 138.0 m°g"' subsequent to the UV pretreatment. This may be attributed to the
removal of impurities, which partially blocked the mesoporous structure of the synthesized N,W
co-doped TiO; nanomaterials. As a large surface area contributes considerably to the
photocatalytic properties of heterogeneous photocatalysts [45], the increase in the surface area
following the UV pretreatment is expected to play a critical role in enhancing the photocatalytic
properties of the N,W co-doped TiO,, since additional active sites are made available for the
photodegradation of RhB. This increase in the specific surface area may be attributed to the
removal of impurities, such as residual carbon species, from the surfaces of the co-doped TiO;

nanoparticles, resulting in a higher degree of photocatalyst exposure.

As shown in Figure 5.4 and 5.5, the response of TNW to visible light was dramatically
enhanced by the UV pretreatment. To examine whether the band gap energy was modified, the
UV-vis diffuse reflectance spectra of the UV pretreated and unpretreated TNW were recorded.
As shown in Figure 5.9A, an enhanced visible light absorbance with a red shift was facilitated by
the UV pretreatment. Figure 5.9B presents the corresponding Tauc plots, revealing that the band
gap energy of TNW was reduced from 2.85 to 2.65 eV as a consequence of the UV pretreatment.
The UV pretreatment was carried out in a 50% methanol solution. Under intense UV irradiation,
atomic hydrogen is produced, which may reduce Ti*" to Ti*" [46]. It has been shown that the
formation of Ti’" as an isolated state between the band gap results in broad visible light

absorption [47].
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unpretreated and UV pretreated TNW.
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To further investigate the chemical composition and electronic state of the samples prior
to and following the UV pretreatment, they were analyzed by X-ray photoelectron spectroscopy
(XPS). Figure 5.10A displays the survey scan of the sample after the UV pretreatment. In
addition to the characteristic peaks of Ti, O, N and W, a carbon peak originating from the
combustion process was observed. The intensity of the N and W peaks was weak because of their
low atomic %. A high-resolution spectrum of the N 1s peak was recorded as presented in Figure
5.10B, showing a broad peak ranging between 395 to 403 eV. The broad peak was fitted,
resulting in the generation of two distinct peaks at 397.91 and 400.02 eV. According to the
literature [48-51], three different peaks at ~397, ~399 and ~402 eV are typically obtained for N
that is present in TiO,. The peaks at 397 and 399 eV are due to the substitutional and interstitial
doping of N, which creates an O-Ti-N and Ti-N-O type of bonding, respectively, and the peak at
a greater value than 400 eV is due to the presence of the adsorption of N containing species on
the surface of the TiO,. No N 1s peak appeared at the range higher than 400 eV, revealing that all
N was well incorporated within the crystalline structure of the mesoporous TNW samples
synthesized in this study, and that no N containing impurity was present. For oxygen, a very
strong O 1s peak coupled with a small shoulder was observed in Figure 5.10C, and when fitted,
resulted in giving an intense peak centered at 530.07 eV, and a small peak at 531.78 eV. The
ratio of the intensities of these was ca. 90:10. The strong peak at 530.07 eV is characteristic of
the Ti oxide peak and the peak at 531.78 eV is likely due to the presence of O containing species,
such as hydroxyl groups or water molecules that are adsorbed on the surface of sample [52]. As
presented in Figure 5.10D, Ti present as Ti(IV) was confirmed by XPS analysis as it gave two
peaks for 2ps;, and Ti 2p;; centered at 458.74 and 464.46 eV, respectively. The value for 2ps;,

was decreased slightly from the value noted in the literature, which is 459.05 eV. The reason for

113



Tizp

.WM

counts/sec

C1s

Intensity (a.u)

(b)

Wad Nis
™ h)
00 200 300 400 800 600 700 8O0 900 394 396 398 400 402 404 406
Binding energy Binding energy (V)
Ti 2 d
O1s (c) 1.2p3/2 (d)

= =
L ©
= - Ti 2p1/2
= =

526 528 530 52 534 536 454 456 458 460 462 464 466 468 4T

Binding energy (eV) Binding energy (V)
e
w 4d’ (e)
W 4d®
=

I | =,
& =z
= c |
w @
& =
E A

240 245 250 255 260 %65 27 282 284 286 288 290 292 294

Binding energy (eV)

Binding energy (eV)

Figure 5.10. XPS spectra of (a) survey scan, (b) N 1s, (¢) O 1s, (d) Ti 2p and (¢) W 4d (f) C Is -

for TNW after the UV pretreatment

114



this decrease is because N is less electronegative than O, resulting in new electronic interactions
between Ti and its surroundings, and hence increasing the electron density on the Ti as a
consequence of N doping [53]. The XPS results of TiO, nanotubes shows that after the 30 min
UV treatment, there is an increase in the amount of the Ti’" present in the sample and it increases
further when the sample is treated for 1 hour. In untreated sample the 3.11 % of the titanium is
present as Ti’>" and for one hour treatred sample 5.91 % titanium is present in Ti’" oxidation
state. This gives an insight to the increase in the enhancement of the activity. For tungsten, two
peaks centered at 247.12 and 259.57 eV were observed, which demonstrated that W is present as
W(VI) [54]. It is interesting to note that no difference in the peak positions and the intensity of
the peaks for the N, Ti, and W were observed in the XPS analysis following the UV

pretreatment.

In the XPS analysis, the only other significant difference following the UV treatment was
observed in the amount of O and C present. The Cls and Ols XPS prior to the UV treatment are
presented as Figure 5.10E and F. The XPS result for carbon shows one strong and two weak
peaks between 282 - 293 eV. The XPS curve was fitted to give several peaks, indicating that
different states of C were present as impurities. According to the literature [55], the doped C is
present at 281 eV, which was not found in the TNW sample. The peaks at 289, 286 and 284.46
correspond to C=0, C-O and C-C bonds, showing that all of the carbon present was in a “free
state” in the form of an adsorbed impurity. After the one-hour UV pretreatment, the amount of C
decreased by approximately 2%, whereas that of O increased by ~2%. Since carbon is a good
conductor, carbon species might be acting as recombination sites that trap electrons and hence,
tend to reduce its photocatalytic activity. The removal of carbon impurities by the UV

pretreatment would decrease the recombination rate of the photogenerated electron-hole pairs
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during the photodegradation of RhB, leading to an enhancement in activity. The other possible
reasons for the enhancement of photocatalytic activity might be the creation of surface oxygen
vacancies, which favors dissociative water adsorption resulting in the formation of hydroxyl
groups [56]. It has also been reported that UV treatment increases the wettability of the TiO,

[57], which would facilitate the water adsorption and OH radical formation.

To investigate the photocatalytic stability of the UV pretreated TNW, six cycles of the
photodegradation of RhB were conducted under visible light. The readings were taken at specific
predetermined time intervals. The RhB concentration changes for each run are displayed in
Figure 5.11A; and they were fitted using first-order kinetics, as shown in Figure 5.11B. The
calculated rate constants and relative coefficients are listed in Table 5.3, showing that the
photocatalytic activity of the UV pretreated TNW remains virtually constant even after six
cycles, which affirms that the UV pretreatment introduces a lastingly high photocatalytic activity

in the sample.

Table 5.3. First order kinetics constants and the correlation coefficients for the stability tests.

Cycle Rate constant(min™") R’

1¥ run 2.15x 10" 0.982
2" run 2.31 x 10" 0.976
3" run 1.86 x 10! 0.992
4" run 2.10 x 10! 0.992
5" run 1.95 x 10 0.955
6" run 1.89 x 10! 0.982

We further tested the stability of both native TiO, nanotubes and the pretreated TiO;
nanotubes in a 0.1M H,SO4 solution. The photocurrent transients were recorded at an applied

electrode potential of 1.4 V vs. SCE by switching the UV light on and off. The duration of light
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pulses was set at 20 min, followed by dark current measurements for 2 min. As seen in Figure
5.14A, for the as-synthesized TiO, nanotubes, the photocurrent decreases with the increase of the
testing time; and the relative standard error for the photocurrent is ca. 10%. In contrast, for the
UV pretreated TiO, nanotubes, as shown in Figure 5.14B, there is almost no change in
photocurrent; and the relative standard error for the photocurrent is ca. 1%, indicating the

remarkable stability of the UV pretreated TiO, electrode.

