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Abstract

Many types of dyes are used in textile industries and the contaminated water is
expelled as it is without any treatment for the removal of dyes and harmful reagents
which pose threats to human and animal health because some dyes are dangerous to
chronic level. They have many short-term impacts such as skin sensitization and
nausea to lingering impacts like cancer. Photocatalysis is an advanced technique from
nanochemistry having many applications in daily life which cover areas from clean
energy production and self cleaning surfaces to environmental protection. In this
research, TiO, and graphite were used for the preparation of TiO, nanotubes and
graphene oxide, respectively. TiO, nanotubes were prepared by hydrothermal method
and Hummers’ method was used for the graphene oxide synthesis. Co-doping of
cobalt and nitrogen was done on TiO, catalysts which resulted in narrowing of band
gap with increase in efficiency and thus making the process more economical. Urea
and cobalt nitrate were used as nitrogen and cobalt dopant precursors, respectively.
Nitrogen concentration was kept constant and cobalt was taken in 4 different
concentrations i.e 0.2, 0.4, 0.6 and 0.8 g. The obtained catalysts were characterized by
FT-IR, DRS, SEM, TGA, BET, XRD and EDX for the investigation of attached
functional groups, band gap, morphology, thermal stability, surface area, phase and
composition, respectively. Additionally the effects of doped amount of cobalt ions on
the optical properties and photocatalytic activity of co-doped TiO, nanotubes were
investigated. Methyl orange was selected for the degradation study. The results
exhibited that photocatalytic performance of 4-CoN-TNT is best amongst all in the
visible light. It shows efficiency of 88%. To further improve the efficiency the best
catalyst was selected for the nanocomposite preparation with reduced graphene oxide.
Hydrothermal method was used for nanocomposite formation and in situ reduction of
graphene oxide was carried out. Again the degradation study was carried out against

methyl orange. The efficiency was increased up to 93%.
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Chapter 1: Introduction

Introduction
Earth is home of millions of species but humans are dominating all and the problems

we are facing today regarding climatic changes to health problems are all created by
us. There are a lot of chemicals which are intentionally released to the environment
without knowing their hazardous affects. And because of these chemicals we are not
only harming ourselves but also other creatures of this planet. There is a need to find
routes for the degradation of these pollutants for a healthier environment.

Here in this research work we have focused on the photocatalytic degradation of some

hazardous chemicals.

1.1. Titania TiO,

1.1.1. Polymorphs and properties

Titanium dioxide (TiOy) is most widely studied metal oxide and scientists show much
interest toward titania because of its versatile applications specially in
photochemistry. Mostly its three crystalline forms are studied which are anatase, rutile

and brookite [1] as shown in figure 1.1.

o

()

(a)
Figure 1.1 Crystal structures of polymorphs of titanium dioxide (a) rutile, (b) anatase
and (c) brookite [2]

Brookite is the trivial form of TiO, for researchers because it’s difficult to synthesize
in laboratory and in nature it is not present in profusion [3]. Rutile is a well known
form of TiO,, abundantly available naturally and can easily be synthesized in
laboratory [2]. Low efficiency of rutile makes it less useful as a photocatalyst.
Anatase form is the most relevant form of titania in regard to photochemistry,
specially because of its suitable band gap and other facinating properties [2, 4]. Table

1.1 summarizes some of the properties of the three phases of titania.



Table 1.1 Physical properties of three crystalline forms of TiO, [3]

Polymorph Crystal Band gap Refractive Density

Structure index (g/cm?3)
Anatase Tetragonal 3.19 eV 2.52 3.79-3.84
Rutile Tetragonal 3.00 eV 2.72 4.13-4.26
Brookite Orthorhombic | 3.11eV 2.63 3.99-4.11

1.2. Broad applications of titania

1.2.1. Sunscreens

TiO; is chemically stable and serves as a function of blocker for UVA (ultraviolet
light 315-400 nm) and UVB (280-315 nm) radiations. TiO, has large band gap and
absorbs ultraviolet light and due to this property its is used in many cosmetics as
sunscreen [5].

In the presence of ultraviolet light and water, hydroxyl radicals are produced by TiO,
which are considered as carcinogenic so titania particles should be coated with silica

or alumina to restrain the contact of hydroxyl radicals with skin [6].

1.2.2. Pigment

Due to the white opaque appearance of titania it is used as a pigment. Also used as
white coatings on solids, as white color in liquid paints and also as opacifier (making

substances more opaque) [7].
1.2.3. Self cleaning glass

A thin transparent layer of anatase is coated on glass [8]. When light falls on the glass
TiO; is activated. Electrons are excited and when these electrons come in contact with
water, they result in the production of hydroxyl radicals. These hydroxyl radicals are

responsible for the degradation of organic molecules [9, 10].
1.2.4. Gas sensor

TiO, is used as sensor for hydrogen gas because electric resistance of titania changes
when it comes in contact with different concentrations of hydrogen gas other gas

sensors can also be made [11, 12].



1.2.5. Paper industry:

Due to the white and opaque appearance of TiO; it is used in paper industry to

enhance the paper opacity [13].
1.2.6. Semiconductors

Titanium dioxide is very common naturally occurring semiconductor. Its wide band
gap and photo-stability makes it the most important semiconductor in the field of
photochemistry and thus having vast applications including photo water splitting [14],
dye sensitized solar cells (DSSCs) and Photo-degradation of different compounds [15-

18]. The last one is concerned with the application in this study.

1.3. Nanostructured TiO,

With the emergence of nanochemistry scientists also have studied nanoparticles of
TiO, and found numerous applications which are basically related to large surface
area and semiconducting properties. Many morphologies of titania have been

developed by different scientists as shown in figure 1.2,
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Figure 1.2 Different morphologies of TiO, [19]



1.3.1. TiO, nanospheres

When we study about TiO, nanostructures, maximum literature is about nanospheres.
There alluring properties were reported in many research articles [20, 21].
TiO, nanospheres mostly posses a high surface area and pore volume which makes
them quite suitable for the photocatalytic activity because the accessible surface area
is increased in this way. The light harvesting properties are also increased as more

light can access the interior of these materials [19].

1.3.2. TiOz nanotubes

In 1998 Kasuga and his coworkers for the first time synthesized titania nanotubes by
hydrothermal method [22]. Since the discovery scientists are exploring different
applications of titania nanotubes from dye sensitized solar cells to photocatalysis.
Efforts have been made to understand the mechanism of titania nanotubes formation
but scientists are not agreed on one point in this regard as different hypothesis were
suggested by different scientists [23]. Mechanism of formation of nanotubes is

discussed in detail in section 1.4.3.4.

These structures expected to have large pore volume and specific surface area and
high surface to volume ratio, thus result in the reduction of electron hole pair

recombination [24].

1.3.3. TiOz nanosheets

Nanosheets are often seen as flake shaped materials in scanning electron
microscope (SEM). They mostly have smooth flat surface [25]. Nanosheets are of
very small thickness mostly less than 10 nm and lateral size may range up to several
micrometers. Because of their small thickness, smooth surface and photocatalytic

property they are mostly used as coating for making self cleaning glasses [26].

1.4. Synthesis techniques of TiO, nanotubes
Scientists have adopted different techniques for the synthesis of TiO, nanotubes which

are as follows and discussed in detail one by one;

e Electrochemical anodization
e Template assisted sol gel technique

e Alkaline hydrothermal method



1.4.1. Electrochemical anodization

In this technique electrochemical cell is used having one anode and cathode as
shown in figure 1.3. Cathode is mostly made up of platinum (inert metal) and anode
is made up of highly pure (99.9%) titanium foil. Hydrofluoric acid is mostly used as

electrolyte [27-29].

Pt ol

\\Electrolyte
s

Figure 1.3 Electrochemical cell for preparation of TiO, nanotubes [30]

Different voltages applied and time of the process affects the morphology of TiO,.
Three operations are occurring concurrently which result in the formation of

nanotubes in anodization process [29].

e TiO,formation by the oxidation of titanium (as titanium foil is used in the cell
as anode).
e Field assisted dissolution of titanium ions in the electrolyte of the cell.

e Because of the etching by fluoride ions chemical dissolution of Ti and TiO,.

1.4.2. Template assisted sol gel technique
This technique involves three major steps [31]

e Nanostructured template selection.

e Using a relevant technique (i.e. sol gel) for the deposition of the precursor on
template.



e Removal of the precursor after acquiring certain morphology from the

template by using different techniques

i.e.

etching and dissolution.

Diagrammatic representation of these three steps is shown in figure 1.4.

7

B TiO;

B ZnO

\

~\

Zn0O
nanorod

Zn0O
seed layer

substrate

TiO»
coating

TiO,
nanotube

7z

/

Figure 1.4 Diagrammatic representation of template assisted technique [31]

1.4.3. Alkaline hydrothermal synthesis

1.4.3.1. History

By the end of 20™ century carbon nanotubes gained much interest after its discovery

by lijima [32]. Much research was carried out on developing nanotubes which have

remarkable novel properties. At that time many scientists work on the synthesis of
metal oxides nanotubes such as Al,O3 [33], M0Os [34], V.05 [35], SiO, [33] using

different methods. Kasuga and his coworkers for the first time synthesized TiO,

nanotubes from hydrothermal method in 1998 [22]. Since then researchers are

working to enhance the properties of titania nanotubes as they have many applications

from dye sensitized solar cells [36] to photocatalytic degradation studies [37].



1.4.3.2. Steps involved in hydrothermal synthesis of TiO, nanotubes

This method is quite simple and involves easily manageable steps which are as

follows;

e Preparation of highly concentrated alkaline solution.

e Making a dispersion of TiO, powder in alkaline solution by continuous

stirring.

e Autoclave reaction at certain temperature (110-150 degree Celsius) and

duration (24-72 hours).

e Washing with dilute HCI and deionized water.

e Drying and calcination.

1.4.3.3. Parameters affecting the morphology and formation of nanotubes

There are many parameters which affect the morphology and formation of nanotubes

which are illustrated in figure 1.5.

Hydrothermal
Temperature

Starting
Material

Hydrothermal
duration

N

Factors
affecting the
TiO,
nanotubes
formation

Washing Step

Calcination
Temperature

Figure 1.5 Parameters affecting the morphology and formation of nanotubes [23]

1.4.3.4. Formation Mechanism of Titania naotubes

Since the discovery of TiO, nanotubes scientists have been studying the mechanism

of formation of nanotubes. Great diversity is seen in different scientists opinion.

According to some scientists because of the highly concentrated alkaline solution Ti-
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O-Ti bonds were disrupted which result in the formation of new Ti-O-Na bonds
because titanium ions were exchanged with sodium ions. After the hydrothermal
treatment obtained material is washed with dilute acidic solution and de-ionized water
respectively. This step is pledged with the replacement of sodium ions by hydrogen
ions forming Ti-OH bonds. Up to this step nanosheets of titania were formed.
Dehydration results in the formation of Ti-O-Ti and Ti-O...H-O-Ti bonds whose
outcome is hydrogen bonding which in return cause the decrease in bond distance of
two titanium ions. As a consequence folding of sheets occurs, forming tube like
structures [38]. Proposed mechanism for the formation of TiO, nanoubes is shown in

figure 1.6.

Dehydration
process

Ti E.-"'-"'*-.Na_gu
Df \0
Titk: nanotubes

Q Alkall

treatment ﬂ
Ti
e )./ Nanosheet:

o 0 anosnects
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Ti P‘\.
g"” by e = (Ti.0H = Ti-OH (nanosheet) or TIO-H-O-Ti
Na * bydrogen bonds

H-OH

Figure 1.6 Proposed mechanism for the formation of TiO2 nanoubes [23]

Advantages of hydrothermal method [23]:
e Low energy requirement.

e Comparatively non polluting setup.
e High yield.
e Mostly pure phase is obtained.

e Simple and easy to handle.

