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Summary

In this work, carbon nanotubes (CNTSs) were prepared using the flame
fragment deposition (FFD) method by using a homemade manufactured
reactor with the use of liquefied petroleum gas (LPG) as a carbon source.
The nanocomposites TiO,/CNTs were prepared from two types of TiO,,
namely, anatase and P25 Degussa, in different proportions of both types.
These were 1:0.010, 1:0.025, and 1:0.050, and these were prepared using a

simple evaporation and drying process.

All the prepared nanomaterials were investigated using different
techniques such as X-rays diffraction (XRD), Fourier transform infrared
(FTIR) spectrometer, thermo gravimetric analysis (TGA), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
transmission electron microscopy (TEM), and Raman spectroscopy. The

diameter of the synthesized CNTs was in the range of 29-50 nm.

The optical properties of the prepared nanocomposites TiO,/CNTs were
investigated using UV-Vis. Spectroscopy that revealed that the energy band
gaps were equal to (3.13, 3.1, 3, 2.9 eV) for TiO, anatase and its composites
(TiO,/0.01CNTs, TiO,/0.025CNTs, TiO,/0.05CNTSs) respectively. For TiO,
Degussa and its  composites  (TiO,/0.01CNTSs,TiO,/0.025CNTs,
Ti0,/0.05CNTs) were equal to (3.22, 3.1, 3, 2.95 eV) respectively. The
activity of these materials was investigated by probing their activity as active

electrodes in fabricated dye synthesized solar cells (DSSCs).

These DSSCs were designed using TiO, of both types (anatase and

Degussa) and their composites with synthesized CNTs as the anode (front



electrode) and (Pt, graphite, CNTSs) as the cathode (back electrode) deposited
on the surface of fluorinated tin oxide glass (FTO) in the presence of natural
pomegranate dye and iodine electrolyte solution. The photovoltaic cells
prepared with TiO,(Degussa)/CNTSs as the anode electrode performed better
than the others, especially when used with platinum as the cathode electrode,
where their efficiency reached 3.679% at the TiO,(Degussa), 0.025 CNTs/Pt
ratio.
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Chapter One Introduction

1.1. General Introduction

Nanoscience is the study of phenomena and manipulation of materials
at the atomic, molecular, and macromolecular scales in order to
understand and exploit properties that differ from those at larger scales.
The science of nanotechnology is concerned with the design, synthesis,
and application of materials and devices whose size and shape have been
engineered at the nanoscale (usually cited 1-100 nanometers) [1, 2]. Nano
is derived from the Greek word "nanos,” which means "dwarf" [3].
Because of their size and structure, nanomaterials have different physical
and chemical properties than bulk materials of the same composition [4].
Nanomaterials are materials in nanostructures and must have at least one
dimension on the nanoscale . Clusters, quantum dots, nanoparticles,
nanowires, and nanotubes are examples of nanostructures [5].
Nanomaterials can be both natural and synthetic (engineered
nanomaterials). Natural nanomaterials are found in nature, such as
volcanic ash and soot from forest fires. While carbon nanotubes (CNTS),
carbon nanofibers (CNFs), graphene, fullerenes, silica, clay, metal, and
metal oxide nanomaterials are examples of engineered nanomaterials that
can be produced with specific shape, size, and surface properties,
nanomaterials are classified into 0-D (quantam dots, nanoparticles), 1-D
(carbon nanotubes, nanorods, and nanowires), 2-D (nanofilms,
Nanosheets, Nanodisks, Nanoprisms, Nanoplates), and 3-D
nanomaterials based on their size and shape, with 0-D, 1-D, and 2-D
nanomaterials forming interfaces (powders, fibrous, multilayer, and
polycrystalline materials). Typically, the performance of nanomaterials is
determined more by surface area than by material composition
Nanomaterials are distinguished by their optical, magnetic, electrical,

chemical, and other properties. These properties have a large impact on
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electronics, sensors, energy devices, medicine, cosmetics, catalysis, and
many other fields. High performance portable batteries, fuel cells, and

solar cells are examples of the effects of nanomaterials on energy [6-8].

1.2. Types of Nanomaterials
Classification based on Chemical Composition.
1.2.1.Carbon-Based Nanomaterials

Fullerenes, carbon nanotubes, graphene and its derivatives, graphene
oxide, nano diamonds, and carbon quantum dots are all carbon-based
nanomaterials can be explain in Figure (1.1). Carbon nanoparticles have
piqued attention in a variety of sectors, including biomedical uses,
outstanding mechanical, optical, and chemical capabilities, and
extraordinary structural dimensions [9]. Because a single carbon atom
may form several valence bonds, each with its own orbital hybridization,
carbon has a variety of structural forms. Carbon nanomaterial is one of
the materials that has been investigated the most [10]. Carbon
nanoparticles (CNPs) have shown great promise in a wide range of
electrochemical applications, from energy storage and conversion (fuel
cells, batteries, and super capacitors) to electrochemical sensing, due to
their inherent electrochemical properties, large specific surface area,
electro catalytic properties, supported electron transfer, and excellent

electrical conduciveness [11].
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Figure (1.1): Various types of carbon-based nanomaterials [12].
1.2.2. Inorganic-Based Nanomaterials