5. 4. Conclusion

In summary, we have demonstrated a facile and effective UV pretreatment method
toward the significant enhancement of the photocatalytic activity of TiO, nanotubes and
mesoporous N,W co-doped TiO; under both UV and visible light. The time effect for the UV
pretreatment was studied and it was observed that the best results were obtained when the TNW
samples were treated for one hour under intense UV light exposure. The as-synthesized TNW
exhibited a slightly higher UV photocatalytic activity than P25; the photodegradation of RhB on
the UV pretreated TNW was greatly enhanced, over 2.6 times higher than that on the P25. For
the visible light activity, the UV pretreatment resulted in an extraordinary >12 fold improvement
in photocatalytic activity as compared to unpretreated TNW. Compared with TiO, nanotubes
without the UV pretreatment, the TiO, nanotubes pretreated in a methanol solution under UV
light irradiation exhibited substantial enhancements in both photocurrent and activity. The
pretreatment also initiates an increase in the donor density of the TiO, nanotubes by almost 3
orders of magnitude. This significant enhancement of the photoelectrochemical performance may
be attributed to the inhibition of charge recombination of photoinduced electrons and holes,
creation of oxygen vacancies [58,59], improvement in conductivity [60], and the promotion of

interfacial charge-transfer kinetics at TiO, nanotubes. The facile and effective approach proposed
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in this study opens many opportunities to develop highly active TiO, photocatalysts for the
pressing energy and environmental applications, ranging from water splitting, solar energy, and
air purification to wastewater treatment. This significant augmentation in photocatalytic activity
subsequent to the UV pretreatment may be attributed to the following synergetic factors: (i) the
increase of the specific surface area; (ii) the reduction of the band gap energy due to the
formation of Ti>" and (iii) the partial removal of carbon impurities. Aside from the significant
enhancement in both UV and visible photocatalytic activity, the UV pretreated mesoporous N,W
co-doped TiO, exhibited high photocatalytic stability, which is very promising for energy and

environmental applications.
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Chapter 6: Direct Growth and Photo-Electrochemical Study of WO;

Nanostructured Materials

6.1. Introduction

A wide array of metal oxides have undergone investigation to elucidate their catalytic
properties, which include, but are not limited to TiO,, ZnO, SnO,, Bi,WOs, BiVO4, Bi,M0Og,
and Caln,04 [1-5], Tungsten oxide (WO3) is a semiconductor oxide material with a band-gap of
2.6-3.0 eV and it is becoming the focus of research attention due to its unique electronic
properties [6-10]. WOs; has many applications, which encompass photochromism,
electrochromism, thermochromic gas sensors, batteries, photoelectric sensors, water splitting and
other photocatalytic behavior [11-19]. WO;3 nanostructured materials are expected to play
significant roles toward future technological advances. Many different shapes of nanostructured
WO;, like nanowires, nanorods and nanobelts have been prepared by various methods, including
sputtering [20], pulsed laser deposition [21], electrosynthesis [22], sol—gel [23] and hydrothermal

methods [24].

In the present study, WO; platelets were fabricated using a facile hydrothermal method.
The effect of treatment time during synthesis on the morphology and dimensions of the formed
platelets was investigated and it was found that as the treatment duration was increased, the
photo-activity of the sample decreased drastically. Nanospherical WO3; was obtained by
removing the top platelets via a facile electrochemical cathodic treatment. To the best of our
knowledge, the electrochemical treatment method was employed for the first time, to investigate

the mechanism of WOj; crystal growth under the hydrothermal condition. The observed WOs3

" Most of the results presented in this chapter have been published in Electrochemistry
communications, 2014, 43, 13-17
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nanospheres are well distributed on the substrate with an average particle size of ~50 nm. These
secondary nanospherical WO; particles demonstrated a much more robust photocurrent than their
parent platelets. The photocatalytic activities of these samples were also evaluated via 4-NP

oxidation, which showed that these nanospherical particles had a 7-fold enhancement.

6.2. Experimental

To prepare the WO3 nanomaterials, a facile hydrothermal method was employed, where a
commercially available tungsten plate (Sigma-Aldrich, 99.7 %) was cut to obtain a lcm? area,
which was utilized as a substrate. The tungsten plates were then sonicated several times in
acetone to remove all the organic impurities present on the surface followed by sonication in
water. To grow the tungsten oxide on the substrate, the substrate was put in the Teflon lined
autoclave with 80% of its volume filled with 1.5 M HNOj;, To observe the effect of temperature
on the crystal growth of the WOs3 on the substrate, various temperatures and time increments
were employed for the hydrothermal treatment. Following hydrothermal treatment, the electrodes
were rinsed with ultrapure water several times, heated at 450 °C for 3 h and then used for the

electrochemical tests.

6.3. Characterization techniques

The synthesized materials were then characterized by X-ray diffraction (Phillips PW
1050-3710 Diffractometer with Cu Ka radiation (A=1.5406 A) and scanning electron microscopy
(Hitachi SU 70). For electrochemical characterization, a three-electrode cell system was
employed, where a Pt coil with a 10 cm® surface area was used as the auxiliary electrode,
whereas an Ag/AgCl electrode was used as the reference electrode. All of the electrochemical

studies were performed with a Voltalab 40 Potentiostat (PGZ301). The photocatalytic activity of
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the as synthesized WO; was evaluated by measuring the photodegradation of 0.1 mM 4-NP
under UV-Visible light. An Oriel system containing 300W xenon arc lamp was utilized in this
study as the light source. The UV-Vis absorbance spectra were recorded using a UV-visible

spectrophotometer (Varian, Cary SE).
6.4. Results and Discussion

It is known that the photocatalytic activity of a material depends, to a significant degree,
on its morphology and the dimensions of its constituent elements. To investigate the influence of
the treatment duration, the Teflon autoclaves that contained W plates in 1.5 M HNO; were
subjected to treatment over different time intervals at 180 °C. Figure 6.1 A, B, C and D depict
low resolution images, whereas the insets show the associated high resolution images of the
samples treated for 30 min, 1h, 2h and 3h respectively. These images reveal that platelet-like
structures were obtained. It can be seen that the treatment duration has significant effect on the
morphology of the synthesized samples. As we lengthened the duration of the heat treatment, the
dimensions of the platelets increased and wide and thick platelets were formed when samples
were prepared for 3 h. The thickness of the WOj3 platelets were calculated to be ca. 60 nm, 75
nm, 100-120 nm and 200-300 nm for the 30 min, 1h, 2h and 3h time treated electrodes
respectively. It can be concluded that the longer the reaction vessel goes heat treatment the
thicker the obtained WOj3 is. Another interesting point to note is that the in the beginning of the
platelet growth the process is slow and there is not much difference in the thickness of the WO3
platelets grown for 30 min and 1 hour. If the reaction vessel is treated in heat for more than 1h,

the platelet growth is rapid and bulky platelets are obtained.
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Figure 6.1. SEM images of (A) WO3-30 min (B) WOs3-1h (C) WO3-2h (D) WO3-3h. Insets are

the high resolution SEM images of the respective sample.
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To discover the crystalline phase, all of the samples were analyzed by XRD, which are
shown in Figure 6.2. In general, all of the samples exhibited two characteristic peaks of WO3 at
23.5° and 33.7°. According to the database (ICDD), the peak at 23.5° corresponds to the [002],
[020] and [200] planes and the weak peak at 33.7° corresponds to the [021] and [201] plane. All
the other peaks associated with WO; are very weak in nature. The strong peaks at 40.26°, 58.28°,
73.20° and 87.02° are derived from the tungsten substrate. The noticeable decrease of the peak

centered at 58.28° indicates the increase of the thickness of the WO; layer on the W substrate.
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Figure 6.2. XRD pattern of prepared WOssamples.
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Figure 6.3. Cyclic voltammograms of samples under (A) UV irradiation and (B) visible light in
0.5 M H,SO4 at 20 mV/s.
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Figure 6.3A represents cyclic voltammograms of the synthesized electrodes, showing
that the electrode prepared over one-hour treatment exhibited the highest photocurrent under the
UV- Visible light, followed by the electrode prepared over 30-minute treatment. The values of
the photocurrents observed under UV-Visible light at a potential of 1.2V for the electrodes were
7.4,82,1.4and 0.112 mA/cm? treated for 30 min, 1h, 2h and 3h electrodes, respectively. As we
observed, following even a brief (30 min) treatment period the synthesized electrode exhibited a
very high photocurrent, which indicated that this hydrothermal method was very effective and
the crystal growth began as soon as the Teflon autoclave was inserted into the furnace. As the
duration of the heat treatment was further increased to two hours, the photocurrent decreased.
For the electrode treated for three hours, the photocurrent decreased significantly to a very low
value of 112 pA/em’. This considerable decrease in photoelectrochemical activity might be
attributed to the significant increase of the thickness of WO; layer. After one-hour treatment, the
dimensions of the formed WOj; platelets increased rapidly, whereas for the three-hour heat-
treated electrode, they attained a very thick and bulky platelet structure. The cyclic
voltammograms shown in Figure 6.3B are the results when only visible light was shine on the
electrode during the electrochemical experiment. These results are also consistent with the results
obtained when UV-Vis light was used. The maximum current at 1.2 V was calculated to be 1.7
mA, 1.2 mA, 0.4 and only 0.15 mA/cm® treated for 30 min, 1lh, 2h and 3h electrodes,
respectively. Such a low visible light response is big hindrance in using these electrodes under

the cheaper source of the energy and thus only UV light can be used to excite the electrodes.

To study the mechanism of WOj3 crystal growth under the hydrothermal condition, all the

electrodes were electrochemically treated via the application of -10 mA/cm? current for 650 s
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Figure 6.4. (A) Chronopotentiometry curves for the electrochemical reduction (-10 mA) of the
various electrodes in 0.5 M H,SO4 over 10 min. (B) Images of the electrode depicting the

alteration of the electrode during the electrochemical reduction treatment. The electrode was 1x1
cm.
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and the chronopotentiometric results are shown in Figure 6.4A. Although the overall change
trends of E vs. t plots were similar, the decrease of the electrode potential during the first 20 s
was slower with the hydrothermal treatment time increased from 30 min to 3 h, which can be
attributed to the increase of the WO; layer. Interestingly, as can be seen in Figure 6.4B, the
electrochemical treatment had a significant effect on the color and morphology of the electrode.
Shortly following the application of the current, the color of the electrodes was altered from
yellowish green (picture a) to black (picture b) likely due to the hydrogenation of the WO; [25].
Vigorous gas evolution occurred at both the working and the counter electrodes, which
weakened the attachment of the WOj platelets to the W plate and resulted in the formation of the
WO; flakes (picture c). It is worth noting that the WOj3 electrodes that were prepared under two-
hour and three-hour treatments, underwent this transformation easily due to their large plate
dimensions, and were more susceptible to shed their external layer as compared to the electrodes,
which were prepared over 30 min and 1 h. Subsequently, the formed WOj3 flakes were detached

from the electrode surface, resulting in the color change to bluish-purple (picture d).