1.5 Photocatalysis

Photocatalysis is stimulation of a chemical reaction in the presence of light.
Photocatalyst and light are the key components of photocatalysis. Catalysts are
actually responsible for lowering the activation energy without taking part in the.

chemical reaction as shown in figure 1.7 but when we specifically talk about a



photocatalyst its play its role only in the presence of light and thus these reactions are

often called as photo initiated catalytic reactions

Catalyst lowers
activation energy
by this amount

- , :I Product

Figure 1.7 Diagramatic representation of catalyst activity

Photocatalysis is an advanced technique from nanochemistry which has many
applications in daily life that’s why scientist’s interest in this field is continuously
increasing. Applications of photocatalysis cover areas from clean energy production

[39, 40] and self cleaning surfaces [41, 42] to environmental protection [43, 44].

1.5.1. Main steps involved in photocatalysis
The main steps involved in the photocatalysis are as follows [45]:

i.  Photon absorption and e/h* generation
ii.  Oxidation of donor specie
iii.  Reduction of acceptor specie

iv.  Recombination of e/h*

For the practical application of the photocatalyst, reduction and oxidation are two
crucial steps because real chemistry is involved in these steps as illustrated in the

figure 1.8
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Figure 1.8 Schematic representation of a photocatalyst [46]

1.6. TiO, as a photocatalyst

Titanium dioxide is a white powder. The d-electron configuration of titanium is d°
because titanium is in IV oxidation state. The white color of titanium dioxide can also
be explained due to lack of metal centered and d-d transitions. Charges are transferred
to metals from ligands when light is absorbed. In the case of TiO, electrons are
transferred from oxygen to vacant d orbitals of titanium, in short from valence band to
conduction band [47].

High activity of TiO, nanoparticles as a photocatalyst is based on following:

e High surface area because more the surface area more will be the quantity of
absorbed pollutants which we want to degrade.
e Less electron hole pair recombination because more the oxidation and

reduction causing species more will be the efficiency of the catalyst.

1.7. Mechanism of photocatalysis in TiO,
When TiO, absorbs photon of energy equal to or more than its band gap, e/h” are

formed.
TiO,+hv —»h'+¢

When these electrons reach the surface of a catalyst they react with the atmospheric

oxygen.
Oz.€ — 0Oy
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Now holes are left behind due to which surface of the catalyst is positively charged so

it absorbs moisture from the air and hydroxyl radicals are produced.

h"+H,O0 —— H"+ OH"
h*+ OH — "OH

Two competing phenomenas were occurring during this process, one is the formation
of electron hole pair and the other is the recombination of them [47]. The radicals
produced in these reactions are highly active and are responsible for the

decomposition of unwanted bacteria and hazardous materials.

1.8. Moving to visible light absorption capability

TiO; has a large band gap (~3.2 eV) due to which it is UV light active. Tuning of a
band gap can make titania visible light active. There are some methods by which
researchers are able to tune the properties i.e. band gap and photocatalytic activity of

the titania some of them are discussed in detail below [47].

1.8.1. Doping

The main flaw in using titania as a photocatalyst is the large band gap and e/h”
recombination [48] and because of large band gap titania is ultraviolet light active.
Doping is one of the approaches by which these flaws can be minimized. The main
goal of doping is to decrease the band gap and limit electron hole pair recombination

which sequels to visible light active titania.

Doping is influential parameter which greatly affects the behavior of a photocatalyst.
It is parallel to introducing impurities but in a different way. Scientists have doped
titania by different elements including metallic and non metallic ones [49-52]. Here in
this work we are interested in metallic doping. Doped metallic species restrict the
electron hole pair recombination because they act as electron scavengers and thus life
time of charges increases ultimately result in the increase of photocatalytic activity of
the catalyst [51, 53].

1.8.2. Co-doping
Co-doping is enhanced form of doping in which semiconductor is doped with two
elements instead of one. Co-doping just like as doping improves the activity of the

photocatalyst by narrowing the band gap and restricting electron hole pair
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recombination.

It is reported in many papers that co-doping is better than simple doping [49, 54-57].
Behnajaday and Eskandarloo reported the comparison of doped and co-doped titania.
They mono-doped TiO, with copper and silver and then for the sake of comparison
they co-doped TiO, with these metals and according to the study co-doping presented
high photocatalytic activity [58].

1.9. Phase transformation

Anatase is less stable as compare to rutile almost at all temperatures. The temperature
at which calcination process takes place during post treatment of the catalysts greatly
affects the phase of TiO, The morphology of nanotubes is also affected by the high
temperature calcinations process. From many studies it was concluded that 400 degree
Celsius is the optimum temperature to restore the nanotube morphology and anatase
phase [49, 55, 56]. But there are some reports which assure that up to 600 degree
Celsius there is no significant phase transformation of anatase to rutile. Above 600

degree Celsius the morphology of nanotubes is also disturbed [59].

1.10. Applications of TiO, as a photocatalyst

Applications of TiO, have increased many folds in the last decade. TiO; is a versatile
photocatalyst and has applications in many fields because of its high efficiency and

stability. Figure 1.9 illustrates wide applications of TiOs.
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Figure 1.9 Different applications of TiO,

1.11. Water purification by photocatalysis
Semiconductor photocatalysis for the waste water treatment has recently emerged and
gained much interest. Many reports are published so far on this topic [52, 60]. An

ideal photocatalyst for water purification must have the following properties [61]

e Chemically inert
e Ease to produce and use
e Activated by sunlight

e Non toxic

No catalyst fulfills all of the requirements but TiO, is the most promising catalyst.
That’s why scientists are working on this semiconductor to make it more efficient.
Here in this research we are also interested in working on TiO, because of its

fascinating properties [61].
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1.12. Dyes

Dyes are sort of pigments which are used to color different substances but mostly
used on fibers and leather made products. Dyes are aromatic organic compounds and
have affinity for the particular substances. Most of the dyes are used in the form of
aqueous solutions [62]. The solubility of dyes in water is because of the auxochromes
i.e. -OH, -ClI, -Br, -NO,, -COOH, -NHR, -NH; etc. Auxochromes have the ability to
ionize in water thus making dyes soluble and these groups are also responsible to
intensify colors of dyes. Auxochromes can be classified on the basis of their charge

and nature i.e. acidic or basic [63].

1.12.1. What makes the dyes colored?
Dyes are organic aromatic compounds but they pose colors because;

e They have color bearing groups (chromophores).
e They have a conjugated system.
e They exibit resonance of electrons.

e They absorb light in visible region [63].

1.12.2. Classification of dyes

Broadly dyes are classified as natural and synthetic dyes. Animals and plants are the
sources of natural dyes. Like Tyrian purple and madder are natural dyes extracted
from sea snails and madder root respectively. Synthetic dyes are classified as non-azo
dyes and azo dyes. Azo dyes are further classified as acidic, basic, reactive, disperse,
sulphur and vat dyes. Synthetic dyes can also be classified as basic and acidic based
on their nature [64]. Figure 1.10 shows the flow chart representing the classes of dyes.
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Figure 1.10 Flow chart representing classification of dyes

1.12.3. Hazards of dyes

Following are the severe hazards of dyes [65, 66]:

e Mostly dyes are water soluble and cause water pollution when expelled in
rivers un-administratively from the industries.

e Dyes affect the absorption and reflection of sunlight from water thus affects
the underwater photosynthetic activity.

e Many dyes are carcinogenic.

e Some dyes cause respiratory sensitization when lungs are exposed to dye dust
for long time.

e Transparency of water bodies are greatly affected by the small amount of dyes
which are even undetectable by human eye.

e Some dyes can cause irritation to the skin.

1.12.4 Methyl orange
Methyl orange is an orange color dye and mostly used as pH indicator as it changes its

color from orange to yellow when present in more basic solutions.

Below PH 3.1 <> Above PH 4.4

Methyl orange a pH indicator
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The molecular structure of methyl orange is changed when the pH of the solution is
changed which is indicated by the change in color of methyl orange. In acidic
conditions hydrogen ion is attached to the nitrogen atom of N=N bond thus changing
the molecular structure [67] as shown in figure 1.11 and 1.12.

° H3
o} H3
Figure 1.11 Yellow form of methyl orange
o
o
“‘i.ii‘iﬁi";;? * charse i’i‘iﬂ?fé;:i

Figure 1.12 Red form of methyl orange

1.12.5 Mechanism of dye degradation by a photocatalyst

More than 7 x 10°tons of dyes are produced annually [68]. Most of them are not
naturally degradable and are carcinogenic so their discharge in water is of great concern
for the marine and human life. Photocatalytic degradation is a convenient way to degrade

these chemicals.

Photocatalysts have the potential to generate some oxidative species when illuminated
by light. These oxidative species mostly include hydroxyl radicals and singlet oxygen
and these species have the ability to destroy a lot of organic molecules, dyes,

pesticides and contaminants.

Proposed reaction pathway of degradation of dye using TiO is illustrated in figure
1.13. First of all dye is adsorbed on the surface of photocatalyst. This step is mostly
done in lab by the continuous stirring of a catalyst and dye in a suitable solvent for
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some time in dark. In the second step when the photo catalyst is illuminated with light
electrons jump from valence band to conduction band which results in the formation
of holes in valence band of TiO,. Here begins the main chemistry of a photocatalyst,
holes may react with water molecules and form hydroxyl radicals and on the other
side electrons are able to react with oxygen to form superoxide free radicals. These
radicals (hydroxyl and superoxide) are very much reactive species and are responsible
for the degradation of the dye after some intermediate steps. Some inorganic minerals
may form out of these dyes. This is a cyclic process so after completion of one cycle
photocatalyst go back to its original form to carry out another cycle. But studies
reveal that after some cycles photocatalysts are no more efficient to degrade more
species like dyes or pesticides because their own structure may be destroyed in the
process and chemically they are no more active [52, 68].

P,

P
Ti02 -0y - +dye

TiO, -OH - +dye L1027dye

WE
H
P hv
O, ) H-O #
TiO, “+dye

Figure 1.13 Mechanism of degradation of dye by a photocatalyst [69]

1.13. Pesticides

Pesticides are chemical compounds that are used to kill insects, pests and weeds. They
usually have severe effects on central nervous system and thus cause the death of
insects but large exposure to humans is also dangerous. Even some pesticides are
harmful in low quantity like organochlorine pesticides. Man is using pesticides from
ages without knowing the harmful and long term effects of them. When pesticides are
present in water they became extremely dangerous for the cattle and human
consumers. So, controlled quantity of pesticides should be released in environment

according to the need.
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1.13.1. DMMP as a pesticide

The current work is about the degradation of DMMP. Dimethyl methylphosphonate
(DMMP) belongs to class organophosphates, having a chemical formula C3HgO3P.
The reaction between alcohol and phosphoric acid produce organophosphates which
have severe effects on nervous system [70]. DMMP is used as pesticide from decades
because it kills the pesticides and insects but scientists have devised other biological
methods to protect the crops from weeds pests and insects which are quite safe and
environment friendly. Table 1.2 represents the properties of DMMP.

Table 1.2 Properties of DMMP

Formula C3HyO3P
Boiling point 181°C
Melting point -50°C

Density 1.145 g/ml

Molar mass 124.08 g/mol
Appearance Colorless liquid
Solubility in water Slowly hydrolysis
Main hazards Toxic

1.14. Chemical Warfare Agents

Many weapons of mass destruction were created after World War 11 but chemical
warfare agents were the most ferocious one. They are more dangerous than
explosives. As explosion is localized and caused by a shear force. The use of chemical
warfare agents is considered as barbarous but still we see nerve gas attacks in past few
years. They have devastating effects on humans as well as on other living beings.
CWA:s are actually incapacitating agents which alter the normal functioning of the
body [71].