Inorganic nanomaterials (e.g., non-metals, metal, metal oxide, and
ceramic-based NMs), such as gold nanoparticles, mesoporous silica
nanoparticles, graphene, magnetic nanoparticles, quantum dots, and
coated double hydroxides, have been one of the most active research
areas in biochemistry, biotechnology, and biomedicine can be explained
in Figure (1.2) .Because of their ease of synthesis/alteration, inherent
physicochemical properties, and high biocompatibility, inorganic
nanomaterials have shown enormous potential in bio imaging, selective
drug administration, and cancer therapy [13]. Inorganic materials with
several dimensions on a nanoscale have characteristics that differ from
their bulk counterparts [14]. Inorganic nanomaterials are a large class of
nanomaterials that includes a wide range of elementary chemicals and
compounds with a wide range of properties in optics, electronics,

magnetics, and catalysis [15].
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Figure (1.2): Various types Inorganic nanomaterials [16].

1.2.3. Organic-Based Nanomaterials

Organic nanoparticles are stable particles made up of organic
substances (often lipids or polymers) with diameters ranging from 1nm to
10 nm. This sort of nanoparticle has seen a lot of growth and active
research due to its excellent ability in a wide range of industrial domains
spanning from electrical to photonic, conductive materials to sensors,
medicine to biotechnology [17]. This type can be explained in Figure
(1.3) [18].
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Figure (1.3) : Various types organic nanomaterials.

1.2.4. Composite-Based Nanomaterials

A composite material is created by combining two or more materials,
often with very different properties, and these materials work together to
give the composite its unique properties. However, because the different
materials do not dissolve or blend into each other, it may be possible to
tell them apart inside the composite [19]. Chemical inertness (non-
reactivity) is one of the requirements for the selection and fabrication of
composite materials [20]. Nanocomposites are composites in which at
least one of the phases has dimensions in the nanometre range (1-100nm)
[21]. Nanocomposites have unique properties that go beyond their small
size, large surface area, and phase relationships at their interfaces. It is
ready to improve the performance of drugs, catalysts, biomaterials, and
other high-value materials [22] as shown in Figure (1.4). lon poisoning,
electrical composition, physical mixing, film casting, dipping coating,

layer-by-layer aggregation, on-site preparation, coprecipitation, colloidal
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aggregation, or covalent coupling are some of the ways used to make

such nanocomposites [23].
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Figure (1.4): Overview of some of the potential applications of

nanocomposites in microelectronics [24].
1.3. Carbon Nanotubes ( CNTSs)

The carbon atom is the most important chemical element found on
Earth, with atomic number 6, and the 6 electrons will occupy the atomic
orbitals 1s?, 2s% and 2p? which can be hybridized into three forms: sp,
sp®, and sp°. There are many different images for carbon atoms, such as
amorphous carbon, graphite, graphine, diamond, activated carbon,
fullerene, and carbon nanotube [25]. Carbon nanotubes, also known as
buckytubes, are cylindrical carbon molecules with unique properties that
make them useful in a variety of applications, including nano-electronics,
optics, large amounts of pure materials, and materials applications [26].
CNTs, also known as tubular fullerenes, are made up of cylindrical

graphene sheets with sp® bonded carbon atoms that, when rolled upon
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themselves, vyield different allotropes of carbon, such as graphite,
fullerenes, and CNTs [27]. CNTs have been discovered in single-walled
carbon nanotubes (SWNTs) and multi-walled carbon nanotubes
(MWNTS) structures [28]. Graphene is wrapped in a way that can be
represented by a pair of indices (n,m) known as the chiral vector, which is
dependent on indices (n,m) CNTs are classified as armchair (n=m),
zigzag (m=0), or chiral (all others) as shown in Figure (1.5). Single-
walled CNTs have all of these structures (armchair, zigzag or chiral), but
multi-walled CNTs have only two structures (armchair or zigzag) [29].
The armchair structure is always metallic, but the other structures may

make the nanotube a semiconductor [30].
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Figure ( 1.5): Schematic diagram showing how a hexagonal sheet of
graphene is rolled to form a CNT with different chiralities (A:
armchair; B: zigzag; C: chiral)[31].
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1.4. Types of CNTs

CNTs are classified into four major groups according to the number of
graphene layers, such as single walled carbon nanotubes (SWCNTS),
double-walled carbon nanotubes (DWCNTSs), few-walled carbon
nanotubes (FWCNTSs) and multi-walled carbon nanotubes (MWCNTS).