To investigate further, SEM and EDS were utilized to characterize the electrodes. The SEM
image of the electrode following the electrochemical treatment is shown as Figure 6.5, revealing that
beneath the WO; platelets, a layer of spherical WO; particles was present. This indicated that the
WO; platelets were grown on these nanospheres, thus the mechanism of the crystal growth in the
preparation of the WOj; platelets may be explained. At the initial stage, a large population of crystal
nuclei aggregate into clusters and when these crystals grow, the nanoparticles are generated. These
nanoparticles then develop in variable planes and recrystallize to form platelet-like structures. The
EDS results also show that these nanospheres are comprised of WO3 with a perfect 1:3 ratio. The

only difference in the EDS spectra of the WO; platelets and the nanospheres is that the later had
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Figure 6.5. SEM images of the electrode showing the morphology before (A) and after (B) the

electrochemical reduction
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Figure 6.6. EDS spectrum comparing WOs3-3h platelets with WO3 nanospheres.

less intense peaks, which was due to a lower amount of WO;3; within the nanospheres in

comparison to the fully grown WOj platelets.

Figure 6.7A depicts the CV of the WOs3 electrode under UV-Visible light prior to and
following treatment. It may be seen that the photocurrent was pretty low for the WO3 platelets,
112 pA/em® during the UV-Visible irradiation under 1.2 V. Following the electrochemical
treatment, the resulting nanospheres exhibited a far higher photocurrent, which was ca. 2.6
mA/cm” at 1.2 V. These results were further verified by chronoamperometric tests, which were

run at an applied potential of 1.0 V under the irradiation and presented in Figure 6.7B.
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Figure 6.7 (A) Cyclic voltammograms comparing the photocurrent of WOs3-3h plates and the

resulting nanospheres. (B) The transient photocurrent-time profiles of the WOs3-3h and WOs3

nanospheres under UV-visible irradiation in 0.5 M H,SO4 under 1.0 V of applied potential.
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Figure 6.8. Scanning kinetic curves for the photoelectrochemical oxidation of 4-NP in 0.1 M
H,SO4 at the WO3-3h (A) and WO; nanospheres (B) under UV irradiation and applied bias: 1 V.
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To elucidate whether these highly UV-Visible light responsive spherical nanoparticles
possessed valuable photocatalytic activity, the electrode was utilized for the oxidation of 4-
nitrophenol (4-NP), which is a priority organic pollutant. Figures 6.8A and 6.8B present the
photocatalytic activity of the WOj5 platelets and spherical nanoparticles respectively, where it can
be seen that the WO; nanospheres had a much higher (ca. 7 times) photocatalytic activity than

the WO; platelets. Figure 6.9 presents the kinetic curves of the respective electrodes.
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Figure 6.9. Figure showing relationship between In(C/Co) and time for the photoelectrochemical
oxidation of 4-NP in 0.1 M H,SO, at the WO3-3h (blue) and WO; nanospheres (red) under UV

irradiation and applied bias: 1V.

6.5. Conclusions

In summary, we have successfully prepared WO; nanospheres with a facile
electrochemical reduction approach, through the removal of the external layer of WOj3 platelets,
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which were grown on the W substrate by a hydrothermal method. The time interval of the

hydrothermal treatment had a significant impact on the dimensions of the formed WOj platelets

and their photoelectrochemical activity. The electrochemically treated electrode consisted of

spherical nanoparticles, which exhibited higher photocurrent and photocatalytic activity towards

the degradation of 4-NP as compared to their parent WO; platelets. The electrochemical

treatment described in this communication not only provides insights in the growth of the WO;

nanostructures under the hydrothermal condition, but also offers a facile approach toward the

preparation of high-performance WO; nanospheres for myriad energy and environmental

applications.
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Chapter 7: WO; Based Bifunctional Electrode for Environmental

Applications

7.1 Introduction

Over the last several decades considerable attention has been focused on the development
of technologies that may be utilized in the eradication of pollutants from the environment, which
are anthropogenically generated [1]. Traditional wastewater treatment techniques are activated
via electrosorption, chemical oxidation and biological digestion [2-4]. Heterogeneous
photocatalysis is a promising alternative technique for the elimination of organic pollutants in
wastewater [5, 6]. Heterogeneous photocatalysts function by absorbing incident light, which
results in the activation of materials that then initiate a sequence of chemical reactions of interest.
Various semiconductor based metal oxides, such as TiO,, CdS, SnO,, WO;, SiO,, ZrO,, ZnO,
NbyOs, Fe;0s, SrTiO3, CeO,, SbyO4, V105, a-CsNy have been studied by different research
groups over the last few decades [7-12]. Among these investigated materials, TiO,, WOs and
ZnO have shown the best results [13-16]. TiO, is the most extensively studied of these materials
due to its stability, non-toxicity and high inertness. However, it has the drawback of being
activated only by UV light, due to its large band gap. Thus TiO, will require structural and
electronic modifications to facilitate its activation via ambient sunlight [17-19]. This visible light
response might be achieved by doping the TiO, with non-metals, metals or by coupling TiO;
with WOs, which has the capacity to absorb visible light [20, 21]. One of the most important

aspirations of modern science is to achieve the efficient utilization of solar energy.

WO; possesses a far lower band gap (ca. 2.6-3.0 eV), thus it may be employed as a

visible light driven photocatalyst due to its unique electronic properties [22-24]. Due to its ability

145



to absorb in the visible light region and other properties, WO3 is gaining in popularity for use in
photoelectrochromic “smart” windows, solar energy conversion, storage cells and solar water-
splitting cells and as a potential catalyst enhancer for fuel cells, photocatalysis, batteries and

gas/chemical sensors [25-28].

On the other hand, electrocatalysts are very useful in large electrolytic processes that
require significant energy. Currently, electrocatalysts are employed in industry in order to cut the
costs of manufacturing, by reducing the amount of electric power that is needed for specific
processes. Transition metals dominate in electrocatalysis due to the presence of unpaired d
electrons and unfilled d orbitals, which form bonds with adsorbates [29]. The fundamental
advantages of electrochemical oxidation processes are ease of operation, a wide range of possible
treatment conditions and environmental compatibility [30]. The most and efficient electrocatalyst
is Pt, which has been intensively studied for its utility in fuel cell and elecrocatalytic applications

[31,32].

In this study, for the first time, WOs3 based bifunctional electrodes have been synthesized,
wherein platelet-like structures comprised of WO; were synthesized via a hydrothermal method.
The WOs electrodes possessed a high visible light response. To amalgamate the photocatalytic
activity of WO3 and electrocatalytic activity of Pt nanoparticles, Pt was deposited on one side of
the WOj; electrodes in obtaining a bifunctional electrode. The prepared electrodes were examined
using various surface analytical methods. The results indicated that the WO; electrode had a very
high visible light response, which may be translated to high photocatalytic activity. With the
addition of Pt on one side of the electrode, the activity of the electrode was seen to increase
significantly on the application of a potential. To verify the activity of the prepared electrodes, a

number of photodegradation reactions of RhB were performed under various applied conditions.
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The bifunctional electrode exhibited greater activity as compared to the WOs; electrode as

photocatalyst and WO3/Pt as electrocatalyst, under both applied potential and visible light.

7.2 Experimental section
7.2.1 Materials

Tungsten plates, having a thickness of 0.25 mm, were received from Sigma-Aldrich
(99.9% trace metals basis) and cut into lcm x lem squares. Acetone (>99.5%) and Nitric Acid
(70%), H2SO4 (99.999%) were purchased from Sigma Aldrich and were utilized as received.
Rhodamine B (BDH, UK) was employed as a typical model of an organic dye pollutant in the
evaluation of the photocatalytic and electrocatalytic activity of the WO;3 based catalyst. The
water (18:2 MQ cm) used in the preparation of the aqueous solutions was purified using a

NANOpure® Diamond™ water system.

7.2.2 Photocatalyst synthesis

To prepare the WO; photocatalysts, a very facile hydrothermal method was employed,
wherein a commercially available tungsten plate (Sigma-Aldrich, 99.7 %,) was cut to obtain a
lcm® area and used as a substrate. The tungsten plates were then sonicated multiple times in
acetone to remove all organic impurities that were present on the surface, followed by sonication
in water. In order to grow tungsten oxide on the substrate, it was introduced into a Teflon lined
autoclave, with 80% of its volume filled with 1.5 M HNO;, Following the hydrothermal
treatment, the electrodes were rinsed with ultrapure water several times and then heated at 450

°C over three hours, and used for the electrochemical tests, as such, after calcination.
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7.2.3 Deposition of Pt nanoparticles on the surface of WOj; electrode

WOs electrodes containing Pt nanoparticles were fabricated by using a photoreduction
method. In general, a 0.1 mM solution of an inorganic H,PtCls-6H,O precursor was made in
ultrapure water. A desired amount of this solution was added into 5 mL of a 50% (v/v) methanol
solution, which was deaerated for 10 min with ultrapure argon gas to eliminate any oxygen that
was present in the solution; the test tube was then sealed with a rubber stopper. The electrode in
the Pt solution was subsequently irradiated under UV light for one hour. The electrodes were

then rinsed carefully under the pure water and then dried at 50°C in an oven.