Effects of all CWAs to the body are not alike. They vary according to the nature of
chemical. According to the chemical structure they are classified as arsenicals,
organophosphorus, organoflourine and organosulphur compounds. There chemical
nature is not same so they have different physiological effects on human body and

thus classified accordingly as [71]:
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e Nerve agents

e Blistering agents

e Choking agents (pulmonary agents)
e Riot-control agents (tear gases)

e Bloods agents (cyanogenic agents)
e Psychomimetic agents

e Toxins

1.14.1. Nerve agents

As the name indicates they affect the nervous system. All of them are synthetic and
listed as most threatening chemicals. They are more toxic than any other chemical
warfare agents and have the ability to cause death even in few minutes depending
upon the concentration [72]. All of them are colorless liquids in the pure form.
Depending upon the volatility and stability they are classified as G-agents and V-

agents. VV-agents are more stable ones having low volatility [71].

The mode of action of most of them is similar. In our body there are billions of
neurons. The region where one nerve ends and the other nerve outset is known as
synapse. It is actually in the form of small cavity like region as shown in fig. 1.14.
The two nerves communicate by the neurotransmitters. When nerve impulse reaches
the end of pre-synaptic nerve it releases neurotransmitters like acetyl choline. These
chemicals are received by the receptors present on the post synaptic nerve. After the
message transmission there are some enzymes which cause the degradation of these
neurotransmitters like for acetyl choline, acetylcholinesterase is present which is
responsible for the degradation of acetyl choline. Nerve agents actually block the
sides of these enzymes and thus they are no more able to degrade the particular
neurotransmitter for which it is meant as shown in fig. 1.15. As a result post synaptic
nerve is triggered aggressively and nerve impulse communication occurs in
uncontrolled way resulting many problems in body like constriction of eye pupil,
running nose, watery eyes, extreme sweating, urination, increased production of
saliva, abnormal heart rate, blood pressure, muscular twitches, cramps, inhibition of

respiratory center and eventually death [71].
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Figure 1.15 Schematic representation how nerve agent work

1.14.2. DMMP as a nerve agent simulant

Decontamination of these extremely toxic chemicals is necessary in some conditions.
Different physical and chemical methods have been devised for this purpose as nerve
agents have incapacitating effects on humans which are irreversible. Studying nerve
agents directly can be fatal for this purpose scientists choose some simulants which
are like some of the nerve agents in properties and chemical nature but are less toxic
in comparison [73]. DMMP is also a simulant of sarin (a nerve agent) [74]. In our

study we used sarin simulant DMMP for studying the photocatalytic degradation.
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1.15. Graphene

Carbon exists in many allotropic forms as shown in figure 1.16. Some of them are
well known like diamond and graphite and have wide applications in diverse areas
because of their hardness and softness respectively. Fullerens [75] and carbon
nanotubes [32] are two other forms of carbon recently discovered and are attaining
great interest of scientists.

Allotropes of Carbon
Graphene Nanotube Fullerene Diamond Graphite
PP
P >
? 9 >
F— PR

Figure 1.16 Allotropes of carbon

There is another two dimensional allotrope of carbon known as graphene. At the
University of Manchester, Andre Geim and Kostya Novoselov isolated the one atom
thin layer of graphite known as graphene in 2004 using top down approach [76] as
illustrated in figure 1.17. For their pioneer work they were awarded noble prize 6

years after their research work, in 2010.
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Figure 1.17 How graphene was formed
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Graphene is 2D allotrope of carbon and is considered as the building block of many
allotropic forms of carbon like stacking of these sheets form 3D graphite form, rolling
of this sheet can form 1D single wall carbon nanotube and rapping gives the 0D
bucky ball structure.

1.16. Graphene oxide

Graphene oxide is the oxidized form of graphene. It is produced by the oxidation and
exfoliation of graphite. The oxidation of graphitic layers results in the attachement of
various functional groups on the carbon planes. These intercalated functional groups
result in the weakening of the van der waals forces present between carbon planes.

Figure 1.18 clearly show the difference between graphene and graphene oxide.
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Figure 1.18 (a) Graphene and (b) Graphene oxide

There are two types of carbon atoms in graphene oxide: Carbon atoms bonded to
different functional groups and the carbon atoms involved in the formation of
aromatic rings. The ratio of these two types of carbon atoms or regions illustrates how
much oxidation is done. The functional groups are actually present on both sides of
the plane [77]. Hydrophilic nature of graphene oxide is because of these functional
groups so stable aqueous dispersions can be made. Water molecules form hydrogen
bonding with the covalently bonded oxygen molecules of GO [78, 79]. Figure 1.19

illustrates the hydrogen bonding between oxygen functionalities and water molecules.
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OH

Figure 1.19 Hydrogen bonding between grapheen oxide layers [78]

1.17. Synthesis route of Graphene/ Inorganic nanostructure
composite

1.17.1. In-Situ chemical synthesis

This method is very much suitable for the preparation of graphene/inorganic
nanostructure composite [80]. The very first step for the synthesis of nanocomposite
by this technique is the interaction between positively charged metal atoms and

negatively charged electron cloud of oxygen atoms bonded with GO [81].

1.17.2. Microwave heating
Microwave heating is quite different from ordinary heating so use of this technique

for the synthesis of nanostructures is more dependent on the properties of material
being used rather than process conditions. For a very short time highly localized

heating results in the formation of very fine particles [82, 83].

1.17.3. Hydrothermal and solvothermal techniques

It is a well known technique for the synthesis of nanostructures at high temperature
and pressure. The process is carried out in a closed system and mostly the solvent
used is water so this technique is considered as environmental friendly. Highly pure
crystals can be formed in bulk amount depending on the capacity of the vessel of
autoclaves so this method gains a lot of interest by the researchers. There are many
reports for the synthesis of graphene/inorganic nanostructures composites based on
this technique: CuO/graphene [84], ZnO/graphene [85] and SnO,/graphene [86].
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It is not compulsory to use water as a solvent some other solvents can also be used
like ethanol, methanol etc. If the reaction medium is not based on water then this

technique is known as solvothermal technique.

1.18. Applications of graphene/inorganic nanocomposites

1.18.1. Sensor

In literature there are a lot of examples of graphene based sensors [87-89]. These
sensors are mostly less time consuming and cheap. Nanostructures have large surface
area and high chemical and thermal stability when decorated on the surface of
graphene sheets so the composite formed have remarkable properties to use as a gas
sensor [90, 91].

1.18.2. Supercapacitor

Supercapacitors are different from ordinary capacitors as they exhibit high energy
density [92]. In 1957 supercapacitors were introduced for the first time publically
[93]. Areas in which we require rapid charge discharge cycles we use supercapacitors
rather than simple capacitors because they are mostly meant for short term energy
storage. The use of titania in these supercapacitors as electrode has proven to increase
the capacitance [94-96].

1.18.3. Photocatalysis

Our world population is increasing day by day which results in increment of
pollutants in the environment. Various sectors are involved in this like agriculture
human waste and above all industries. 783 million people in the world do not have
approach to fresh and clean water for drinking due to which death rate because of
diseases caused by unhealthy drinking is increasing [97]. So, photocatalysis is an easy
and safe approach to degrade the pollutants in air as well as in water to get healthy
clean environment around the world. There are many photocatalysts known which
degrade the pollutants among them TiO, gain much interest but it has some draw
backs which are discussed in previous sections. Related draw backs can be minimized

by the graphene/TiO, nanocomposite formation.

When light falls on a photocatalyst i.e. TiO, the photocatalyst become excited and the
electrons jump from valence band to conduction band, these electrons are then
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transferred to the graphene sheets thus resulting in the less electron hole pair

recombination. Fig. 1.20 portrays this phenomenon clearly.
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Figure 1.20 Functioning of graphene/TiO, nanocomposite [98]

1.19. Structure and objectives of thesis

This thesis describes an effort to produce TiO, nanotubes using hydrothermal
synthesis. Major task of the present work was to make titania visible light active by
doping, co-doping and nanocomposite formation side wise controlling the

morphology.

Chapter 1 includes the introduction about the research work done. Chapter 2
summarizes different reports related to this work. Methods and techniques of
experimentation and description of characterization techniques are described in
chapter 3. In chapter 4 results and discussions are listed side wise the degradation

study. Finally conclusion is engrossed in chapter 5.
Detailed objectives of this work are:

e Preparation of titania nanotubes.

e Doping and codoping of these nanotubes to decrease the band gap in
order to make titania visible light active and more efficient against
pollutants degradation.

e Characterization of prepared catalysts.
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By carrying the photocatalytic degradation studies against methyl
orange sorting out the best catalyst.

Preparation of nanocomposite of the best catalyst with graphene oxide
in order to further improve its activity against any dye or pesticide
degradation.

Degradation study of DMMP (a warfare agent simulant and pesticide).
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Chapter 2: Literature Survey

This chapter includes reports in literature related to this work. This chapter is devised
into seven sections. In section 2.1 photocatalysis is discussed generally, section 2.2 is
about TiO, naotubes and having subsections including different methods for the
synthesis, section 2.3 includes reports about nitrogen doped TiO, nanotubes, section
2.4 is about cobalt doped nanotubes, co-doping related reports are discussed in section
2.5, section 2.6 is explaining different reports about graphene oxide and titania
composites and in the last section reports about degradation of methyl orange was

discussed.

2.1. Photocatalysis

Photocatalysis is the stimulation of a chemical reaction in the presence of light. When
light having energy equal to or more than the band gap of the catalyst is interacted
with catalyst the catalyst become activated. Electrons jump from valence band to the
conduction band. This excitation results in the formation of the e/h*. These electron
hole pairs are responsible for the degradation or breakdown of certain chemicals or

pollutants. Following is the reaction mechanism of whole process;
Catalyst + Photon— holes * + electrons’
holes” + electrons” —»energy
H,O + holes" ——»  OH+H"
O, +electronss —» O3~
OH + substrate —» H,0 + CO;
O;+H" —5  OOH
OOH+O00H ——  H,0,+0;
O; "+ substrate —» CO,+ Hy0

OOH + substrate — CO,+ H,0 [99]
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2.2. TiO, nanotubes as a photocatalyst

In 1990°s Iijima discovered carbon nanotubes [32]. This discovery unfolded new
routes in material science sector. Many scientists successfully prepared nanotubes of
different materials. TiO, nanotubes were prepared by Kasuga in 1998 by the
hydrothermal method [22]. After its discovery many scientists devise different
methods for the synthesis of titania nanotubes. Scientists are more interested in this
morphology because these structures are expected to have large pore volume and
specific surface area and high surface to volume ratio, thus result in the reduction of
electron hole pair recombination [24]. Here are some reports related to the synthesis

methods of titania nanotubes.

2.2.1. Anodization method

In this technique electrochemical cell is used having one anode and cathode. Cathode
is mostly made up of platinum (inert metal) and anode is made up of highly pure
(99.9%) titanium foil.

Dawei Gong, Craig A. Grimes and Oomman K.Varghese 2001 reported the
synthesis of TiO, nanotubes from anodization method for the first time. Fabrication of
titania nanotubes was done by anodic oxidation of titanium foil in electrolytic cell.
Hydrofluoric acid was used as an electrolyte. Nanotubes were properly aligned in the
form of arrays. One end of these tubes was open and the other end was closed. The
diameter of nanotubes was from 25-65 nm. Diameter of nanotubes was identified as
dependent on the applied voltage, as the voltage was increased diameter was also

increased but the length was independent of the voltage applied [100].