These types are shown in Figure (1.6).
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Figure (1.6): Types of carbon nanotubes (a) SWNT, (b) DWNT, (c)
FWNT, (d) MWNT [32] .

1.4.1. Single-wall carbon nanotubes (SWCNTY)

lijima [33] published the first report on single-walled carbon nanotubes
(SWCNTSs) in 1993. which is made up of a single cylindrical carbon layer
with a diameter of 0.4-2 nm [34], and a length of 20-1000 nm [35]
SWCNTs have three different structures: armchair, zigzag, and chiral,
which are determined by how the cylinder is wrapped, resulting in a
mixture of metallic and semiconducting materials [36,37]. SWCNTs
have good electrical properties, thermal conductivity, and a surface area
as large as 1300 m%g, but they are less pure than MWCNTSs [35,38].
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1.4.2. Double-walled carbon nanotubes (DWCNTY)

Two layers of graphene are used to create these nanotubes [39].
Depending on the electronic properties of the inner and outer tubes,
DWCNTSs show promise as nanoscale devices such as molecular cables
and capacitors. However, such research is hampered by the difficulties of
synthesizing significant numbers of DWCNTSs in a controlled manner
[40,41].

1.4.3. Few-walled carbon nanotubes (FWCNTY5)

It is a subset of MWCNTs with structures similar to SWCNTSs,
consisting of 2-6 layers of graphene sheets [42]. Unique small diameter
MWNTs with near flawless graphitization structure with diameters

ranging from 3 to 8 nm and lengths in the tens of micrometers [43].

1.4.4. Multi-walled carbon nanotubes (MWCNTY)

lijima discovered MWCNTSs for the first time in 1991 [44]. This type
of CNT is made up of multiple layers of graphene that have been rolled
upon themselves, with a diameter ranging from 2 to 50 nm depending on
the number of graphene sheets [45]. The MWCNTs may be formed in
two structural models based on their arrangements of graphite layers.
When the CNTSs contain inside it other CNTs but the outer nanotube has a
diameter that is greater than the inner nanotube, that is known as the
Russian Doll model, whereas the second model is the Parchment model,
which is formed when a single sheet of graphene is wrapped around itself
many times, making it the same as a rolled up scroll of paper [46].

MWCNTSs can be formed without using catalyst particles between two



Chapter One Introduction

graphite electrodes, while SWCNTs require the catalyst during
preparation [47].

1.5. Synthesis of Carbon Nanotubes

Carbon nanotubes can be synthesized from a variety of carbon sources
such as methane, ethylene, acetylene, natural gas, and others. These
sources can produce carbon nanotubes of varying morphology, size, and
purity [48]. Using pure carbon sources is very expensive and has a
limited supply when compared to cheaper fuels such as natural gas, LPG
and water gas [49]. The most prominent alternative carbon source is
liquefied petroleum gas. It is composed of a light hydrocarbon mixture,
primarily propane and butane, with a trace of sulfur. One of the
advantages of this gas is that it is used as a carbon source, so it is readily
available on the market and has a much lower price than other pure
carbon sources [48]. There are several methods that have been developed
and used for the synthesis of CNTs, most of which involve a gas phase
process. The first techniques that were used to produce CNTs at high
temperatures were arc discharge and laser ablation methods, but these
methods have since been replaced by low temperature techniques called
chemical vapour deposition (CVD) techniques [50], and This method has
also been replaced here by a simpler, less expensive and more efficient
method of production, which is the Flame Fragment Deposition Methods
(FFD).

1.5.1. Arc-discharge method

This method uses a high temperature above 1700 °C to synthesize
CNTs, When compared to other methods. This process typically results in
the growth of CNTs with fewer structural defects. The arc-discharge

method was originally used to produce Cg, fullerenes. This process takes
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place in a vacuum of gas and passes through an inert gas such as (A,
He). In this method, graphite is used as a cathode and anode, and the
chamber will also contain metal catalyst particles (such as cobalt, nickel,
and/or iron), which will evaporate the anode and then condense on the
surface of the cathode as carbon nanotubes when direct current is passed
through the chamber as shown in Figure (1.7) [51,52].The main
advantage of this method is that it produces a large number of nanotubes
with high purity, while the disadvantages include being expensive,
requiring a large amount of energy, and having less control over the
alignment of the created nanotubes, which is critical for use and

characterization [53,54].