7.2.4 Characterization techniques

The characterization of crystalline phase of the synthesized samples was obtained by X-
ray diffraction (Phillips PW 1050-3710 Diffractometer with Cu Ko radiation (A=1.5406 A°).
Scanning electron microscopy (Hitachi SU 70) analysis was also performed in order to determine
the surface morphology and particle size of the samples. The UV-Vis absorbance spectrum was
quantified using a UV-visible spectrophotometer (Varian, Cary SE). For the electrochemical
characterization, a three-electrode cell system was employed. A Pt coil with a 10 cm? surface
area was used as the auxiliary electrode, and an Ag/AgCl electrode was used as the reference

electrode.

7.2.5. Photocatalytic activity measurements

The photocatalytic activity of the as synthesized WO; was evaluated by measuring the
photodegradation of RhB under visible light, and/or 1.8 V applied potential. The RhB solution
was prepared using pure water (18.2 MQ.cm) that was obtained from a NANOpure®

Diamond™ UV ultrapure water purification system. An Oriel system, containing a 300W xenon
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arc lamp was used in this study as the light source. The lamp was allowed to warm up for half an
hour prior to testing. For visible light irradiance, the source light was passed through an optical
filter (Edmund Optical Co. GG420), which cut off wavelengths of below 420 nm. Infrared light
was removed using a water filter. Samples were collected from the reaction mixture at regular
time intervals, and the absorbance of the solution was measured using a UV-visible spectrometer
(Varian, Cary 50). Subsequent to taking each reading, the solution was added back to the

reaction mixture.

7.3. Results and Discussion

With the aim of optimizing its photoelectrochemical properties, WO3; was synthesized
with different morphologies, such as nanoparticles, platelets, nanorods, and nanowires, which
enabled a number of unique properties that are not observed in bulk WO;. By modifying its
crystallinity, the surface energies of WO;3; may be significantly altered, which allows for the
tuning of the properties of the material. Much focus has been devoted to rectangular WOs,
WO;3.H,0 and WO3.2H,0 platelets, as they possess visible light activity. To investigate the
morphologies of the prepared WOs3, scanning electron microscopy was utilized, with the results
shown in Figure 7.1. The SEM image of the as synthesized WOs3 (Figure 7.1A) reveals that the
platelet-like structure was obtained by this hydrothermal method, and that the platelets are well
distributed across the WOs; plate substrate. As was observed from our previous studies, the
duration of hydrothermal process had a significant effect on the thickness of the WOj3 platelets.
As the hydrothermal vessel was heat treated for longer durations, the thickness of the WO;
platelets increased, while the activity decreased. The average length of the platelets was
observed to be ~1um, while the width was ~50 nm. The smaller particles resulted in an increase

in the surface area of the electrodes, which made available additional active sites for reactions,
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Figure 7.1 SEM images of WOj3 (A and B) and WO3/Pt (C and D)
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there by increasing the photocatalytic activity of the electrodes. SEM was also performed on the
electrodes onto which Pt was deposited by a UV reduction method and the result are shown in
Figure 7.1C and D. The Pt can be easily seen as the small dots on the WO3 plates which resulted
in a rough surface in comparison to the bare WOs3. The image illustrates that the Pt nanoparticles
were very well adhered to the WO; plates and that they were very finely distributed. The UV
reduction method is very efficient in the deposition of uniform distribution of Pt, as there were
no Pt particle aggregates to be seen anywhere on the electrodes. These deposited Pt particles

served to further increase the surface area of the electrodes.

To further investigate the composition of the WOj; electrodes as well as the Pt deposited
WOs, the electrodes were analyzed by EDS, with the results shown in Figure 7.2A. A typical
WO; spectra was obtained for the WOs5 electrode, as four tungsten peaks at 1.37, 1.76, 8.42 and
9.65 were observed. The peaks were analyzed to calculate the composition of the electrodes and
a perfect 1:3 ratio for W:0 was observed. For the Pt deposited electrodes, the intensity of the W
and O peaks were slightly less than that of the bare WOs, as Pt covered the platelets. With all the
W and O peaks, one strong Pt peak at 2.05, and a weak peak centered at 2.33 was also detected,

which showed the presence of Pt on the surface of the electrodes.

To discover the crystalline phase, the samples were analyzed by XRD and are shown in
Figure 7.2B. In general, all of the samples showed three very characteristic peaks of WO; at 20
values of 23.5, 40.5 and 33.7. According to the literature, the peak at 23.5 corresponds to the
phase [002], [020] and [200], whereas the 40.5 peak is due to the presence of the [222] phase. It
1s worth noting that even after the deposition of the Pt on the WO; plates, no Pt peaks were
obtained in the XRD patterns, which is most likely due to the very small amount of Pt that was

deposited on the electrodes, which is beyond detection limits of the XRD instruments.
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Cyclic voltammograms were run for the prepared samples to investigate the
electrochemical behaviours of the electrodes. Figure 7.3A shows the CV’s of the WO; electrodes
between the potential ranges of 0.0 to 1.2 V in 0.5 M H,SO4 at 20 mV/sec. It presents a typical
CV for WO; and it can be seen that the activity of the electrode is very low, as the
electrochemical current is in the range of few microamperes. Because of its low band gap, WO;
typically exhibits good activity under visible light. To analyze the visible response of the
fabricated electrodes, a CV was run under visible light irradiation, where after it was concluded
that the as-synthesized WOj; platelets had a very high visible light response, and the photocurrent
was 1.47 mA at 1.2 V. Thus these electrodes may be effectively utilized under visible light for

photocatalysis.

To further verify that the Pt nanoparticles were well-deposited on the WOj5 platelets, the
CV was run and compared to that of the bare WO; electrode, and is presented as Figure 7.3B. Pt
has a characteristic H, adsorption and desorption peak, thus to show these peaks, the CV’s were
run at between -0.225 to 1.2V. The red curve in the voltammogram depicts the typical hydrogen
adsorption/desorption in the potential range of between -0.225 and +0.2 V, which may be used to
calculate the active electrochemical surface area of the electrode. It can be concluded from this
region that due to the deposition of the Pt nanoparticles on the surface of the WOs, the capacity
of the electrode to adsorb hydrogen increases many fold. It also represents that the surface area
of the electrode has increased significantly, as can be seen from the H, adsorption-desorption
region. As it is well understood that cumulative surface area plays an important role in
photocatalysis and electrocatalysis, this increase in area might be significant in enhancing the
activity of the prepared bifunctional electrodes. Pure WO; electrodes have an almost non-existent

level of electrochemical current between the potential range of +0.2 and 1.2. On the other hand,
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Pt exhibits a high electrochemical current in the positive cycle due to the formation of Pt oxide at
=>0.6 V. On the negative potential sweep this oxide gets reduced back to Pt and a very distinct
reduction peak is observed that is centered at 0.5V. Several scans were run to evaluate the
stability of the deposited nanoparticles on the surface of the WO; electrode and the practically
overlapping CV’s show that the prepared bifunctional electrodes are highly stable. This increase
in electrochemical current due to the deposition of Pt may be employed as an effective

electrocatalyst.

To further characterize the electronic properties of the WO; and WOs;-Pt electrodes, a
Mott-Schottky measurement was carried out in a 0.1M H;SOj solution. The Mott-Schottky plot

can be employed to estimate donor density (ND):

1 2 (E £ kT)
C2  egpeN b e

where C is the capacitance of the space charge layer [F-m°]; ¢ is the average value of the
semiconductor dielectric constant; & is the permittivity of the free space charge (8.854 x 10"
F'm™"); e is the absolute value of the electron charge (1.602x 10" C); E is the applied potential
and Ejy, is the flat band potential. Dopant levels highly influence the donor density, and hence, the
electronic properties of the material. The Mott-Schottky plots for the as-synthesized WO;3; and
WOs-Pt electrodes are presented at Figure 7.4A. For clarification, the Mott Schottky plots for the
WO;-Pt are presented as Figure 7.4B. A sigmoidal plot was observed in the investigated

potential range, which is typical for n-type semiconductors. A good linear relationship was

155



12e+9
o WO, (A)
10e+9{ @ WOPt .
8.0+8 - o

6.0e+8 °

4.0e+8

C?(cm?F?)
[ )
[ ]

2.0e+8 1 .'

° YY)
0.0 0oooooo030000000000000000“"“ oo

0.0 05 1.0 15 20
Potential/V (vs Ag/AgCl)

Te+7

6e+7 (]

5e+7 - °

4e+7 Py

3e+7 - °

C?(cm*F?)
[ )

2e+7 - °

1e+7 P

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
Potential/V (vs Ag/AgCl)

Figure 7.4 (A) Mott-Schottky plot of the WOj; (red) and WO;-Pt (blue) obtained in 0.1 M H,SO4
at 500 Hz. (B) Mott-Schottky plot of the WO;-Pt
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observed between C and the potential, in the range of 0 and 0.40 V vs. Ag/AgCl for the WO;
and WOs-Pt electrode. It is interesting to note that the donor density of the WO; following the
photodeposition of the Pt nanoparticles increased to ten times that of the bare WOj3 electrode.