Qi Li and Jian Ku Shang, 2009 successfully synthesized titania nanotubes from
anodization method. Titanium foil was used for the preparation of nanotubes. Prior to
anodization titanium foil was sonicated in ethanol, acetone and de-ionized water
respectively. Glycerin and DI water in the volume ration of 9:1 was used as
electrolyte. Glycerin was used because it resists the change in pH and thus promotes
the smooth nanotubes formation. NH4F and NH4CI were also added to electrolyte and
the final concentrations of both were 0.36 M and 0.25 M respectively. FESEM
analysis was done after different time intervals from 30 minutes to 3 hours and results
revealed that after 30 minutes no proper nanotubes was seen but 3 hrs anodization

show complete nanotubes formation [101].
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2.2.2. Sol-gel method

T. Maiyalagan, B. Viswanathan and U. V. Varadaraju, 2006 synthesized TiO,
nanotubes by simple sol-gel template assisted method. Alumina membranes were
used as template and titanium isopropoxide was used as a precursor for the synthesis
of nanotubes. Titanium isopropoxide and 2-propanol was used in the ration of 1:20
and alumina template membrane was dipped in the solution. After air drying and
heating in the furnace alumina template was dipped in 3 M solution of NaOH. NaOH
and dissolved anodic alumina was then removed by several washings with distilled
water. TiO, nanotubes formed in this process are straight and dense having outer
diameter of 200nm [102].

Zhuowei Cheng and Zhiqi Gu et al., 2016 reported the synthesis of TiO, nanotubes
by a combination of sol gel and hydrothermal method. Titanium butoxide Ti(O-Bu),
was used as a precursor of TiO, nanotubes. After preparation of a solution of titanium
butoxide and precursors of dopants the solutions were mixed together by drop wise
addition and after achieving complete hydrolysis final solution was aged for 6 hours
and then dried at 80 °C. Obtained gel was then mixed with 10M NaOH and suitable
solvents. Hydrothermal heating at 130 °C for 48 hrs was applied to the mixture.
Obtained sample was then washed with HCL and deionized water to obtain 7 pH.

After drying and calcinations TiO, nanotubes were obtained [103].

2.2.3. Hydrothermal method

In 1998 Kasuga discover titania nanotubes. He used hydrothermal method for the
synthesis. Later on many scientists followed his procedure and study different
parameters affecting different properties of titania nanotubes. Here are some reports

related to hydrothermal synthesis of nanotubes.

G. H. Du, Q. Chen et al., 2001 successfully prepared TiO, nanotubes by
hydrothermal method. They have used tetrabutyl titanate for the preparation of TiO,
crystals. The hydrothermal temperature was set at 130 °C for 24-72 hours. According
to TEM analysis nanotubes have the diameter of 8-10 nm and length is up to several
hundred nanometers. They have calculated the atomic ratio of O/Ti which varies from
tube to tube. The nanotubes they have prepared are multi walled analogous to carbon

nanotubes and the spacing between each shell is 0.75 nm [104].
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Xiaoming Sun and Yadong Li, 2003 prepared titania nanotubes under hydrothermal
conditions. They optimize the temperature from 100-180 °C for more than 48 hours.
The nanotubes they have prepared have the inner diameter of 5 nm and outer diameter
is of 10 nm and the length is ~300 nm. Nanotubes were dispersed in alcohol using
ultrasonicator which results in the transition of morphology. Mechanism of the
formation of nanotubes was also studied and according to them for the stability of
framework sodium ions play vital role and ion substitution have significant effect on

many properties of nanotubes specially the optical properties are affected [105].

Chien-Cheng Tsai and Hsisheng Teng, 2004 synthesised the titania nanotubes from
TiO, nanoparticles by using hydrothermal method. They studied the effect of
temperature on nanotubes. Duration of autoclave heating was fixed (24 hours).
Temperature was optimised from 110-150 °C. According to these scientists
hydrothermal temperature have significant effect on the structure of nanotube and
anatase to rutile transformations at high temperatures. Surface area increases with the
increase in temperature up to certain extent. Maximum surface area i.e. 400 m?/g was
obtained at 130 °C. And according to their discovery size of nanotubes can be
modified by changing the pH of washing solution [106].

Dmitry V. Bavykin and Valentin N. Parmon et al., 2004 studied the effect of different
hydrothermal conditions on the structure of titania nanotubes. They study the temperature
range from 120-150 °C and according to their study the diameter of nanotubes increases
with increase in temperature. When temperature was increased further it results in the
formations of non hollow TiO, nanofibers, having diameter ~75 nm. The ratio of weight of
TiO; to the volume of NaOH solution also have a significant effect on average diameter of
nanotubes. When TiO; to NaOH molar ratio is increased it results in the increase in

average diameter of nanotubes and decrease in surface area [107].

B Poudel and W Z Wang et al., 2005 reported the titania nanotubes transformation
into nanowires. They have successfully prepared titania nanotubes of outer diameter 9
nm, wall thickness of about 2.5 nm and length of about 600 nm by simply using the
hydrothermal method. When calcination was done above 650 °C the nanotubes were
transformed to nanowires. According to them highly crystallized nanotubes were only

prepared in optimized conditions. The purity and crystallinity of nanotubes is affected
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by the volume filling fraction of autoclave and the concentration of the acid used for

washing after hydrothermal reaction [108].

Mohd Hasmizam Razali and Ahmad-Fauzi Mohd Noor et al., 2012 studied the
effect of pH of washing solution on the nanotubes formation. Sodium titanate
nanotubes were prepared when the pH of washing solution is 12 and hydrogen titanate
nanotubes were obtained when the pH is 7. Thermal stability was also monitored.
Sodium titanate nanotubes were stable up to 500 °C and above 700 °C this nanotube
morphology was changed to nanorods. Titania naotubes were formed from hydrogen
titanate nanotubes when heated up to 300 °C for 2 hours. When the temperature was
increased up to 500 °C the small segments were produced from large nanotubes and at
700 °C nanotubes morphology was totally collapsed and small nanoparticles were
formed [109].

Kalithasan Natarajan and R. |. Kureshy et al.,, 2016 synthesized the TiO;
nanotubes from TiO, nanoparticles. Simple hydrothermal method was used.
Hydrothermal temperature was set at 130 °C for 48 hours. Calcination was done at
two different temperatures i.e. 250 °C and 450 °C. They have used the titania naotubes
for the degradation of indigo carmine dye under UVLED irradiation. According to
their kinetic study, degradation of the dye follows first order kinetics. The effect of
morphology on band gap was studied and according to the analysis and calculations
band gap is not affected by morphology as titania nanotubes has the same band gap as

of the simple titania nanoparticles [110].

2.3. Nitrogen doped TiO, nanotubes
Nitrogen doping in the TiO, lattice succeed to persuade new band states in the band

gap of titania which results in the absorption edge shifting to visible region [111]. In

the past few years enough work was done on nitrogen doping.

Here are some related reports;

Hiromasa Tokudome and Masahiro Miyauch, 2004 prepared nitrogen doped TiO,
nanotubes by wet process. For the preparation of TiO, nanotubes simple hydrothermal
method was used. Nitrogen doping was done by immersing the undoped nanotubes in
ammonia solution (1.0 M) for 15 hours. According to the report nitrogen from

ammonia substitute the oxygen atoms in the lattice of TiO,. By doping nanotubes
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become visible light active. The activity of the catalyst was checked against
degradation of gaseous isopropanol and even in water activity of the catalyst was not
decreased [50].

Jiaging Geng and Dong Yang et al, 2009 prepared TiO, nanotubes by
hydrothermal method. Hydrothermal temperature was set at150 °C for 72 hours. After
nanotubes preparation nitrogen doping was done by dispersing nanotubes in guanidine
carbonate. They use these nitrogen doped nanotubes for the degradation of methylene
blue in artificial solar light and concluded that doped nanotubes show higher
efficiency then the undoped ones [111].

Dong Lin and Cao Guo-xi et al., 2009 prepared TiO, nanotutbes by anodization
method. For the growth of oxide nanotube arrays titanium foil was used as a substrate.
Titanium foil was used as cathode in the electrolytic cell. For nitrogen doping the as
prepared nanotubes were soaked in aqueous ammonia solution and annealed in
ammonia atomosphere. Nitrogen from ammonia is responsible for doping in the
titania lattice. According to the analysis nitrogen doped nanotubes show highly
ordered structures and has less phase transformation at high temperature. Degradation
of methyl orange was studied under visible light using these doped and undoped

nanotubes and the results revealed that doped nanotubes show better activity [112].

Yue-Kun Lai and Jian-Ying Huang et al., 2010 fabricated highly ordered nitrogen
doped TiO, nanotubes using anodization method. 1 molar ammonia solution was used
for nitrogen doping. The effect of different annealing temperatures was also studied
on the morphology, photoabsoption and photoelectrochemical properties. According
to this study above 450 °C nanotubes structures started collapsing and morphology
was disturbed. They studied the degradation of methyl orange. Nitrogen doped
catalysts show better results then undoped catalysts. The intermediates forms during
the degradation of methyl orange as shown in figure 2.1 were analyzed by liquid

chromatography and mass spectrometry [113].
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Figure 2.1 Proposed intermediate products during degradation of methyl orange [113]

Jingjing Xu and Yanhui Ao et al., 2010 synthesized TiO, nanotubes by anodization
method. Hydrazine hydrate was used for nitrogen doping. The atomic ratio of nitrogen
to titanium was 8/25 which was calculated by EDX. Photoelectrochemical and
photocatalytic properties of doped and undoped catalysts were studied. According to
the results photocurrent of undoped nanotubes was nearly half as that of nitrogen
doped nanotubes. Photocatalytic degradation of a dye was studied and according to
the study 99% dye was degraded in 105 minutes by the doped nanotubes side wise

undoped nanotubes are able to degrade only 59% dye in same time period [114].

Rajini P Antony and Tom Mathews et al., 2012 prepared vertically aligned
nanotube arrays by anodization method. Titanium foil (1 x 1 cm) and urea was used
as precursor of titania nanotubes and nitrogen respectively. It is a single step
electrochemical synthesis which is cost effective and efficient. Nitrogen doping was
confirmed by XPS. By the incorporation of nitrogen in the lattice band gap of titania
is reduced due to which alteration in many properties were observed. Here in this

work enhancement of field emission in doped nanotubes was reported [115].

Cheng-Ching Hu, Tzu-Chien Hsu and Shan-Yu Lu, 2013 prepared nitrogen doped

TiO, nanotubes by a one step cohydrothermal synthesis. Urea was used for nitrogen
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doping. XPS confirm the Ti-N-O and Ti-O-N bonds in the lattice which assure the
successful doping of nitrogen. Rhodamine B was used to study the photocatalytic
activity of the catalysts. According to the study as the nitrogen concentration
increases the photocatalytic activity also increases up to a certain limit and after that
nitrogen doping had no effect. Morphology was also affected by the increase in urea
loading; the nanotubes transforms themselves to agglomerated particles after certain

concentration of urea [116].
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Figure 2.2 Illustration of degradation of rhodamine B by the nitrogen doped catalyst
[116].

2.4. Cobalt doped TiO, nanotubes

The main goal of doping is to decrease the band gap and limits electron hole pair
recombination which sequels to visible light active titania. Doping is influential
parameter which greatly affects the behavior of photocatalyst. Doping is parallel to

introducing impurities but in a different way.
Here are some reports related to cobalt doping:

Chien-Te Hsieh and Wen-Syuan Fan et al., 2009 synthesized cobalt doped titania
naotubes by using cobalt nitrate as precursor of cobalt. Cobalt doping was done by
simply adding 0.01 M solution of cobalt nitrate side wise other reported chemicals in
the autoclave. The hydrothermal temperature was set at 135 °C for 24 hours. Cobalt
doping and nanotubes formation occur simultaneously. Nanotubes synthesized have
high porosity and specific surface area as compare to the precursor i.e. TiO, powder.
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The activity of cobalt doped and undoped TiO, nanotubes were checked against
degradation of a basic dye BV 10 and they concluded that cobalt doped nanotubes

show better results then undoped [37].