C\"Ts 7l;:lectric arc
/ < _~»Quartz chamber
Graphite / / _>C"ions
Cathode™ ==l

s > Graphite
= Anode
\\ L
T Plasma
Battery

Figure (1.7): The arc discharge system for CNTs synthesis [55].
1.5.2. Laser ablation method

This method involves using a pulsed and continuous laser (YAG type)
to vaporize a graphite target inside an oven filled with helium or argon
gas to maintain pressure as shown in Figure (1.8). The principles and

mechanisms for these methods and the arc-discharge method are similar,
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but in these methods, a laser is used to provide the required energy, which
Is then directed at the pure graphite pellet containing catalyst materials
(iron, cobalt, or nickel) [56,57]. The main advantages of this method are
high yield and low metallic impurities, while the disadvantages include
expensive equipment and the production of CNTs that are not always

straight but contain some branching.
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Figure (1.8): Laser ablation method for CNTSs synthesis [55].
1.5.3. Chemical vapor deposition (CVD) method

In 1996, this method was used for the production and synthesis of
carbon nanotubes [58]. There are many different types of these methods,
such as catalytic chemical vapor deposition (CCVD), thermal or plasma
enhanced (PE) oxygen assisted CVD, microwave plasma (MPECVD),
radio frequency CVD (RF-CVD), or hot filament CVD (HFCVD), but the
(CCVD) method is considered the standard method for CNT synthesis
[59-61]. In this method, a mixture of hydrocarbon gases such as

acetylene, methane, or ethylene, and nitrogen is introduced into the

12
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reaction chamber as shown in Figure (1.9) , and the formation of
nanotubes on the substrate occurs as a result of the hydrocarbon
decomposition at 700-900 °C and atmospheric pressure [62,63]. The main
advantages of these methods are that they are simple, inexpensive, require

low temperatures, and are easy to control [64].

Furnace Heater

Quartz tube T CNTs
i —// /

\

Inert gas

< f

Hydrocarbom—
gas

v
I Vacuum Substrate

pump

Figure (1.9): Chemical vapor deposition method for CNTs synthesis
[55].

1.5.4. Flame fragment deposition methods (FFD)

Carbon nanotubes (CNTs) were synthesized using flame fragments
deposition (FFD) from liquefied petroleum gas (LPG) as the carbon
source, in a homemade chamber. This homemade consists of an internal
burner that burns LPG in the presence of oxygen gas, the advantage of
using oxygen gas is that it maintains the continuity of the burner's flame
and cools the synthesized sample, whereas nitrogen gas is used to keep
the flame at a suitable form. Specific gauges can be used to control the

flow rates of these gases. The synthesis was carried out without the use

13
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of any catalysts, which are known to increase the impurities of
synthesized CNTs, and without the use of sophisticated tools, as is
common in the classical (CVD) technique. and occurred at a lower
temperature than that used in CVD technique [65,66]. Figure (1.10):
depicts the schematic diagram of the homemade flame fragments

deposition instrument .

ring lens

Flame monito

Figure (1-10 ): Home-made flame fragments deposition (FFD)
instrument [65].

1.6. Properties of Carbon Nanotubes CNTs

CNTs have extremely large surface areas and a remarkable mechanical
strength. CNTs have tensile strength 100 times that of steel, as well as
electrical and thermal conductivities comparable to copper [67,68].
Because of these distinct properties, carbon nanotubes (CNTSs) are
promising candidates for use in a variety of applications, including solar

cells [69,70]. However, in order to use carbon nanotubes in solar cells,
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their mechanical, electrical, and thermal properties must be determined .

1.6.1. Mechanical properties

The mechanical properties may be understood by the nature of the
bonds that form these materials , when the ¢ -bond is a strong chemical
bond and plays an important role in the impressive mechanical properties
of CNTs, the out-of-plane bond can be represented by a relatively weak
m-bond that enhances the interaction between the layers in MWNTSs, and
between SWNTs in SWNT bundles. The bonding in nanotubes is not
purely sp? , as bending the graphene sheet inside the tube leads to re-
hybridizes the ¢ and & orbitals and yielding a mixture of hybridization [71
]. Because CNTs have a high Young's modulus within a range of 1000-
5000 GPa, they are highly resistant to physical forces. Nanotubes are also
very flexible due to their length. As a result, it is well suited for
applications in composite materials that require anisotropic properties
[72,73].

1.6.2. Electrical properties

CNTs' electrical properties are visible in chiral forms, and the
researchers have demonstrated that CNTs have distinct conductive
properties. These findings suggest that geometric differences such as
defects, chirality, different diameters, and the degree of crystallinity of
the tubular structure have a significant impact on the electronic properties
of CNTs [74,75]. The electrical properties of carbon nanotubes can be
easily understood using the band structure of graphene [76]. When the
carbon atoms in CNTs are arranged in a hexagonal lattice, each carbon
atom is covalently bonded to three neighbor carbons via sp® molecular
orbitals. As a result, the fourth valence electron in each unit remains free,