The donor densities were calculated by obtaining the slope of the curve and were 6.0x10* and
6.2%10% for the WO; and WOs-Pt electrode. This increase in the electron donor density of the

WOs-Pt electrodes may contribute to the deposition of the Pt nanoparticles onto the WO3, which
enhances its conductivity. This increase in electron donor density may efficiently be utilized in

the electrochemical treatment of the wastewater.

To examine the photocurrent behavior of the prepared WO; and the bifunctional WO;3-Pt
electrodes, series of chronoamperometry measurements were performed, with the results
presented in Figure 7.5. Figure 7.3A shows that the WO; electrodes prepared in this study
produce a significant amount of visible light induced photocurrent. To verify these results as well
as to evaluate the stability of this photocurrent, a potential of 1.8V was applied to the electrode
with the results shown in Figure 7.5A. An applied potential of 1.8V was utilized as Pt
nanoparticles can only be activated at higher positive potentials. The as-synthesized WOs3
electrodes generated a ca. 1mA electrochemical current under 1.8V of applied potential and
when the electrode is exposed to visible light there is an approximate 0.5mA increase in the

photocurrent.

Figure 7.5B shows the results obtained when the WOs;-Pt bifunctional electrode was
utilized and interestingly a very large increase in the electrochemical current is observed as
compared to the WO; electrode. This further signifies that with such a small volume of Pt

nanoparticle deposition, the electrochemical current was increased ca. 15 times that of the native
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WOs; electrode. These results also support the data obtained from the Mott-Schottky plots, as a

tenfold increase in the electron donor density was obtained.

The bifunctional electrodes exhibited a very high EC current. To examine whether the
prepared electrodes might be employed as a photocatalyst and electrocatalyst simultaneously,
chronoamperometric measurements were performed under visible light, with the results shown in
the Figure 7.5C. Even under an applied potential of 1.8 V, with such a significant EC current,
when the electrode was exposed to visible light during the experiment a further increase in the
overall current was observed. This increase was approximately 3 mA, which was much higher in
comparison to the visible light response of the WO; electrode. This conveys that when the
bifunctional electrode was employed simultaneously as a photocatalyst and electrocatalyst, there
was a synergistic effect by which the overall activity of the electrode was much higher than that

of the monofunctional electrode.

From the above characterization techniques it was clear that we had successfully
deposited Pt nanoparticles onto the WOs3 electrodes, and that they were very well distributed
across the WO3 plates and had the typical electrochemical properties of Pt electrodes. To further
evaluate the strength of this bifunctional approach, the WO3; and WO5/Pt electrodes were tested
for the degradation of the Rhodamine B, which is an organic dye pollutant. RhB was selected as
the target molecule in this study to represent organic dye pollutants that might be a threat to
aquatic ecosystems and to human populations if left untreated in water. These degradation tests

were conducted under different applied conditions and are presented in Figure 7.6.

WOs is a semiconductor that has poor conductivity, thus it exhibits a very low

electrochemical activity by itself. This is indeed the case in our studies as can be seen from
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Figure 7.6A, which presents the absorbance spectroscopy results of the electrochemical

degradation of RhB, where WO3 is employed as an electrocatalyst with a 1.8 V applied potential.

As may be concluded from the Figure, the electrochemical activity of WO; was very low
and even after 70 min a very insignificant volume of RhB had been oxidized. The rate constant
for this reaction was calculated to be 1.05 x107, which is very low. As expected, the Pt deposited
WO; electrodes demonstrated a far better electrochemical activity than that of the bare WO;
electrodes, and it can be seen from Figure 7.6B that within 100 min. approximately half of the
RhB has been degraded via this electrode. The electrocatalyst on the WO3/Pt electrode was ca. 4
times that of the bare WOs. This is significant, as knowing that even when a very small amount
(0.5 mg) of Pt was deposited on the WOs;, it resulted in a considerable increase in

electrochemical activity.

As concluded from Figure 7.5A, the prepared WOj3 had a high visible light response. A
series of photodegradation experiments were run to verify whether this highly visible light
response may be translated to photocatalytic activity. In these experiments, no external potential
was applied, and the WOj; electrode was irradiated only with visible light. WO;3 exhibited good
activity under visible light, and in 120 min. ~70% of the RhB was oxidized, and the rate constant
of this reaction was 3.27x107. Very interestingly, when Pt deposited WOj5 electrode was utilized
under the same conditions; the rate of the reaction was twofold compared to that of the bare
WOs;. This shows that, even though is not activated by an applied potential, the Pt deposited on
the WOj; is still participating in the reaction via some indirect mechanism. Most probably the
excited electrons that travel to the surface from the conduction band are taken up by the Pt, thus
reducing the electron/hole recombination rate. This decrease in the recombination rate

significantly enhances the activity of the electrode in the visible region.
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Figure 7.7 The kinetic curves of the degradation of RhB on WO3 (A) and on WO3/Pt (B)
photodegradation of Rhodamine B over WO3; and WO3/Pt electrodes, respectively, under various
applied conditions. The rate constant values are given in Table 1, which shows that the WO;/Pt

bifunctional electrodes had higher activity.
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A bifunctional electrode was utilized simultaneously under an applied potential and visible light
irradiation to investigate whether the aforementioned high electrochemical activity of Pt
nanoparticles and the significant photocatalytic activity of the WO; can be employed
simultaneously to obtain high efficiency in the abatement of RhB, with the results shown in
Figure 7.6F. It can be seen that the bifunctional electrode had a much higher activity as
compared to when the electrode was used individually for photocatalysis or electrocatalysis. This
demonstrates that there is present a synergistic effect, where both the photocatalysis and
electrocatalysis collaborate in conveying a high catalytic response. The WO;3/Pt bifunctional
electrodes had ca. twofold higher catalytic activity toward the degradation of RhB as compared
to when WOj electrode is used as bifunctional. Figure 7.7A and B presents the kinetic curves for
the photodegradation of Rhodamine B over WO; and WO;/Pt electrode respectively under
various applied conditions. The rate constant values are given in the Table 1 and it shows that the

WO5/Pt bifunctional electrodes has higher activity.

Table 7.1. The calculated rate constants for the degradation of the RhB on WO; (A) and WO3/Pt
(B) under applied conditions

Sample/condition Rate constant
WO; EC 1.057 x 107
WOj; Vis 3.277 x 107
WO; EC + Vis 2.500 x 107
WO;/Pt EC 6.677 x 107
WO;/Pt Vis 6.754 x 107
WO;/Pt EC + Vis 4.190 x 10~
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7.4. Conclusion

WO; platelet-like structures were successfully synthesized by a very facile hydrothermal
method where highly ordered WOs; platelets were obtained. The WO; platelets were well
distributed across the W plate and they possessed a very high visible light response under
exposure to visible light. The deposition of the Pt nanoparticles on one side of the WO; was
achieved by a UV reduction method, which resulted in the very uniform deposition of Pt
nanoparticles on the WO; plates, as may be concluded from the SEM results. The EDS results
further verified the presence of the Pt on the electrodes, as well defined Pt peaks were observed
in the EDS results. Cyclic voltammograms for the bifunctinal electrodes showed a typical curve
for Pt, and had a high hydrogen adsorption/desorption capacity. The RhB degradation tests on
the various synthesized electrodes revealed that the bifunctional electrodes, when used under
both visible light and applied potential, showed much better activity. The deposition of the Pt
enhanced the activity of the bifunctional electrodes by approximately two fold as compared to
when a bare WO; electrode was used as a bifunctional electrode. This two fold enhancement in
the catalytic properties of the WOs5 electrodes via the deposition of a very small amount of Pt

might be used in green chemistry for wastewater treatment and in fuel cells.
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Chapter 8: High Performance WQO; Supported IrO,-Ta,0s Electrodes for

Energy Storage Applications.

8.1. Introduction

The expeditious growth of industries globally has exacerbated the rapid depletion of
fossil fuels, as well as to increase the degradation of the environment via the release of myriad
contaminants. An efficient, affordable, sustainable and clean source of energy is thus required to
tackle fast growing energy challenges [1]. Electrochemical supercapacitors (ES) are ideal energy
storage devices that have attracted much interest due to their high power density, long life cycles
as compared to batteries, and higher energy density [2-7]. In ES, capacitance depends heavily
upon the electrode material that is used [8-10]. Generally, three types of electrode materials are
utilized in ES: 1) carbon materials 2) conductive polymers and 3) metal oxides [11, 12]. Carbon
materials have a high surface area, low cost, non-toxicity and high specific power, however; a
significant resistivity reduces their performance [13]. Conductive polymers also possess various
advantages when employed as an electrode material in ES, but swelling and shrinking via
intercalation/deintercalation mechanically degrades the electrodes [14, 15]. Metal oxides, such as
RuO,, IrO,, MnO,, NiO, SnO,, V,0s are most suitable for use as supercapacitors due to the
variable oxidation states of the metals, which facilitate redox reactions [16-20]. Thus, they
provide the optimal alternative as they exhibit higher energy densities than carbon materials and

higher stability than conductive polymer materials [21-23].

Among all the metal oxides, RuO, has been extensively studied as a suitable material
with significant capacitance [24-26]. The constraint to its wide utilization in supercapacitors is its

rarity and high cost, which limits its applications. An additional disadvantage of RuO, is its
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poisonous nature [27, 28]. As a result, much research has been focused on the exploration of new
materials with comparable or superior performance, that are more ecofriendly and less
expensive.