Jung-PinWang, Hsi-Chi Yang and Chien-Te Hsieh, 2012 synthesized highly
porous cobalt doped TiO, nanotubes by hydrothermal method. Commercially
available TiO, powder and 0.01 molar solution of cobalt nitrate was used as precursor
of titania nanotubes and cobalt doping respectively. The outer diameter of nanotubes
was 10-15 nm and length of several hundred micro meters. Cobalt doping results in
narrowing of band gap and enhances the photocatalytic ability of the catalyst. The
activity of catalysts was checked against the degradation of methylene blue under
fluorescent lamp. Doped nanotubes show better activity as compared to simple titania
nanotubes [52].

V.C. Ferriera, M.R. Nunes et al., 2013 reported the synthesis of homogeneous
cobalt doped TiO, naotubes by a novel chemical route. Metallic cobalt powder and
titanium trichloride was used as starting materials. From these chemicals greenish
grey doped titania powder was formed which was used as precursor for the synthesis
of titania nanotubes. For the nanotubes synthesis simple hydrothermal method was
used. Doping shift the absorption edge of catalysts to the visible region and thus
making the photocatalyst visible light active. Methylene blue was used to study the
activity of doped and undoped catalysts. Undoped nanotubes show less activity as

compared to doped ones [117].

Xiao Zhao and Zhengqing Cai et al., 2016 reported the preparation of cobalt doped
titania nanotubes by hydrothermal method. Cobalt chloride hexahydrate
(CoCl,.6H,0) was used for cobalt doping. Hydrothermal temperature was set at 150
°C for 48 hours. Doped cobalt ions were responsible for the narrowing of band gap i.e.
2.8 eV from 3.2 eV and thus converting TiO, to visible light active catalyst.
Degradation of Phenanthrene was checked by these catalysts under solar light
irradiation. Doped catalysts show better activity as compared to undoped ones. In
addition, the cobalt doped catalysts had good reusability and could be gravity
separated [51].
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Jicai Liang and Cuiyu Hao et al., 2016 prepared cobalt doped nanotubes by a
combination of co-precipitation and hydrothermal method. Titanous sulphate Ti(SO4),
was used as titanium source and cobalt nitrate hexahydrate (CoNO3),.6H,O was used
as cobalt source. This study concluded that there is no change in lattice structure of
TiO, by the minor addition of dopants and new lattice structures are also not formed.
Degradation of methylene blue was studied under ultraviolet light. The best
degradation rate was 97.2% which was achieved when the cobalt doping content was
1.3% [53].

2.5. Codoped TiO, nanotubes

Co-doping is enhanced form of doping in which semiconductor is doped with two
elements instead of one. Co-doping just like as doping improves the activity of the
photocatalyst by narrowing the band gap and restricting electron hole pair
recombination. Mostly semiconductors are doped in a way that one element is
responsible for narrowing of band gap and other element (mostly a transition metal)

serves as function of electron donor.

Fan Dong,Weirong Zhao and Zhongbiao Wu, 2008 prepared C,N and S co-doped
TiO, nanotubes by nanoconfinement effect. Commercially available TiO, powder was
used as precursor for TiO, nanotubes synthesis. For doping of C, N and S thiourea
was used. Simple hydrothermal method was used for the synthesis of nanotubes.
Hydrothermal temperature was set at 150°C for 48 hours. Four molar ratios of
Ti/thiourea were set i.e. 1:0, 1:1, 1:2, 1:3. To check the activity of prepared samples,
photocatalytic degradation of toluene was studied. Molar ratio 1:1 show the best

results in visible and ultraviolet light [54].
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Figure 2.3 Schematic illustration of electron hole pair generation in visible light [54].
C, N and S refer to doped elements.

Jinmin Fan and Zhihuan Zhao et al., 2015 prepared chromium and nitrogen co-
doped TiO, nanotubes by two step process; hydrothermal synthesis and post
impregnation method. The autoclave was heated at 160 °C for 24 hours. Urea and
chromium nitrate was used as precursor of nitrogen and chromium respectively.
Different concentrations of chromium were used in the preparation. XPS analysis
confirms the successful doping of both dopants. Degradation of methyl orange was
carried out to check the activity of different catalysts. The degradation rate was up to
97.16% by the catalyst when the concentration of chromium was 1.06% [57]. Pictorial

illustration of dye degradation by catalysts is shown in figure 2.4.
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Figure 2.4 lllustration of the proposed mechanism for the degradation of methyl

orange over codoped and un-doped catalysts [57].



Sreenivasan Koliyat Parayill and Abdul Razzaq et al., 2015 synthesized carbon
and nitrogen co-doped TiO, nanotubes by hydrothermal method. Urea was used as a
source of carbon and nitrogen for doping. Concentration of dopants was varied to
check the best suitable concentration for photocatalysis. In 0.1 g of TiO, nanotubes
0.1, 0.3, 0.6 and 1g of urea was mixed and ground well for doping. These catalysts
were used for the conversion of CO, to CH,4. Sample having 0.6 g of urea show the
best results. According to the report more the concentration of dopants less will be the
surface area. That’s why more dopant concentration doesn’t increase the activity of
the catalyst further [56]. Figure 2.5 show the schematic illustration how nanotubes

are responsible for the conversion of CO,to CH,4
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Figure 2.5 Schematic illustration how nanotubes are responsible for the conversion of
CO, to CH4[56].

Ruey-an Doong and Chun-Yi Liao, 2016 synthesized copper and nitrogen co-doped
nanotubes by microwave assisted hydrothermal method. After hydrothermal reaction
the slurry was heated to 150 °C for 3 hours at 600 W. For Copper and nitrogen doping
copper nitrate solution was used. XPS analysis confirms the doping of copper in zero
valent stage. Nitrogen is responsible for the enhancement of visible light activity and
copper serve as electron donor specie. The activity of catalysts was checked against
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degradation of bisphenol A (BPA) under ultraviolet and visible light. Cu and N co-
doped catalyst show better photocatalytic activity then undoped catalyst [118].

2.6. TiO/Graphene oxide composite

Peng Song and Xiaoyan Zhang et al., 2012 synthesized nanocomposite films
composed of graphene oxide and TiO, nanotubes by using an easily manageable
impregnation method. TiO, nanotubes were prepared from simple anodization method
and modified Hummers method was used for the synthesis of graphene oxide. TiO,
nanotubes were immersed in graphene oxide suspension for 5 hours to prepare

TiO,/GO nanocomposite.
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Figure 2.6 Schematic illustration for the synthesis of TiO,/GO nanocomposite [119].

Visible light photoelectrochemical response was enhanced and photoconversion
efficiency was also increased 15 times when TiO; nanotubes were decorated by
graphene oxide. Degradation of methyl blue was studied to check the photocatalytic
activity of TiO,/GO nanocomposite and simple TiO, nanotubes. Nanocomposite show

better activity as compare to titania nanotubes [119].

Wei Liu and Xinzhi Wang et al., 2014 prepared nanocomposite of graphene and
TiO, nanotubes. Graphene oxide was prepared by modified Hummers method and
titania nanotubes was synthesized by hydrothermal method. Hydrothermal
temperature was set at 135 °C for 72 hours. For the preparation of nanocomposite of
graphene and titania nanotubes again hydrothermal method was used. Ascorbic acid
was used as a reducing agent. Autoclave temperature was maintained at 120 °C for 4

hours. TEM analysis confirms the nanocomposite formation.

Under light methylene blue have a self decomposition phenomenon that’s why

authors refused to use this dye. RBK5 dye was used to study the photocatalytic
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activity of the catalysts. Results clearly depicted that TiO,/GN nanocomposite show

better activity than simple titania nanotubes [120].

Hong Tao and Xiao Liang et al., 2015 successfully synthesized graphene and
titanium dioxide nanotubes composite. Graphite Oxide was prepared by modified
Hummers method which was used as a precursor of graphene and TiO, nanotubes
were synthesized from hydrothermal method. For the preparation of nanocomposite
suspension of graphite oxide and titania nanotubes was made and again hydrothermal
treatment was applied for 4 hours at 120 °C. Degradation of acetaminophen was
studied to check the photocatalytic activity of prepared catalysts.

In the preaparation of nanocomposite as the GO loading was increased photocatalytic
activity was also increased but up to a certain limit, beyond that limit activity started
decreasing because of the obstruction of light. According to the report 5% GO loading
is the best suitable ratio for maximum activity of the catalyst. Both high and low
doasage of GO affect the performance of catalyst. More the concentration of catalyst
more will be the adsorption sights available but after a specific concentration (0.4g/L)
the activity was decreased due to the shield of light because of dark color of the
catalyst. pH also had a significant effect on the degradation of acetaminophen. pH
value from 3 to 7 doesn’t drastically affect the degradation process but at pH 11 the
efficiency of the catalyst was greatly dropped [121].

Meng Wei and Junmin Wan et al.,, 2015 reported the fabrication of Titania
nanotubes co-sensitized with copper (Il) meso-tetra(4-carboxyphenyl)porphyrin
(CuTCPP) and reduced graphene oxide nanosheets. Graphene oxide was prepared by
modified Hummers method. Nanocomposite of graphene oxide and titania nanotubes
was made by hydrothermal method. Hydrothermal conditions were set at 135°C for 24
hours. Heating reflux process was used to sensitize RGO-TNT by CuTCPP. CuTCPP
has a vital role in the photon capturing and expanding the absobtion region to visible
light portion. The activity of prepared catalysts was checked against degradation of
methylene blue. 5%CuTCPP/rGO-TNT show the best results for the degradation and

even after six cycles maximum dye was degraded with this catalyst [122].

Qi Lai, Xue-ping Luo and Shi-fu Zhu, 2016 synthesized hybrids of graphene oxide
and titania nanotubes. Modified Hummers method was used for the synthesis of
graphene oxide. Titania nanotubes and GO-TNT hybrids were formed simultaneously
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by a simple hydrothermal method. Autoclave was heated at 130°C for 40 hours.
Reduction of graphene oxide occurs in hydrothermal treatment and reduced graphene
oxide was formed. As titania nanotubes formation and reduction of graphene oxide
occurs simultaneously, it results in the insertion of oxygen containing groups in the
titania layer structure. Calcination was done at different temperatures and best results
were achieved at 350 °C. Samples calcined at this temperature had more crystallinity

and show better degradation of methylene blue [123].

Huidi Liu and Yaling Wang et al., 2015 synthesized reduced graphene oxide and
titania nanotubes nanocomposites. For the preparation of titania nanotubes
hydrothermal method was used and modified Hummers method was followed for the
synthesis of graphene oxide. Nanocomposite was also prepared by hydrothermal
method. Autoclave was heated at 120 °C for 12 hours. Figure 2.7 depicts the
nanocomposite functioning for the degradation of hazardous components. Different
weight ratios of GO to TNT was used i.e. 1%, 2% and 5%. The activity of catalysts
was checked against degradation of rhodamine B and Cr (V1) under ultraviolet light.
For the degradation of rhodamine TNT-2%rGO show best results but in case of the
degradation of Cr(VI) TNT-5%rGO show best results [124].

Figure 2.7 Schematic illustration of degradation of rhodamine B dye and Cr(V1)
[124].

2.7. Photocatalytic degradation of DMMP

Studying nerve agents directly can be fatal for this purpose scientists choose some
stimulants which are like some of the nerve agents in properties and chemical nature

but are less toxic in comparison. DMMP is also a simulant of sarin (a nerve agent).
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Decontamination of these extremely toxic chemicals is necessary in some conditions.
Different physical and chemical methods have devised for this purpose as nerve

agents have incapacitating effects on humans which are irreversible.
Here are some reports related to degradation of DMMP by photocatalysis;

K.E. O'shea, I. Garcia, and M. Aguilar, 1997 used different types of TiO, powders
to degrade dimethyl methylphosphonate (DMMP) and diethyl methylphosphonate
(DEMP). Degussa P25 show best results. Intermediate products were also
investigated. Methyl phosphonic acids and low molecular weight organic acids were
mainly formed during degradation. Carbon dioxide and phosphate were formed on
complete mineralization. Side wise sonication, dissolved oxygen, increase in the
amount of titania and addition of H,O, cause the significant increase in the rate of
degradation [125].