and these free electrons are delocalized across all atoms and contribute to
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the electrical nature of CNTs. CNTs can thus be conducting or semi-
conducting depending on their chirality [77-79]. The electrical properties
of both SWNTs and MWNTSs have been relatively well discovered, and
interest in this field has increased over the last decade [80,81]. Because
of the ballistic nature of electron transport in SWNTs, they can be
described as quantum wires, whereas transport in MWNTS is found to be
fairly diffusive or quasi-ballistic [82]. CNTs can be used in transistors
and other switching applications in advanced electronics due to their
electronic nature [83]. The most recent use of nanotubes was as emitters.
The important aspect of CNT emitters is that they can emit at lower
threshold voltages [84], and they can also be used in sensors, vacuum

microelectronics, and X-ray generation [85,87].
1.6.3. Thermal properties

CNTs are significant not only for their electronic and mechanical
properties, but also for their thermal properties, which are related to their
graphitic nature as well as their unique structure and size [88]. At room
temperature, the thermal conductivity of individual MWNTs was
measured and found to be 3,000 W/m K (higher than that of graphite). A
similar study was conducted for SWNTSs, and the result was greater than
200 W/m K for SWNTs [89]. The incorporation of pristine and
functionalized nanotubes into various materials may result in a twofold
increase in thermal conductivity for a loading of only 1%, demonstrating
that nanotube composite materials can be useful for thermal management
applications in industries [90]. The thermal conductance of carbon
nanotubes (CNTSs) is affected by their quality, the number of structural
defects and morphology, the presence of impurities in the CNTSs, and
their diameter distribution [91].
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1.7. Purification of Carbon Nanotubes

Purification of carbon nanotubes is a process that separates nanotubes
from non-nanotube impurities in raw materials or from nanotubes with an
unfavorable number of walls. Impurities such as amorphous carbon,
catalysts, catalyst supports, carbon nanoparticles, and unwanted
nanotubes such as a small amount of MWNTSs in a raw SWNTs sample or

SWNTSs in DWNTSs samples are examples of these impurities [92,93].

There are numerous methods and procedures for purification
depending on the technique of carbon nanotube synthesis. The following
steps are common to all purification procedures: filtration to remove large
graphite particles and aggregations, dissolution in appropriate solvents to
eliminate catalyst particles (concentrated acids as solvent) and fullerenes
(use of organic solvents), and microfiltrations and chromatography to size
separation and removal of amorphous carbon clusters [94]. Purification
techniques are divided into three categories: physical, chemical, and a
combination of chemical and physical methods [95]. Chemical methods
separate the synthesis products based on their reactivity, which normally
introduces unavoidable defects along the tubes and at the tube ends,
causing significant damage to the structure and morphology of the CNTs,
or causing the removal of metal catalyst particles through purification of
CNTs , on the other hand, with proper control of the reaction conditions,
may result in higher purity as well as tip opening. Chemical purification
methods include heating oxidation, acids and oxidizing agents, alkali
treatment, and annealing in inert gases. Physical methods, on the other
hand, such as ultrasonication, filtration, centrifugation, and size-exclusive
chromatography, separate impurities based on their size. These processes
are typically more complex and less effective, despite the fact that they

are relatively mild and do not cause severe damage to the tubes [96].
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The oxidation of as-synthesized CNTs in both wet and dry conditions
Is the most commonly used chemical purification method. The wet
condition generally refers to oxidation using a solution of concentrated
acids or strong oxidants, whereas the dry condition primarily refers to
controlled temperature oxidation using air, oxygen, or other gases. The
central concept of this approach is a selective oxidative etching process,
which is based on the fact that amorphous carbon and carbon particles
can be eliminated more easily than CNTs due to their faster oxidation
reaction rate. The high oxidative activity of amorphous carbon is due to
the presence of high-energy hanging bonds that can be easily oxidized.
Meanwhile, the higher reactivity of carbon nanoparticles can be attributed

to their large curvature and pentagonal carbon ring [97,98].

Simultaneously, the structures of different CNTs have an undeniable
effect on their oxidation rate. Singlewalled carbon, such as C60, is more
easily oxidized, and its reactivity increases with decreasing diameter.
[99]. The tips of the nanotubes may open due to oxidation. The
pentagonal carbon ring nanotube tips are less chemically stable than the
hexagonal carbon ring tube cylinder. While the CNTSs are oxidized during
the purification process, the presence of five-membered rings in the
hexagonal array at the CNTs tips makes this region susceptible to
oxidative reactions, presumably on the double bonds connecting two
pentagons [101]. Potassium permanganate (KMnQO,), hydrogen peroxide
(H,0,), and other oxidants are commonly used in the treatment [101-
103] . Carbon surfaces have also been oxidized with metal cations with a
high oxidation potential. The degree of oxidation is determined by the
system's redox potential as well as the structural features of the
nanotubes, which include curvature, pentagon, heptagon ring position,

helicity, and many other factors. [104]. H,O, hydrogen peroxide was
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discovered to be a promising oxidant capable of attacking the carbon
surface without destroying the pristine structure of the CNTSs, requiring

less washing time, and producing water as a by-product [105].