Over the last few years a number of researchers have attempted to investigate the
properties of IrO, so that it might be used as an electrode material in ES, as it shows large
pseudocapacitance. IrO;, belongs to a family of transition metal dioxide compounds that have
rutile structures and metal like conductivities [29]. Due to its high conductivity, it is used in
industry for electrical, magnetic and electrochemical purposes. Chemically, Iridium oxide is a
very stable oxide that has been used in electrode materials, in electrochromic displays and in
microsensors for gas sensing [30, 31]. To the best of our knowledge, which was derived from a
survey of the literature, no results are present that describe a perfect rectangular shape CV for
IrO,, which translates to uneven charging and discharging.

In this work we have synthesized IrO,-Ta;Os, which was deposited on the surface of
WO; electrodes. In these electrodes, WO; serves as a substrate with IrO,-Ta,Os as material for
storing charge. A substrate comprised of WO; ( n-type oxide semiconductor) was selected, as it
has recently attracted a lot of interest for various applications. It is well known for its excellent
electron transport properties and stability against corrosion [32-35]. The prepared electrodes
were characterized so as to investigate their structural, surface morphological and
electrochemical properties. Further, cyclic voltammetric studies were carried out in order to
elucidate the supercapacitive properties of the prepared electrodes. Electrodes comprised of
WO; and WO3/ Ta,0s exhibited no supercapacitance. However, WO3/IrO, electrodes showed
promising charge storage capabilities. WO3/IrO,-Ta,0Os electrodes were prepared with a 55:45

ratio of IrO, and Ta,Os The results indicated that WO;/IrO,-Ta,0s electrodes possessed a high
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specific capacitance as compared to WO; electrodes that individually contained IrO, or Ta,Os.
This shows that there is a synergetic effect present when IrO, and Ta,Os are combined. The
shape of the CV is also an ideal rectangle for this electrode, which verifies the superiority of this

electrode.

8.2. Experimental section

8.2.1. Materials used

Tungsten plates with a thickness of 0.25 mm were received from Sigma-Aldrich (99.9%
trace metals basis), which were cut into Icm % lcm squares. Acetone (=99.5%) and Nitric Acid
(70%), H2SO4 (99.999%), were purchased from Sigma Aldrich and were used as received.
Anhydrous FEthyl Alcohol was purchased from Commercial Alcohols Brampton Canada.
IrCls-3H,0 (Pressure Chemical Corp), and TaCls (Aldrich) were utilized in the preparation of
the precursor solution. Rhodamine B (BDH, UK) was employed as a model of a typical organic
dye pollutant in the evaluation of the photocatalytic and electrocatalytic activity of the WO;
based catalyst. The water (18:2 MQ cm) used in the preparation of the aqueous solutions was

purified via a NANOpure® Diamond™ water system.
8.2.2. Synthesis of WO; platelets and deposition of IrO,-Ta,;0s

To prepare the WOs a very facile hydrothermal method was employed; commercially
available Tungsten plate (Sigma-Aldrich, 99.7 %,) was cut to obtain a lcm® area, which was
employed as a substrate. To grow the tungsten oxide onto the substrate, it was introduced into a
Teflon lined autoclave with 80% of its volume filled with 1.5 M HNO;_ Following hydrothermal
treatment, the electrodes were rinsed several times with ultrapure water and heated at 450 °C

over three hours. Subsequent to calcination, they were utilized as such in electrochemical tests.
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Solutions containing 0.1 M IrCl3.3H,O and 0.1 M TaCls were prepared in ethanol and
isopropanol respectively and then painted on one side of the WOj3 electrode to obtain WO3/IrO,
and WO3/Ta,0s electrodes. The WO;/IrO,-Ta,0s electrode precursor solution was obtained by
mixing 0.1 M IrCl;.3H,0 and 0.1 M TaCls solutions in required amounts, which was then
painted onto the WO; electrode. Following the painting process, the electrodes were subjected to

three hours of calcination at 450 °C in order to oxidize the metal chlorides to metal oxides.
8.2.3. Characterization techniques

The crystalline phase of the synthesized samples was obtained by X-ray diffraction
(Phillips PW 1050-3710 Diffractometer with Cu Ka radiation (A=1.5406 A°®). Scanning electron
microscopy (Hitachi SU 70) analysis was performed in order to determine the surface
morphology and particle size of the samples. A Pt coil with a 10 cm” surface area was used as the
auxiliary electrode; an Ag/AgCl electrode was used as the reference electrode. Cyclic
voltammograms were performed using a Voltalab 40 Potentiostat (PGZ301), and a Solatron SI
1287 electrochemical interface instrument was used to run the charge-discharge cycles. The UV-

Vis absorbance spectrum was obtained using a UV-visible spectrophotometer (Varian, Cary SE).
8.2.4. Photocatalytic activity measurements

The photocatalytic activity of as-synthesized WO; was evaluated by measuring the
photodegradation of RhB with a 1.8 V applied potential. The RhB solution was prepared using

pure water (18.2 MQ.cm) that was obtained from a NANOpure® Diamond™

UV ultrapure
water purification system. Samples were collected from the reaction mixture at regular time
intervals and the absorbance of the solution was measured using a UV-visible spectrometer

(Varian, Cary 50). After taking each reading, the solution was added back into the reaction

mixture.
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8.3. Results and Discussion

Highly ordered WO; platelets were grown onto a W substrate using a hydrothermal
method, after which the various metal chlorides were painted onto them. The composition and
morphology of the formed electrodes were characterized via energy dispersive spectroscopy and
scanning electron microscopy. Figure 8.1 A and B represents the SEM images of the bare WO;
electrodes, which showed that very highly ordered WOj5 platelets were present on the electrode.
These platelets provided an extensive surface area for the deposition of metal oxides on the
surface. Figure 8.2A and B presents the images of the WO3/IrO,-Ta,0s deposited electrodes and
the coating that was prepared by the painting method displays a typical “cracked-mud” structure,
which increased the surface area of the electrodes. The EDS spectra of WO3; and WO;/IrO;-
Ta,0Os are depicted in Figure 8.3A. A perfect 1:3 ratio for W and O was observed in the EDS
spectra of WOs. For WO;3/IrO,-Ta,0s electrode no W peak was observed, which reveals that the
WO; was fully covered by the IrO,-Ta,Os layer. When the chemical composition in atomic
percentages for the WO3/IrO,-Ta,0Os electrode was calculated by EDS, it gave 59:41 at% results,
which was close to our target composition of 55:45%. The further characterization of these
electrodes was accomplished by analyzing them with XRD, with the results shown in Figure
8.3B. In general, all of the samples showed three very characteristic peaks of WO3 at 20 values
23.5, 40.5 and 33.7. According to the literature, the peak at 23.5 corresponds to the phase [002],
[020] and [200] and the peak at value 33.7 is due to the presence of the [201] phase. The peaks
that are shown with an asterisk are from the W substrate. Interestingly, there was no difference in
the XRD patterns prior to and following the IrO,-Ta,Os deposition, due to very low deposition

volume, which is below the detection limit of the XRD instrument.
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Figure 8.1. SEM (A) and high magnification SEM image (B) of prepared WOj; platelets
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40.0um

6.7mm x60

Figure 8.2. (A) SEM image of WO3/IrO,-Ta;05 showing ‘mud-crack’ type morphology and (B)
High magnification image of WOs/IrO,-Ta,Os showing presence of IrO,-Ta,Os between the
WO; platelets.
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Figure 8.3. EDS (A) and XRD (B) of WO; and WO3/IrO,-Ta,0s.

176



Figure 8.4 depicts the CVs of the synthesized electrodes recorded in a 0.5 M H,SO4
solution at a scan rate of 50 mV s™'. The CV of pure WO; consisted of two regions: (I) an initial
stage where hydrogen adsorption/desorption proceeds between 0 and 0.35 V; and (II) the double-
layer charging region, between 0.35 and 1.2 V. For the WO3-Ta,0Os electrode there was no
significant difference between its CV and that of the bare WO3, which indicates that Ta,Os does
not possess supercapacitance properties. It is well known that charge stored in a capacitor may be
determined by integrating the CV. The integrated charge for the WO3/Ta,Os was very small,
which is understandable due to the small area under the CV. Figure 8.5A presents the CV for the
WO3/IrO; electrode, which reveals that the IrO, electrode had a significant amount of charge
stored within it. The CV of WO3/IrO, was significantly different than that of WO3/Ta,0s, as we
can see that there is an increase in both Region I and Region II. The value of capacitance
calculated from the CV was 30.33 mF for the WO3/IrO, electrode. Although the WO5/IrO,
showed a high capacitance, the shape of the CV for this electrode is not symmetrical, which
demonstrates that charging and discharging is not even with this type of electrode. Surprisingly,
when IrO, and Ta,Os was deposited together on the WO; electrode, the shape of the CV was
almost rectangular, indicating that when these two metal oxides are combined, the electrode
behaved as a pure capacitor due to a synergetic effect. The capacitance value calculated from the
CV was 38.63 mF for the WO3/IrO,-Ta,0s electrode. Even though the volume of IrO, (which
was the main supercapacitance material in this electrode), was reduced by half and replaced by
TayOs (which is a non-supercapacitor material), a 22% increase in the capacitance was still
observed for the bimetallic oxide electrode. This shows that the presence of Ta,Os has a

significant role in enhancing the capacitance of the IrO, electrode. With the presence of Ta,Os
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the CV was more symmetrical, which translates to very uniform charging-discharging that occurs
in this electrode.