Timothy N. Obee and Sunita Satyapal 1998, used TiO, coated glass substrate for
the degradation of dimethyl methylphosphonate (DMMP). Different concentrations of
DMMP in air (between 1 to 90 ppm) were used. Products as a result of degradation of
DMMP were identified. According to the study carbon monoxide and carbon dioxide
were identified in gas phase. Methyl phosphonic acid and phosphate were recognized
on the catalyst and due to these species catalyst was deactivated in short time. But an
interesting thing was discovered that if the deactivated catalyst was washed with
water the activity was completely regained and partially regained when exposed to
ultraviolet light [126].

Yi-Chuan Chen and Alexandre V. Vorontsov et al., 2003 reported the degradation
of dimethyl methylphosphonate (DMMP) by TiO,. They have studied the effect of
sonication in the degradation of DMMP. Sonicator having frequency of 20 kHz was
used. Increment in the degradation process was recorded in the presence of ultrasound
waves. Increment is not only because of deagglomeration of TiO, nanoparticles but
also due to the elevated mass transport of reagent. Same types of intermediates were
formed in simple photocatalysis and sonophotocatalysis [127]. Figure 2.8 show the

scheme of DMMP degradation.
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Chapter 3 Experimental Work

This chapter explains all the practical work which was performed for the synthesis of
graphene oxide, titanium dioxide nanotubes, co-doping of nanotubes with nitrogen
and cobalt and nanocomposite of co-doped titania nanotubes and graphene oxide. This
chapter also explains the details of different techniques used for the characterization

of as prepared nanocatalysts.

3.1. Synthesis of graphene oxide

Graphene oxide was prepared at the start of practical work of research. Hummers’

method was used for the synthesis of GO.

3.1.1. Materials
Graphite powder (Sigma Aldrich), Sodium nitrate (BDH), Ptassium permanganate

(Sigma Aldrich), Hydrogen peroxide (Merck), Sulphuric acid (95 % Sigma Aldrich),
Hydrochloric acid (37% Sigma Aldrich).

3.1.2. Procedure for the synthesis of graphene oxide

Hummers method was followed for the synthesis of graphene oxide. Graphite flakes
(2 g) and sodium nitrate (2 g) were mixed in 50 ml sulphuric acid in a 1000 ml
beaker. Beaker should be kept in an ice bath to maintain the temperature below 5 °C
with continuous stirring. After 2 hours stirring potassium permanganate (6 g) were
added slowly because the addition of KMnQO, cause rise in temperature so ice bath
was not removed and temperature should be maintained below 15 °C. Here greenish
color of the mixture was observed. After the addition of KMnQ, ice bath was removed
and mixture was kept under stirring for 2 days. After two days stirring the chocolaty
thick mixture was observed. Then 100 ml of water was added drop wise because
concentrated H,SO, was present in mixture and addition of water cause rise in
temperature. Temperature should be maintained below 98 °C. Further 200 ml water
was added here drop wise addition is not required. After addition of water brown
colored suspension was observed. Finally 10 ml of hydrogen peroxide (H,O,) was
added slowly. The final appearance was yellowish brown. Mixture was centrifuges at
6000 rpm and washed with 0.1 molar HCI and finally with deionized water several

times to maintain the neutral pH. Product was vacuum oven dried at 35 °C for 24
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hours. Dark brown to blackish flakes were obtained. Grinding was done for further
use and stored in an air tight vial.
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Figure 3.1 Schematic representation for preparation of graphene oxide
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3.2. Synthesis of TiO, nanotubes (TNTS)

Second step was the synthesis of titania nanotubes. Simple hydrothermal method was

used for the synthesis of nanotubes.

3.2.1. Materials
Titanium dioxide powder (Merck), sodium hydroxide (Merck), hydrochloric acid
(37% Sigma Aldrich), urea (Sigma Aldrich), cobalt nitrate (Merck).

3.2.2. Procedure for the synthesis of TiO, nanotubes

First of all 200 ml of 10 M NaOH solution was prepared. 3 g of TiO, powder was
added to this solution with continuous stirring. Stirring was done for more 30 minutes,
followed by hydrothermal treatment of the mixture at 130 °C for 72 hours. After
hydrothermal reaction precipitates were separated by centrifugation and washed with
0.1 M HCI solution and deionized water several times to attain the final pH 7. After
washing sample was vacuum dried at 80 °C for 6 hours. Calcination was done at 400
°C for 2 hours. Obtained white color fluffy solid sample was stored in a glass vial as

shown in figure 3.2.

—/‘

Figure 3.2 Prepared sample after hydrothermal reaction.

After the confirmation of morphology of naonotubes by SEM nitrogen and cobalt
doping was done. Percentage of nitrogen doping was fixed as selected after literature
survey which value is reported as best but cobalt doping was done in different

percentages. The procedure of doping and co-doping is explained below.
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3.2.3. Procedure for nitrogen doping

First of all 200 ml of 10 M NaOH solution was prepared. 3 g of TiO, powder was
added to this solution with continuous stirring. After stirring of 30 minutes urea was
added and mixture was stirred for more 30 minutes, followed by hydrothermal
treatment of the mixture at 130 °C for 72 hours. After hydrothermal reaction
precipitates were separated by centrifugation and washed with 0.1 M HCI solution
and deionized water several times to attain the final pH 7. After washing, sample was

vacuum dried at 80 °C for 6 hours. Finally annealing was done at 400 °C for 2 hours.

3.2.4. Procedure for Cobalt and nitrogen co-doping
The nitrogen doped nanotubes of TiO, obtained from the above experiments were
then doped with cobalt by using cobalt nitrate hexahydrate (Co(NO3),.6H,0O) by the

following procedure.

First of all 30ml of Co(NO3),.6H,0 solution was prepared with varied concentrations
i.e. 0.6 mM, 1.35 mM, 2.06 mM and 2.75 mM (0.2g , 0.4g, 0.6g and 0.8g in 30 ml

water) as shown in figure 3.3.

Figure 3.3 30 ml solution of cobalt nitrate hexahydrate

1 g of nitrogen doped nanotubes were dispersed in the solution. Color of the
dispersion changes from pink to green. After stirring of 24 hours mixture was dried in
vacuum oven at 80 °C for 4 hours. After drying, annealing was done at 400 °C in a
heating furnace as shown in figure 3.4. After calcinations green colored final product
was obtained in the form of powder. Figure 3.5 show variation in color with the

increase in dopant concentration.
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Figure 3.4 Furnace for calcination of samples present at SNS, NUST, Islamabad

Figure 3.5 Prepared N and Co co-doped titania nanotubes samples.
From left to right concentration of cobalt is increasing as depicted by the darkening of

sample color.

Here is the table depicting the details about all prepared samples including sample
composition, urea loading cobalt, nitrate hexahydrate loading and annealing

temperature.
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Table 3.1 Indices of samples and experimental details

Sample ID

Sample

Composition

TiO,:Urea

(Mass ratio)

TiOg:Co(N03)2.6H20

(Mass ratio)

Annealing

Temp.

B-TiO,

Bulk TiO;

TNT

Titania

nanotubes

400 °C

N-TNT

Nitrogen
doped titania

nanotubes

1:2

400 °C

1-CoN-TNT

Coand N
codoped
titania

naotubes

1:2

1:0.2

400 °C

2-CoN-TNT

Coand N
codoped
titania

naotubes

1:2

1:04

400 °C

3-CoN-TNT

Coand N
codoped
titania

naotubes

1:2

1:0.6

400 °C

4-CoN-TNT

Coand N
codoped
titania

naotubes

1:2

1:0.8

400 °C

3.3. Synthesis of rGO/CoN-TNTs nanocomposite

After the degradation study of a dye by using co-doped TNTs we selected the best

catalyst and prepared its nanocomposite with rGO to further enhance the properties

and check its degradation capability too.
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3.3.1. Materials
As prepared co-doped TiO; nanotubes and graphene oxide.

3.3.2. Procedure

Graphene oxide was dispersed in 30 ml of deionized water by probe sonicator. After
30 minutes of sonication co-doped TNTs was added and again sonication was done at
low amplitude. Then vigorous stirring was done for 3 hours. The prepared suspension
was transferred to autoclave and held at 120 °C for 12 hours. The product was washed
with deionized water several times and dried under air at 60 °C. The obtained sample

is denoted as reduced graphene oxide, co-doped TNTs nanocomposite.

3.4. Characterization of the catalysts
Morphology, crystalline phase, particle size, elemental analysis and surface area was
found by using different characterization techniques. Above discussed properties were

distinguished under two main types; the structural and optical properties.

3.4.1. Structural properties
Morphology, crystalline phase, topography and elemental analysis are under this
heading. Techniques used for studying these properties are as under:

3.4.1.1. Scanning electron microscope
Scanning electron microscopy is fundamental to microstructural or nanostructural

study. It is world widely used to obtain the following information:

a) Topographical descriptions
b) Morphology

c) Phase distributions

d) Crystal structure

e) Presence of any defects

f) Elemental composition (with the addition of EDS)

Instrumentation: Electron optical column, vacuum system, signal detection and a
display system are the main parts of the instrument as shown in diagram 3.8. Optical

column is having magnetic lens, aperture and electron source. A vacuum pump is
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attached side wise which creates vacuum inside the chamber. When beam of electron
is fired from electron gun, condenser lens confine the electron beam. The condenser
lens is also responsible to make the beam coherent. Focusing of the beam is done by
objective lens. Interaction of electron beam with sample produces some specific
signals which are detected by detectors and display on computer [128]. Figure 3.6

show schematic diagram of SEM.

high-voltage
cable

filament — V ] & -wehneltcap

anode —
cloctron beam —b———4  =======" > =
condensor lens ¥

spray
apertures

scanning coils adjustable

aperture
objective lens P
backscattered
energy dispersive electron E
x-ray detector detectors .
secondary
electron _j
detector sample infrared
Sample chamber camera

Stage

(----

to pumps
Figure 3.6 Schematic diagram of scanning electron microscope (SEM) [129]

Principle of method: When beam of electrons is generated by an electron gun, it
interacts with the sample surface using a potential difference and directed by magnetic
fields. When beam of electrons intrude on the surface of sample it interacts with
atoms of the sample by different mechanisms. As a result different type of signals are
produced which provide information about the sample. Different types of specially
designed detectors are present in assembly which are used to sense and collect these

signals. Table 3.2 represents some detectors and types of signals.
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Table 3.2 Different types of signals generated, detectors and information provided by

these signals.

Signal Detector Information Provided
Secondary electrons Everhart-Thornley (ET) Surface features

Detector
Back scattered electrons | Solid state detector Crystallographic structure

and Surface features
X-rays EDX detector Compositional analysis

and phase analysis

EDX or EDS is analytical technique hyphenated with SEM. From EDX elemental
composition of the sample can be easily find out. When highly energetic beam of
electrons hit the sample, the atoms produce characteristic x-rays. These x-rays are
detected by detectors and displayed in the form of spectrum having specific peaks for
each element thus giving the information about elements present in the sample. Figure
3.7 show block diagram of EDS machine.

Pile-up
Elsctron Rejector

Beam
Crycestat

4[’}—' MCA |—| Computar |
){-nsrg.fsl__.—- FET Amplifier

- SitLil Preamplifiar
- 1L Diig
o Dot

Sample

Figure 3.7 Schematic representation of EDS/EDX

SEM used in this study for the characterization of sample is JSM-6490A, made by
JEOL, present in School of Chemical and Materials Engineering of NUST, Islamabad
as shown in figure 3.8 and for EDS TESCAN machine present at IST, Islamabad was

used as shown in figure 3.9.