C+ 2H202 — C02 + 2H20 ------- (ll)
1.8. Functionalization of Carbon Nanotubes

CNTs have an inert surface, but they are generally insoluble in solvents
due to the strong Vander Wall interaction that tightly holds them together
in bundles. Many other applications will benefit from increased solubility
due to a process known as functionalization. The functionalization

method will be divided into two major groups:
1.8.1. Non-covalent functionalization

CNTs functionalization methods based on non-covalent interaction can
be carried out without destroying the intrinsic sp® hybridized structure of
the nanotube sidewall, preserving the original electronic structure and
properties of CNTs. Various non-covalent functionalizations have been
investigated. CNTs could be non-covalently functionalized through =-n
stacking interactions between conjugated molecules and the graphitic
sidewall of CNTs [106,107]. CNTs are functionalized non-covalently by
aromatic compounds, surfactants, and polymers, with the majority of
interactions involving stacking or hydrophobic interactions. Non-covalent
modifications of CNTs can do a lot to preserve their desired properties
while improving their solubilities dramatically in these approaches.
Aromatic molecules such as pyrene, porphyrin, and their derivatives, can
and do interact with the sidewalls of carbon nanotubes via stacking
interactions, paving the way for non-covalent functionalization of carbon

nanotubes .Dai and colleagues described a general and appealing
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approach to non-covalent functionalization of CNTs sidewalls and
subsequent immobilization of biological molecules onto CNTs with a

high degree of control and specificity [108].
1.8.2. Covalent functionalization

Carbon nanomaterials are relatively unreactive to chemical treatment
due to characteristics such as low curvature, low solubility, and bundling.
So far, several methods for covalent functionalization of CNTs have been
proposed. The strategies for covalently functionalizing CNTs can be
divided into two categories based on the location of the functional
groups: defect and sidewall functionalizations. When compared to non-
covalent methods of nanotube functionalization, covalent methods are
more robust and controllable. CNTs synthesized using any available
method are not defect-free. Intrinsic defects include five- or seven-
membered rings known as Stone-Wales defects, sp® hybridized defects,
and vacancies in the sidewall's sp? hybridized six-membered ring carbon
structure [109,110]. CNTs can tolerate a limited number of defects
without losing their macroscopic electronic and mechanical properties
[111,112]. Furthermore, because of their higher curvature, the tips of the
tubes that form a hemispherical fullerene have greater reactivity than the
sidewalls [113,114]. CNTs could be opened and cut into short tubes when
exposed to strong oxidizing agents such as nitric acid, KMnQO4/H,SO,,
0,, K,Cr,0,/H,S0,, or 0OsO,. Defects were introduced around the CNTs
surface in the meantime [115,116]. Furthermore, the oxidization process
generated oxygenated functional groups such as carboxylic acid, ketone,
alcohol, and ester groups at the ends and defect sites of the nanotubes
[117]. These functional groups were critical in further functionalizing
CNTs. Sonication could also result in defects on the sidewalls of CNTs

that were eager for additional chemical reactions [118,119]. Direct
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covalent sidewall functionalization is associated with a shift in
hybridization from sp? to sp® and a simultaneous loss of the p-conjugation
system on the graphene layer. This process can be created by reacting
with molecules with high chemical reactivity. Fluorination, radical
addition, nucleophilic addition, electrophilic addition, and cycloaddition

are examples off sidewall reactions [120].
1.9. Semiconductors

Certain substances are neither good conductors (metals) nor good
insulators (glass). Semiconductors are materials with crystalline
structures and very few free electrons at room temperature. It acts as an
insulator at room temperature. Its resistivity is intermediate between that
of a conductor and that of an insulator. Controlled conductivity can be
achieved by adding appropriate impurities to semiconductors. Silicon,

germanium, carbon, and other semiconductors are examples.

Semiconductors, which include transistors, solar cells, light-emitting
diodes (LEDs), and digital and analog integrated circuits, are the
fundamental  building blocks of modern electronics[121]. A
semiconductor material's electrical conductivity increases with increasing
temperature, which is the opposite of a metal's behavior. Semiconductor
devices can have a variety of useful properties, including the ability to
pass current more easily in one direction than the other, variable
resistance, and sensitivity to light or heat. Devices made from
semiconductors can be used for amplification, switching, and energy
conversion because the electrical properties of a semiconductor material
can be modified by the controlled addition of impurities or by the
application of electrical fields or light. Current flow in a semiconductor is

caused by the movement of free electrons and "holes,” which are referred
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to collectively as charge carriers. Doping a semiconducting material with
impurity atoms greatly increases the number of charge carriers within it.
When a doped semiconductor contains mostly free holes, it is referred to
as "p-type," while when it contains mostly free electrons, it is referred to
as "n-type." To control the location and concentration of p-and n-type
dopants, semiconductor materials used in electronic devices are doped
under precise conditions. A single semiconductor crystal can have
numerous p- and n-type regions; the useful electronic behavior is caused

by the p—n junctions that connect these regions [121,122].