Specific capacitance (mF/mg) may be estimated via the voltammetric charge (integrated
from the CV over the potential range) according to the following equation:

C = Q/(AEXW)

where Q is the charge (in mC), AE is the operating potential window (in V), and W is the weight
of the metal oxides deposited (mg) on the working electrode.

The specific capacitance of the various synthesized electrodes was calculated, using
Equation (1), and is 3.22 F/g, 81.97 F/g and 124.65 F/g for WO;3/Ta,0s, WO3/IrO, and
WO5/IrO,-Ta,0s, respectively. Thus, a high specific capacitance for the bimetallic oxide
electrode was observed. IrCl;xH,O which is most commonly used to obtain IrO, is a very
expensive material, which hinders its widespread use as an electrode material in supercapacitors.
According to Sigma-Aldrich, one gram of 99.9% trace metal basis IrCl;xH,O costs $256.0,
which is very high for the production of electrodes on a large scale. Through this study we have
presented a very simple method for reducing the amount of IrO, that is required for an efficient
electrode, without compromising its activity and capacitance by using bimetallic oxides. TaCls,
which was used with IrCl; in the fabrication of these bimetallic oxide electrodes, is very cheap as
compared to its counterpart, iridium salt. The cost of 1g of 99.8% trace metal basis TaCls is only
$9.8. Hence, by reducing the volume of IrO; via the addition of Ta,Os, we not only significantly
reduced the cost required for the manufacturing of the electrodes, but also significantly increased

the specific capacitance of the electrodes.

In Figure 8.4D the CV of WO3/IrO,-Ta,0s at a scan rate of 50 mVs! is shown, where an
ideal rectangular shape was obtained. To investigate the capacitance behaviour of the electrode at

different potential sweeps, various CV’s were run starting from 20 mVs™ to 100 mVs™ and are
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Figure 8.4. Cyclic voltammograms for (A) WOs, (B) WO3/Ta,0s, (C) WO3/IrO; and (D)
WO;/IrO,-Ta,0s in 0.5 M H,SO4 with a sweep rate of 50 mV/sec.
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presented in Figure 8.5. At all of the applied potential sweeps the electrode was found to be very
stable, and an ideal rectangular shape was observed for different scan rates, which indicated a
good capacitance behaviour and high-rate capability of the electrode. The CV’s were very
smooth, indicating that there were no faradic reactions proceeding on the electrode. Thus, it was

concluded that the WO3/IrO,-Ta,0Os electrode operates as a pure double layer capacitor.
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Figure 8.5. Cyclic voltammograms for WO3/IrO,-Ta;Os in 0.5 M H,SO4 at different sweep rate.
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The specific capacitance for each scan was calculated and is given in the Table 8.1

Scan Rate Specific capacitance
mV/sec F/g
20 143.8
40 140.45
60 136.58
80 133.54
100 130.99

It can be concluded from Table 1 that the prepared WO3/IrO,-Ta,0s electrodes possessed
excellent stability as the scan rate was increased from 20 to 100 mV/sec. The small decrease in
the specific capacitance might be due to the slow charge transfer when the scan rate was

increased.

Cyclic charge discharge is a standard technique that is commonly used to test the
performance and cycle life of supercapacitors. In general, a repetitive loop of charging and
discharging is called a cycle. Most often, charge and discharge are conducted at constant current
until a set voltage is attained. In our study, charge-discharge measurements were performed
under galvanostatic conditions at different applied current densities. Constant current charging
and discharging curves recorded in a 0.5 M H,SO, solution at 0.25, 0.5, 1.0, 2.0 and 4.0 mA cm™
are shown in Figure 8.6A. It may be concluded that a linear relationship between the potential
versus time at various charging and discharging currents was observed. There was no voltage
drop at the onset of discharging, which suggests the relatively low equivalent series resistance

(ESR) of the electrode and its high electrical conductive behavior.

We tested further the charging/discharging stability of the WO3/IrO,-Ta;Os in a 0.5 M
H,SO4 solution at a current density of 0.5 mA cm'z, with the results are shown in Figure 8.6B. In

Figure 8.6B first four, 2497-2500 and 4997-5000" charge-discharge cycles are shown, and it
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Figure 8.6. (A) Galvanostatic charging/discharging curves of the WO3/IrO,-Ta,0Os based
supercapacitor at different constant currents. (B) Stability test of the WO3/IrO,-Ta,0s based

supercapacitor
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may be concluded that the charge-discharge profiles retained excellent linearity and symmetry
following 5,000 cycles, and the specific capacitance remained unchanged. This verified that the
prepared WO3/IrO,-TaOs electrodes were very stable and could be utilized as an electrode

material for supercapacitors.

IrO; based electrodes have higher conductivity, however; as they are semiconducting, the
conductivity of WOj is unacceptable. To investigate the impact and electrochemical properties of
the IrO,-Ta,Os that was deposited on the WOs electrode, the electrocatalytic degradation of RhB
was carried out on WO; and WO3/IrO,-Ta,Os. RhB, which is an organic dye pollutant was
selected as a target pollutant for the testing of electrocatalytic activity, with the results for the
WO3/IrO,-Ta,0s shown in Figure 8.7A. This figure shows the time dependence of the spectral
absorbances of 25 uM RhB in 0.1 M H,SO,; taken at five-minute intervals during the
electrochemical oxidation process. The peak for RhB was centered at 555 nm, and with
continuing oxidation, the absorbance of RhB continually decreased over time and approached
0.37 after 25 min. of electrochemical degradation. This represents a 84% decrease in the
concentration of RhB over 25 min. To compare this result, its electrochemical oxidation on the
WOs electrode was also performed, but due to its low conductivity the degradation of RhB was
very slow, where an only 11% decrease in the concentration of RhB was observed after 70 min
of reaction. Figure 8.7B presents the kinetic curves for the electrochemical degradation of RhB
over WO; and the WO;/IrO,-Ta,0s electrodes, and it can be seen that the results may be fitted,
based on first-order kinetics. The rate constants for the oxidation of RhB at the WO; and the
WO;/IrO,-Ta,0s were calculated to be 1.028x107 and 7.057x10 min™, respectively. Thus from
the kinetic curves it may be concluded that the oxidation of RhB at the WO;/IrO,-Ta,O5

electrodes was approximately 70 times higher than at the WOj3 electrodes. The novel electrode
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developed in this study possessed high capacitance and very high electrocatalytic properties,

which may have strong potential utility for myriad environmental applications.

7.4. Conclusion

In this work we have successfully prepared WO;/IrO,-Ta,0Os electrodes for their
supercapacitance and electrocatalytic properties. WOs electrodes were prepared using a very
facile hydrothermal method, where platelet-like structures were obtained. A precursor mixture of
IrCl3.H,O and TaCls was painted on one side of the WO; electrode and annealed to obtain a
WO5/1rO,-Ta,0s electrode. WO3/IrO, and WO3/Ta,0s electrodes were also synthesized for
comparative purposes. The SEM images of the electrodes indicated a ‘cracked-mud’ like
structure that was obtained via this deposition method, which increased the surface area of the
electrode. The chemical composition of the electrodes calculated for the EDS was very close to
the target composition and was well distributed across the WOj3 substrate. The presence of Ta;Os
along with IrO, significantly enhanced the capacitance of the electrodes due to a synergetic
effect. The WO3/IrO, electrode presented a distorted rectangular shape CV, however; the CV of
WO3/IrO,-Ta,0s showed an ideal rectangular shape, which is optimal for a supercapacitor. The
electocatalytic activity of the electrode was also evaluated through the electrochemical
degradation of RhB, showing that the WO3/IrO,-Ta,0s electrodes were far superior to the parent
WOs as they have a 70 fold higher activity toward the oxidation of RhB. These electrodes may

thus be utilized in a broad range of green and environmental applications.
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Chapter 9: Concluding Remarks and Future Work

9.1 Conclusions

Following the universal belief that nanomaterials based catalysts are the new and most
promising technology to be utilized in the environmental applications, this thesis is dedicated to
the development of facile methods to synthesize TiO, and WOs; based nanomaterials, with the
aim of evolving a less expensive, efficient, reproducible and environment friendly catalytic
process. All of the synthesis methods described herein for the preparation of nanomaterials are
very simple and do not involve the utilization of expensive instrumentation. The major findings
based on the results of the employed characterization techniques are: i) the solution combustion
method that was utilized to synthesize co-doped TiO; is very effective in obtaining a highly
mesoporous and uniformly doped material; ii) the development of a UV pretreatment approach
for the significant enhancement of the photocatalytic activity of TiO, based photocatalysts; iii)
the development of an electrochemical reduction technique for simultaneously studying the
crystal growth mechanism during the hydrothermal method, and synthesizing WO3 nanospheres
and 1v) for the first time, Ta,Os and IrO, on a WOj3 substrate were studied in conjunction toward

the investigation of their supercapacitance properties.
Brief summaries and important conclusions of the work presented are as follows.
9.1.1. Synthesis and characterization of TiO; based nanomaterial photocatalysts.