52



Figure 3.8 Scanning Electron Microscope present at SCME, NUST, Islamabad

Figure 3.9 Scanning Electron Microscope at IST, Islamabad

3.4.1.2. X-ray Diffractometry (XRD)

XRD is one of the unswerving techniques mostly used for the identification of phases.
Quantitative analysis by XRD is also possible as the intensity of any peak refers to the
concentration of particular phase in the sample.

53



Principle of XRD: X-rays have high energy and small wavelength. Wavelength of X-
rays (0.5-50A) is comparable with the distance between atoms in solids. When X-rays
strike on atoms of solid sample they are weakly scattered in all directions.
As crystals have different lattice planes. Structural details of crystals are ideal to
explore only when the scattering from a given family of planes are strong enough that

x-rays reflected by each plane arrive at the detector in phase [130].

Incid
ent

Incident radiation “Reflected" radiation Reflected Beam Of
X-Rays

‘Transmmed radiation

Figure 3.10 Schematic diagram illustrating of diffraction of X-rays from crystal

planes

After interacting with atoms the way these rays are diffracted are investigated in XRD

analysis. Diffraction occurs on the princilple of Bragg’s law which is stated as:
Bragg’s Law:
2dsinb=n Equation 1

Where;

d = Inter planes spacing
0 = Incident angle

A = wavelength of x-rays

n =1 for a monochromatic radiation

Typically we get a plot having 20 values on x-axis and intensity on y-axis. The results
are then computed to get information about the crystallinity, phase and particle size

[130]. The particle size of crystallites can be find out by applying Scherer’s formula.
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Scherer’s formula

D=KAMBcos®6 Equation 2
Where;
D = Particle size of crystallites
K=0.9

A = wavelength of x-rays
B = Full width half maxima (FWHM)
0 = Bragg’s angle in degrees

For this study XRD analysis were carried out using STOE powder diffractometer at
SCME NUST. It utilizes a monochromatic radiation Cu Ko with wave length of 1.54
A

3.4.2.4. Surface area measurement (BET analysis)

Specific surface area and pore size distribution of the sample can be find out by BET
analysis (Brunauer, Emmett and Teller). This information is used to predict the
efficiency of the catalyst. As more the surface area of the catalyst more will be the
adsorption of dye/pesticide (component which we want to degrade) on catalyst and

thus resulting in more efficiency.

For BET analysis sample should be completely dried because this technique is only
applicable on dry solid samples. Prior to analysis degassing was done to remove any
moisture from sample. Other contaminants can also be removed by degassing process.
To shorten the degassing time period highest possible temperature was set at which
sample may not damage or degrade. Very stable samples have less degassing time but
according to IUPAC recommendation 16 hours degassing should be done. After
degassing sample is shifted to analysis port. Here sample is cool down by liquid
nitrogen. Low temperature is achieved to ensure the maximum interaction between
gas molecules and solid sample. Helium gas is passed for the dead run as He is very
stable gas and do not adsorb on the sample surface. Then nitrogen gas is passed for
adsorption. Sample is heated to get desorption isotherm [131]. Figure 3.11 show the

block diagram of BET analyzer.
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Figure 3.11 Schematic representation of the BET analysis instrument. The degasser is
not shown [131]

3.4.2. Optical properties

Optical properties of the samples can be found out by using the following techniques;

3.4.2.1 Infrared Spectroscopy

IR spectroscopy is a non destructive analytical technique which gives us information
about the functional groups present in the chemical compound. IR is qualitative as
well as quantitative analysis technique.

Infrared spectroscopy is also known as vibrational spectroscopy. Infrared radiations
are used in this technique. When IR radiations are absorbed by the molecules of the
sample, molecules are excited from ground energy state to higher energy states and
thus gaining higher vibrational amplitude. When radiations interact with sample it
produces bending and stretching vibrations that match with frequencies of bonds
present in the sample. These vibrations are fundamental vibrations. There are two
types of fundamental vibrations; Stretching vibrations and bending vibrations.

Bending vibrations are of low frequency as compare to stretching vibrations.

There are different methods for the preparation of samples. Powder samples, KBr
pelleting and simple solutions are mostly used for analysis. Spectra are obtained
having wave number on x-axis and % transmittance or absorbance on y-axis.
Characteristic peaks of every functional group give rough idea about the structure of
the molecules in the sample.
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FTIR used in the study is ALPHA model, SN 200488 present in SNS, NUST,

Islamabad as shown in figure 3.12.

Figure 3.12 FTIR spectrophotometer present at SNS, NUST, Islamabad

3.4.2.2. UV-Visible Spectroscopy

UV-Visible region is having wavelength of radiations from 200-800 nm. Ultraviolet
region is from 200-380 nm and above this region lies visible region. Electrons are
excited when molecules absorb UV-visible radiations.

This technique is useful for quantitative analysis. As the Beer Lambert Law states that
absorbance of a solution has a direct relation with the absorbing species in the

solution. It is stated as:
A=el Equation 3

Where;

A = Absorbance

€ = Molar absorptivity in L M cm™
¢ = Concentration in M L™

| = Path length in cm

Thus by keeping the path length constant we can calculate the concentration of
absorbing species in the solution.
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We get a xy graph having absorbance on y-axis and wavelength on x-axis. From this
graph band gaps of the catalysts can be find out by constructing tauc plots. Photon

energy (hv) versus (chv)'?

graph is first constructed. An extrapolation of a line at
particular region in the graph touches the x-axis at a specific value which indicates the

value of band gap for a particular semiconductor.

3.4.3. Thermal properties

For the analysis of thermal properties many techniques were devised i.e. differential
thermal analysis (DTA), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and thermomechanical analysis (TMA).

3.4.3.1. Thermogravimetric analysis (TGA)

Changes in physical and chemical properties of materials as a function of constant
increase in temperature are measured by thermogravimetric analysis. TGA give
information about both physical and chemical phenomena’s. Physical phenomena’s
include adsorption, desorption, sublimation and vaporization and chemical
phenomena’s like oxidation, reduction, dehydration and chemisorptions can be

studied by this technique.

TGA is related to mass loss or mass gain so properties related to mass can be easily
predicted. TGA is very precise about mass change and temperature change. Figure

3.13 Block diagram representing TGA instrumentation.

Atmosphere control
Furnace Sample holder
Fumace /A Recorder
temperature Y )/
programmer
Temperature
sensor '
Recording Balance control
balance

Figure 3.13 Block diagram representing TGA instrumentation.
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Chapter 4 Results and Discussion

This chapter explains the chracterization and structural changes of the as prepared
doped and co-doped TiO, nanotubes and nanocomposite of reduced graphene oxide

and TiO; nanotubes. Chapter also includes the degradation studies of methyl orange.

4.1. Results of the structural, optical and thermal properties of the

catalysts

Structural, optical and thermal properties were studied by analysis of samples by

different techniques. Results are explained as under;

4.1.1. Scanning Electron Microscopy (SEM)
SEM images for different samples of catalysts were taken. The images of TiO,
commercially available powder show that these particles are spherical and are in

nanometer range as shown in figure 4.1.

SEM MAG: 200 kx WD: 6.17 mm ARURET MIRA3 TESCAN SEM MAG: 100.0kx = WD: 6.17 mm Ll MIRA3 TESCAN
SEMHV: 200KV Det: SE +InBeam 200 nm SEMHV: 200KV Det: SE+InBeam 500 nm
Bi: 10.00 Date(m/dly): 01/24/17 Performance in nanospace BI: 10.00 Date(m/dly): 01/24/17

: o "
SEM MAG: 50.0 kx WD: 617 mm | | MIRA3 TESCAN SEM MAG: 25.0 kx WD: 6.17 mm Ll
SEMHV: 200KV Det: SE + InBeam | 1um SEMHV: 20.0kV  Det: SE +InBeam 2 pm
BI: 10.00 Date(m/dly): 01/24/17 erformance in nanospace BI: 10.00 Date(m/dly): 01/24/17

Figure 4.1 SEM images of TiO, powder
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Figure 4.2 shows SEM images of undoped TiO; nanotubes prepared by hydrothermal
method. The excessive charging at the end points of tube like structures shows the
presence of open ends. Length of these nanotubes is in micrometer range but diameter

IS in nanometer range.

20kv  X50,000 0.5pm 2017 SCME NUST 20kV  X40,000 0.5pm 2017 SCME NUST

Figure 4.2 SEM images of undoped TiO, nanotubes

SEM images of powder samples of nitrogen doped and co-doped TiO, nanotubes are
shown in figure 4.3 and 4.4 respectively. Reported SEM images of nanotubes in many
papers also have woven thread like structures like ours. TEM is the best technique for

the complete morphology determination of nanotubes.
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Figure 4.4 SEM image of codoped TiO,

SEM images of graphene oxide show stacked sheets as shown in Figure 4.5. These
sheets are of micrometer size and may have thickness in nanometer range depending
on the number of stacked sheets.
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Figure 4.5 SEM images of graphene oxide sheets

4.1.2. Energy dispersive X-ray spectroscopy (EDX)

EDS or EDX is used for the elemental composition detection of the sample. Each
element show specific peak in the graph depicting its presence in the sample. In our
co-doped sample EDS clearly show peaks of titanium, oxygen and cobalt. Fig 4.6

shows EDS spectra of the catalyst having least composition of cobalt.

0 2 4 6 2 10 12 14 16 18
Full Scale 4451 cts Cursor: 0.000 ke’

Figure 4.6 EDS spectra of 2-CoN-TNT
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Table 4.1 Elemental composition of 2-CoN-TNT

Element Weight% Atomic%
O 44.34 70.47
Ti 55.44 29.43
Co 0.22 0.09

4.1.3. X-ray Diffraction (XRD)
XRD spectra of all the prepared samples are stacked in fig. 4.7. In rGO/CoN-TNT all
characteristic peaks of anatase phase of TiO, with reference to JCPDS card no. 21-
1272 were observed. Anatase has characteristic peaks at 25.3°, 37.3°, 47.6°, 53.5° and
55.1° two theta values and all of them are present in rGO/CoN-TNT which depicts the
presence of pure anatase phase. A shoulder is observed in a peak present at 25.24°
which depicts the presence of reduced graphene oxide as reduced graphene oxide has

its characteristic peak at 24°.

In co-doped TiO, nanotubes broad peaks having low intensity at ~24.5°, ~28.9° and
~48.2 were observed with slight shifting in all samples. These peaks are characteristic
peaks of titanate formation in hydrothermal process. Peak broadening is because of
low crystallite size, low crystallinity and thin walled nanotubes formation. As
according to many studies nanotubes show broad peaks of titanate having low
intensity. There are many reports regarding the titanate nanotubes formation in
hydrothermal process and there good catalytic performance [56,116]. Titanate can be

easily converted to anatase phase by optimization of annealing temperature.

No nitrogen and cobalt derived peaks were observed because of low concentration
and uniform distribution of dopants. Possibility of cobalt oxide coating was also ruled

out in this way. Characteristic rutile peaks were also not observed.
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Intensity (a.u.)
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Figure 4.7 XRD spectras of prepared samples (a) TNT, (b) N-TNT, (c) 2-CoN-TNT,
(d) 4-CoN-TNT, (e) 6-CoN-TNT, (f) 8-CoN-TNT and (g) rGO-CoN-TNT
JCPDS card no. 21-1272 for anatase TiO;

4.1.4. Brunauer Emmett-Teller (BET) surface area analysis

BET analyses of all the prepared samples were done and surface area was calculated.
The surface area of the commercially available titania powder is very less and
synthesized nanotubes show remarkable increase in the surface area. Maximum
surface area was achieved by simple nanotubes and nitrogen doped nanotubes. As the
concentration of cobalt was increased the surface area was decreased because after

certain limit the addition of dopants may cause the pore blockage.