Titanium oxide is a common n-type semiconductor. It exists in three
crystalline forms in nature: brookite (orthorhombic), anatase (tetragonal),
and rutile(tetragonal) as shown in Figure(1.11). The first is extremely
rare, Rutile is stable at high temperatures, whereas anatase does not. The
temperatures at which the different phases transition are as follows: rutile
—brookite; 500-600 °C, anatase — rutile; 850 °C. The crystal structure of
titanium oxide is determined by the arrangement of octahedrons and the
manner in which individual TiOg units are connected. For rutile,
neighboring octahedral share one corner and are arranged along the long
axis with mutual twisting of 90°. In the case of anatase, the next
octahedra share a common edge, and in brookite, the point of attachment
Is both a corner and an edge [123-125]. The majority of the research
focuses on anatase and rutile. Rutile is made up of parallel chains of
slightly deformed octahedrons, each of which is connected to ten
neighboring units. Octahedrons in the anatase have prism warpage, and
each octahedron is connected to eight other octahedrons. Ti-Ti distance is
longer in anatase and Ti-O distance is shorter than in rutile. Rutile has
greater  thermal stability than anatase, but anatase has more stable
morphology for nanostructures of 10-20 nm [126,127]. Anatase phase
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has a higher band gap (3.2 eV) than rutile (3.0 eV), providing equal open
circuit voltage for the same redox couple electrolyte, but rutile has a 30%
lower short-circuit current [128]. Furthermore, anatase is more
photoactive, has a higher refractive index, and has a higher electron
diffusion coefficient than rutile. In a mixed phase of anatase and rutile,
the inactive rutile enhances the photocatalytic activity of anatase [129-
131]. It has been reported that a mixture of anatase and rutile phases is
more active than either pure phase alone [132,133]. In addition, the highly
efficient commercial photocatalyst Degussa (Evonik) P25 is primarily
composed of the anatase phase (80%) with a reasonable amount of rutile
(15%). Because a synergetic effect between anatase and rutile phases is
frequently not observed when separately synthesized powders are simply
mixed together, close contact of the phases is expected to be required
[134,135]. The separation of photoexcited charge carriers between the
two phases has been attributed to the high activity of the phase mixture
[136,137].

Anatase is considered an active component in mixed phase TiO, due to
its higher activity than rutile [138], whereas rutile is traditionally thought
to act as an electron sink due to its lower conduction band energy than
anatase. In contrast, an electron spin resonance (ESR) study in mixed
phase P25 revealed that photoexcited electron transfer occurred from the
rutile conduction band to the anatase conduction band [139]. This is due
to the fact that the anatase trapping sites are located below the energy
level of the rutile phase's conduction band [132]. However, in an attempt
to explain electron transfer from the rutile conduction band to that of
anatase, recent calculations and X-ray photoelectron (XP) spectroscopy
studies revealed that the rutile conduction band is 0.4 eV higher than that

of anatase [140,141]. Although there is some disagreement about the
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alignment of the conduction band minima of the rutile and anatase phases
[140,142,143]. TiO, is the most commonly used material for DSSC
photoanodes because it is inexpensive, non-toxic, has good electrical
properties, and has long-term chemical stability [144]. The benefits of
titanium dioxide thin films include a high refractive index (over 2.3) and
excellent transparency (over 90%) over a wide spectral range (from about
320 to about 6000 nm). TiO, has many desirable properties in addition to
its good optical properties, such as high mechanical resistance and long-
term stability. As a result, titanium oxide thin films are widely used in

optics and photovoltaics as anti-reflective coatings [145-147].

Anatase titanium dioxide is the most commonly used form in dye-
sensitized solar cells (DSSC). A semiconductive oxide layer with a
nanocrystalline structure is used to increase the active surface of light
absorption. If the surface is smooth and covered with a monolayer of dye,
the amount of incident monochromatic light absorbed is less than 1%.
Titanium dioxide must have an n-type conductivity in order to conduct
electrons transferred from the sensitizer in a DSSC [148]. This oxide is
regarded as the best material for covering the DSSC electrode due to its
wide energy bandgap and sufficiently low position of the conduction
band edge in relation to the redox potential of organic substances in
aqueous solution. As a result, dyes that absorb light in the visible range
can be used. The surface development of the layer and the size of the
pores present in the layer are two parameters that must be chosen so that
the guaranteed performance is maximized light absorption and freely
filling the pores by the electrolyte [149].
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Figure (1.11): The crystal structures of rutile, anatase, and brookite
[150].