We successfully prepared mesoporous N-doped and N,W co-doped TiO, photocatalysts
with an exclusive anatase phase and a high specific surface area utilizing a facile, reproducible

and inexpensive solution combustion synthesis.
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We also studied the synergetic effect of the simultaneous co-doping of metals and non-
metals into the TiO, structure. XPS analysis showed that the N and W atoms were well
incorporated into the lattice structure of the titania by this combustion preparation method. The
band gap studies revealed that the co-doping of N and W significantly shifted the absorption
edge of the TiO, toward the visible region. This narrowing of the band gap served to induce high
visible light response photocatalytic activity in the co-doped samples in contrast to those of P25
and therefore, may be beneficially utilized in green chemistry. Photodegradation studies of Rh B
dye on the different samples revealed that an enhancement factor of up to 14 times in the reaction
rate was observed with the 1.5 at% W doped sample, in comparison to commercial Degussa P25.
The novel combustion process developed in this study is rapid and reproducible and may be
easily scaled-up, thus opening a door to the fabrication of high-performance TiO, photocatalysts

for promising environmental applications.

We have developed a facile and effective UV pretreatment method for the significant
enhancement of the photocatalytic activity of TiO, nanotubes and mesoporous N,W co-doped
Ti10; under both UV and visible light. The time effect for the UV pretreatment was studied and it
was observed that the best results were obtained when the TNW samples were treated for one
hour under intense UV light exposure. The as-synthesized TNW exhibited a slightly higher UV
photocatalytic activity than did the P25; the photodegradation of RhB on the UV pretreated
TNW was greatly enhanced over 2.6 times higher than that on the P25. For the visible light
activity, the UV pretreatment resulted in an extraordinary >12 fold improvement in
photocatalytic activity, as compared to the non-pretreated TNW. Compared with TiO, nanotubes
without the UV pretreatment, the TiO, nanotubes pretreated in a methanol solution under UV

light irradiation exhibited substantial enhancements in both photocurrent and activity. The
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pretreatment also initiated an increase in the donor density of the TiO, nanotubes by almost three
orders of magnitude. This significant enhancement of the photoelectrochemical performance may
be attributed to the inhibition of charge recombination of photoinduced electrons and electron
holes, the creation of oxygen vacancies, an improvement in conductivity, and the promotion of
interfacial charge-transfer kinetics at the TiO, nanotubes. The facile and effective approach
proposed in this study provides many opportunities to develop highly active TiO, photocatalysts
for pressing energy and environmental applications, ranging from water splitting, solar energy,
and air purification, to wastewater treatment. This significant augmentation in photocatalytic
activity subsequent to the UV pretreatment may be attributed to the following synergetic factors:
(1) the increase of the specific surface area; (ii) the reduction of the band gap energy; (iii) the
partial removal of carbon impurities and (iv) formation of Ti’* energy levels in between the TiO,
band gap. Aside from the considerable enhancement in both UV and visible photocatalytic
activity, the UV pretreated mesoporous N, W co-doped TiO, exhibited high photocatalytic

stability, which is very promising for energy and environmental applications.

9.1.2 Synthesis of WO; based nanomaterials for environmental applications

WO; is emerging as a frontrunner to be used in photochromism, electrochromism,
thermochromic gas sensors, batteries, photoelectric sensors, water splitting, photocatalytic
behavior and much more. We have successfully prepared WOs nanospheres using a facile
electrochemical reduction approach. To the best of our knowledge, for the first time, an
electrochemical reduction method has been utilized to synthesize WO3 nanospheres and to study
the mechanism of WOj platelet growth during the hydrothermal method. The time interval of the
hydrothermal treatment also had a significant impact on the dimensions of the formed WO;3

platelets and their photoelectrochemical activity. The electrochemically treated electrode
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consisted of spherical nanoparticles, which exhibited higher photocurrent and photocatalytic
activity toward the degradation of 4-NP as compared to their parent WOj3 platelets. This study
thus provides a facile approach toward the preparation of high-performance WO; nanospheres

for myriad energy and environmental applications.

To amalgamate the photocatalytic properties of WO3 with the electrocatalytic properties
of Pt nanoparticles, we synthesized a WOs3 based bifunctional electrode. Platelets of WO3; were
synthesized by a hydrothermal method and possessed a very high visible light response. A
uniform layer of Pt was obtained by a photodeposition method on one side of the WOj5 electrode.
SEM and EDS results verified the presence of the Pt nanoparticles on the electrodes and that they
were well distributed across the surface. Cyclic voltammograms for the bifunctinal electrodes
showed a typical curve for Pt and they had a high hydrogen adsorption/desorption capability,
demonstrating that Pt is very much active on the surface of the WO; electrode surface. The
degradation tests of the RhB on the various synthesized electrodes revealed that the bifunctional
electrodes, when used under both visible light and applied potential, showed much improved
activity. The deposition of the Pt enhanced the activity of the bifunctional electrodes by
approximately two fold, as compared to when a bare WO; electrode was used as a bifunctional
electrode. This two fold enhancement in the catalytic properties of the WOs5 electrodes via the
deposition of a very small amount of Pt might be used in green chemistry, for wastewater

treatment and in fuel cells.

Supercapacitors are considered as the future of batteries and there is intense research
devoted to the development of new electrode materials. In Chapter 8 we successfully
demonstrated that bimetallic oxides can be employed as a supercapacitor material, as they work

more efficiently due to the synergetic effect. We successfully prepared WO3/IrO,-Ta,0s5
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electrodes to evaluate their supercapacitance and electrocatalytic properties. WO3/IrO, and
WO;/Ta,0s electrodes were also synthesized for comparison purposes. The SEM images of the
electrodes showed a ‘cracked mud’ like structure that was obtained by this deposition technique,
which increased the surface area of the electrode. The chemical composition of the electrodes
calculated for the EDS is very close to the target composition, and is well distributed across the
WO; substrate. The presence Ta,Os along with IrO, significantly enhanced the capacitance of the
electrodes due to a synergetic effect. The WO3/IrO; electrode presented a distorted rectangular
shape CV, however, the CV of WO3/IrO,-Ta,0s showed an ideal rectangular shape which is

optimal for a supercapacitor.

9.2. Future Work

As aforementioned, with the growing environmental and energy challenges that confront
human society, there is an urgent need to develop more efficient technologies than those that
currently exist. During my PhD research, although I successfully prepared highly active TiO, and
WOs; based materials for photocatalytic, electrocatalytic and energy storage applications, I
strongly believe that this study will contribute in the development of nanomaterials to be used in

these applications.

N,W codoped TiO, synthesised in this study showed very promising visible light activity,
and this visible light response, which is a great tool in the hands of a chemist, can also be utilized
in various other applications, such as water splitting, electrochromic devices and dye sensitized
solar cells. The redox reaction occurring at the working and counter electrode produces H, and
O, following the excitation of the electrons from the valence band to the conduction band, by

absorbing energy from the light source. For this application there is a need to develop a very
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dynamic method for the immobilization of the TiO, based nanomaterials on the surface of a
substrate, to serve as an electrode. The activity of the TiO, electrodes toward photocatalytic
water splitting can be further enhanced via the deposition of metals or metal oxides on the TiO;
based electrodes. Metal deposition on the N, W codoped TiO, may also be investigated to further
augment the electrode for water splitting. Highly active UV pretreated nanotubes might also be

attempted in water splitting reactions to generate H».

Although N, W co-doping has a considerable effect on the shifting of the absorbance
edge of TiO,, there are still many other possible combinations of the non-metal and metals that
need to be studied. A series of experiments might be run by keeping N as a non-metal dopant and
employing all possible metal atoms as co-dopants systematically, in order to evaluate which
combination exhibits the best activity. Further studies need to be undertaken to learn of the
effects of tri-doping on the visible light and photocatalytic activities of TiO, based

nanomaterials.

DSSCs are the alternative energy source to traditional semiconductor solar cells. TiO; is
optimal for being used as photoelectrode materials due to its favorable physiochemical
properties. Mesoporous TiO; gives better results as a photoanode material as compared to the
Ti10; nanotubes, nanowires and other morphologies because of their special functionality, where
the interconnected junctions with open pores in the mesoporous structure, accelerates electron
transport. The TN'W prepared in this study possessed a highly mesoporous structure, thus it can

be employed in the DSSCs.

The solution combustion method utilized in this study to effectively synthesize TiO, and

TNW is a very facile and efficient method, which should be further explored in the synthesis of
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additional metal oxides. Research can also be contributed to synthesize nanoparticles with

different morphologies using this method.

Researchers have shown that TiO, nanotubes may be used as a hydrogen storage material
as it could reproducibly store up to approximately 2 wt % H, at room temperature. Out of this
stored H, approximately 75% could be released when the hydrogen pressure was lowered to
ambient conditions due to physisorption. Further studies are required to be done in order to
examine whether the UV treatment might increase the H, storage capacity of the nanotubes.
Modified WOj electrodes prepared via the hydrothermal method will be studied for the hydrogen
storage studies. As we are aware that the photocatalytic activity of the WO3; may also be
enhanced by doping with various metal atoms and non-metals, such as N, C, Mg, Ni, Au, Cu, Zn,
Bi, Ag, Fe and Co, doping of the WO3 during the hydrothermal process is a promising approach
to increase the photocatalytic activity of the WOs; platelets. The efficiency of the WO; is very
low as compared to that of DSSCs based on other semiconducting metal oxides, such as TiO»,
SnO,, and ZnO. There is still the requirement of research work that is focused on increasing the

efficacy of WOj3 based photoanodes for DSSCs.
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