Graphene oxide is showing the minimum surface area because no exfoliation of
graphene oxide was done and the stacked sheets are showing very less surface area.
But in the case of rGO/CoN-TNT (composite of reduced graphene oxide and codoped
nanotubes) we saw increase in surface area as compare to simple graphene oxide
because in the synthesis route we have done exfoliation by probe sonicator at very
high amplitude which causes the separation of layers and thus surface area was

increased. The surface areas of all the catalysts are shown in the following table.
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Table 4.2 BET surface area of different samples

Sample Code BET Surface area (m“/g)
TiO, Powder 11
GO 0.6
TNT 168
N-TNT 168
2-CoN-TNT 117
4-CoN-TNT 116
6-CoN-TNT 90
8-CoN-TNT 87
rGO/CoN-TNT 62.29

4.1.5. Diffuse reflectance spectroscopy and tauc plots

From the DRS spectras tauc plots were constructed and band gaps were calculated.
TiO, in anatase form have band gap of 3.2 eV which is quite enough to make it UV
light active only. For making titania visible light active band gap is reduced by

doping. Band gaps of all prepared samples are shown in the table 4.8.
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Figure 4.8 Tauc plots of (a) 2-CoN-TNT, (b) 4-CoN-TNT, (c) 6-CoN-TNT and
(d) 8-CoN-TNT
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Table 4.3 Band gaps of prepared samples

Sample code Band gap (eV)
2-CoN-TNT 2.59
4-CoN-TNT 2.54
6-CoN-TNT 2.48
8-CoN-TNT 243

4.1.6. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra of all the prepared samples are shown in figure 4.9 which conveys
information about attached functional groups. Prominent peak at 500 cm™ is seen in
all titania samples. This peak is because of stretching vibrations of Ti-O-Ti bonds.
Peaks at 3320 and 1630 cm™ are because of the stretching and bending vibrations of
adsorbed water molecules respectively.

A prominent peak at 1350 cm™ is observed in all codoped samples. This characteristic
peak is because of the presence of free nitrate ions as cobalt nitrate was used for
cobalt doping. This peak is absent in nanocomposite rGO/CoN-TNT although
codoped sample was used for nanocomposite formation. Excessive washing in the
synthesis procedure of nanocomposite cause the removal of nitrate ions thus depicting
no characteristic peak in particular sample.

GO has many oxygen containing functional groups attached that’s why it shows many
characteristic peaks. Broad peak at ~3200 -3500 cm™ is representing stretching
vibrations of —OH bond, peak at ~1720 cm™ is because of -C=0 stretching vibrations
(most probably aldehydic group) and prominent peak at 1627 cm™ is because of C=C
stretching vibrations. In rGO/CoN-TNT peak at 3400 cm™ is broader as compare to
simple nanotubes because of the presence of —OH groups attached on reduced
graphene oxide sheets but this peak is less broad as compare to graphene oxide,
depicting the reduction of graphene oxide in the synthesis process of composite
formation [120].
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Figure 4.9 FT-IR spectra of as prepared samples
4.1.7 Thermo gravimetric analysis (TGA)

TGA provide us information about the thermal stability of samples. All samples were
analyzed by 10 °C increase in temperature per minute in nitrogen environment.
Graphene oxide show mass loss in three stages. Mass loss below 100 °C was due to
the removal of physically adsorbed water on the surface of GO. Different functional
groups containing oxygen and hydrogen are attached on graphene oxide sheets. These
functional groups form hydrogen bonding with the trapped interlayer water molecules
and other attached functional groups as shown in figure 1.19. Slight mass loss was
observed between 100-200 °C was because of the breakage of these hydrogen bonds

and again water loss is the cause of this decrease in mass.

Near 200 °C great mass loss was observed because of the decomposition of oxygen
containing groups and formation of CO, and H,O. Here water removal is because of
covalent bonds cleavage of different functional groups attached. Mass loss near 600

°C was observed due to the destruction of carbon double bonds of graphene. Whereas
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composite, simple titania nanotubes and codoped titania nanotubes show good

thermal stability. No mass loss was observed at 200°C in rGO/CoN-TNT confirms the
reduction of graphene oxide [121].
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Figure 4.10 Thermogravimetric analysis graphs of samples

4.2. Investigation of the catalytic activity of the synthesized

nanocatalysts against methyl orange

4.2.1. Degradation experiment

Degradation of methyl orange was studied to evaluate the activity of as prepared
catalysts.

Methyl orange (Scharlau) was used. A solution of 0.1 mM of methyl orange was
prepared in distilled water as stock solution and diluted to 0.01mM for photocatalytic
study. Figure 4.11 show different concentration solutions of MO.
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Figure 4.11 Different concentration solutions of methyl orange.
(@) 3 mM, (b) 0.1 mM, (c) 0.01 mM.

For the experiment about 50 ml solution of 0.01 mM concentration of MO was
prepared and 50 mg catalyst was added. The samples was stirred in dark for two hours
to ensure adsorption desorption equilibrium. Then 130 micro liters hydrogen peroxide
was added as its addition cause the increment in the rate of degradation of dye [132].
Then samples were kept in the reactor chamber having 250 W energy saver under
continuous shaking over a shaker at 150 rpm. After different time intervals aliquots
were taken, centrifuged and examined from UV-vis spectrophotometer. MO have
characteristic peak at 464 nm and decrease in the absorbance at this point indicates
MO degradation.

4.2.1.1. Methyl Orange degradation
Each catalyst was checked against degradation of methyl orange. Following graphs

and data show degradation of methyl orange against prepared catalysts.

First of all undoped as prepared titania nanotubes were studied. TiO, is UV light
active and its activity against MO degradation is very less in visible region.
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Figure 4.12 Activity of undoped TNT’s against MO in visible region

Nitrogen doped TiO; nanotubes show better efficiency then undoped TNT’s.
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Figure 4.13 Activity of nitrogen doped TNT’s against MO in visible region.

Cobalt and nitrogen co-doped TiO, nanotubes show better results. As the doped
element concentration increases the activity should also increase but 4-CoN-TNT
show best results, there are many factors involved due to which high efficiency of
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particular catalyst was achieved. The reasons include (i) high surface area of 4-CoN-
TNT, as we know that surface area have direct relation with degradation efficiency
because more the surface area more will be the available active sights, (ii)
concentration of dopant above particular value may also clog the pores or activation
sights thus cause lowering in effeciency and (iii) as the dopant concentration was
increased the color of catalyst became darker so penetration of light is quite difficult,

so absence of light in the core cause poor activity of catalysts.
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Figure 4.14 Activity of co-doped TNT’s against MO degradation.

Best results for the degradation of MO were shown by a composite of reduced

graphene oxide and 4-CoN-TNT.
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Figure 4.15 Activity of rGO/CoN-TNT against MO degradation.

Blank solutions were also run which show almost no degradation under visible light

and conforms that degradation of methyl orange is caused by the as prepared

catalysts.
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Figure 4.16 Blank run with MO and MO + H,0;
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Figure 4.17 Activity of all prepared catalysts and blank run for MO degradation

Percentage efficiency of all catalysts is shown in the following graph;
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Figure 4.18 Comparison of percentage efficiency of all catalysts against MO
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Figure 4.19 Methyl orange solution (a) before and (b) after degradation
The main objective of the study was to make titania visible light active and more

efficient by using different techniques. Table 4.4 shows the findings of degradation of
methyl orange.
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Table 4.4 Degradation rate calculation for MO degradation under visible light

Time | Absorbance
Catalysts Cq Co Ci/C,
(hr) examined
2 0.396 0.010894 0.997525
3 0.392 0.010784 0.987472
4 0.387 0.010647 0.974905
TNT 5 0.372 0.010235 0.397 0.937206
6 0.346 0.009522 0.87186
7 0.321 0.008835 0.809028
8 0.301 0.008286 0.758762
2 0.395 0.010867 0.995012
3 0.382 0.01051 0.962339
4 0.355 0.009769 0.89448
N-TNT 5 0.281 0.007737 0.397 0.708497
6 0.235 0.006475 0.592885
7 0.202 0.005569 0.509947
8 0.192 0.005295 0.484814
2 0.392 0.010784 0.987472
3 0.341 0.009384 0.859294
4 0.265 0.007298 0.668284
2-CoN-TNT | 5 0.249 0.006859 0.397 0.628071
6 0.201 0.005542 0.507433
7 0.164 0.004526 0.414442
8 0.082 0.002275 0.208352
2 0.383 0.010537 0.964852
3 0.302 0.008314 0.761276
4 0.205 0.005651 0.507433
4-CoN-TNT | 5 0.201 0.005542 0.397 0.517486
6 0.187 0.005157 0.472247
7 0.12 0.003318 0.303857
8 0.045 0.00126 0.11536
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2 0.391 0.010757 0.984958

3 0.339 0.009329 0.854267

4 0.235 0.006475 0.592885

6-CoN-TNT 5 0.217 0.005981 0.397 0.547646
6 0.194 0.00535 0.48984

7 0.145 0.004005 0.366689

8 0.065 0.001809 0.165626

2 0.394 0.010839 0.992498

3 0.379 0.010427 0.954799

4 0.329 0.009055 0.829134

8-CoN-TNT 5 0.274 0.007545 0.397 0.690904
6 0.223 0.006146 0.562726

7 0.187 0.005157 0.472247

8 0.106 0.002934 0.268671

2 0.13 0.003593 0.32899

rGO/CON- 3 0.125 0.003456 0.316423
TNT 4 0.085 0.002358 0.397 0.215892

5 0.034 0.000958 0.087714
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4.2.2. Reaction Kinetics
Reaction kinetics of the photocatalytic reaction depends on the catalyst concentration
and concentration of the degrading component (methyl orange and dmmp). As the

concentration of the catalyst is constant so the expression can be written as;
In C/C, = -Kt

For finding the order of reaction a plot between In Co/C;vs time is given by the
following figures;

0.3

*
0.95% v=0.0475x - 0.0408
R2=EI.92EI?/
0.2 /‘
0.15

0.1 /
0.05 *
0 I/ T T T 1
2 4 5] ]

-0.05

In CojfCt

0.1

Time (hr)

Fig Plot between In C,/C; vs time for MO

The linearity of a graph shows the order of reaction is first order under pseudo

condition. From the slope rate constant can be calculated.
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Chapter 5: Conclusions and Future
Plans

Cobalt and nitrogen co-doped TiO, nanotubes were synthesized efficiently from
simple hydrothermal method. Conditions for hydrothermal method were same for all
samples i.e. heating at 130°C for 72 hours. Urea and Co(NO3),.6H,O were used as
precursors of nitrogen and cobalt dopants. Different ratios of Co(NO3),.6H,O added
gave different cobalt loading. All samples were characterized by FT-IR, UV-Vis
DRS, SEM, TGA, BET, XRD and EDX.

FT-IR confirms some stretching and bending vibrations related to adsorbed water
molecules and oxygen containing functional groups attached on graphene oxide. SEM
confirms the tube like morphology. By using DRS data we have constructed tauc plots
and are able to find band gaps. A decrease in band gap was observed after doping.
TGA confirms the thermal stability of TiO, even at very high temperatures. The
surface area was increased by many folds as compare to starting titania powder was

justified by BET analysis.

Among all the synthesized catalysts 4-CoN-TNT show the best activity as its
efficiency was nearly 88%. This catalyst was selected for the synthesis of composite
with graphene oxide. In situ reduction of graphene oxide was reported and the
composite formed have highest efficiency up to 93%.

In future these catalysts will be tested against different pesticides and war fare agent
stimulants i.e DMMP. Recyclability of catalysts will be tested and effect of
degradation on different properties of catalysts will be examined. As we are using one

specific concentration of graphene oxide, we will also optimize it.
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