1.10. TiO,/CNTs Nanocomposites

Carbon nanotubes (CNTSs) and their composites have received a lot of
attention in recent years due to their unique physical and chemical
properties [151-153], which make them not only widely used in catalysts
[154], nanoelectronic devices [155,156], solar cells [157], hydrogen
storage materials [158], and supercapacitors, but also have potential
applications in sensors [159]. The use of carbon nanotubes in composite
applications is heavily reliant on their ability to be homogeneously
dispersed throughout the matrix without compromising their safety, and
good interfacial bonding is required to achieve load transfer across the
CNTs—matrix interface, which is a necessary condition for improving the
composite's mechanical properties [160]. Load transfer from matrix to
CNTs plays an important role in the mechanical properties of composites
when the adhesion between the matrix and the CNTSs is insufficient to
sustain high loads, resulting in the loss of the benefits of CNTs' high
tensile strength [161]. The combination of the unique properties of CNTs

and semiconductor nanostructures results in the formation of a new class
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of nanocomposite materials, which opens up a new range of applications
in various fields of science [162,163]. Many studies have been conducted
to investigate the growth of metal oxide nanoparticles using CNTs as a
1D template. ZnO, TiO,, SnO,, CdS, CdSe, and CdTe nanoparticles
decorated on the wall surface of CNTs are appealing semiconductors due
to their unique properties, which make them candidates in a variety of
applications such as photoelectrochemical solar cells, gas sensors, and
photo-detectors [164].

1.11. Applications of CNTs

CNTs are the most rapidly growing nanomaterials in the field of
nanotechnology because they have a wide range of applications,
including materials science, medicine, electronics, and energy storage
[165,166]. Many appealing applications of CNTs can be achieved by
using CNTs for applications requiring conductivity and high absorption
capacity, as well as for the creation of high-strength composites, fuel
cells, energy conversion devices, field-emission devices, hydrogen

storage devices, semiconductor devices, and solar cells [167].
1.12. Solar Cells

A solar cell, also known as a photovoltaic cell, is an electrical device
that converts light energy directly to electricity via the photovoltaic effect
[168]. Solar cells are the basic components of photovoltaic modules, also
known as solar panels. In today's world, fossil fuels produce the majority
of the energy, but these fuels also emit extremely dangerous and
hazardous gases, such as carbon monoxide, which pollute the
environment every second. As a result, solar cells are used to generate
clean energy that is both environmentally friendly and does not disrupt

the economic balance. Solar cells, which convert solar energy into
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electrical energy and can be stored in batteries through charging, can be
manufactured to use more solar energy. The operation of a solar cell is
dependent on several factors, including: [169,170].
-light absorption to create electron—hole pairs.
-The separation of charge carriers of diametrically opposed types.

-Separation of electrons and holes, as well as charge carrier collection.

Named Solar cells are named after the semiconducting material from
which they are made, materials must have specific properties in order to
absorb sunlight. Some of these cells are intended for use on the Earth's

surface, while others are intended for use in space [171] .
1.12.1. Mechanism of solar cell

Solar cells work by transitioning free electrons gained by gaining extra
energy when photons from the sun strike the film surface. After
examining the band structure of a solar cell, it was discovered that when
the cell gains energy from photons and generates free electrons, which
recombine to generate some photovoltaic current, the binding energy of
the film decreases, indicating that the maximum number of electrons are
generated. As a result, the thin film-based method must be used to
increase the efficiency of solar cells. which absorbs a large amount of

light and thus covers a larger portion of the solar spectrum [172].
The solar cell theory works in the following steps:

(1) Photons from the sun strike the solar panel and are absorbed by

semiconducting materials such as silicon and germanium.

(2) Electrons that have been excited (charged negatively) from their
current molecular or atomic orbitals. Once excited, these electrons can

either lose their energy and return to their orbital, or they can travel
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through the cell until they reach an electrode, where current begins to
flow through the material to cancel the potential and this electricity is
captured. Because of the special composition of solar cells, electrons are

only allowed to move in one direction.

(3) A solar cell array converts solar energy into direct current (DC)
electricity that can be used [173,174].The semiconductor materials used
in solar cells are distinguished by their intermediate electrical

conductivity between a conductor and an insulator [175].
1.12.2. Types of solar cells

There are various methods of classifying photovoltaic cells based on
their semiconductor materials, morphology, and fabrication technique,
which can be easily studied into three main categories called generations
that have been developed to date [176,177].

Since Chapin and Fuller discovered the principle of producing
electricity from the sun's rays using a photovoltaic process in the 1960s
[178], the trend has been dominated by silicon (Si) solar cell fabrication
technology, also known as "first generation”. It is distinguished by the
rising cost of raw materials in the Si solar cell, followed by the "second-
generation" technology, which is characterized by a thin layer (thin film),
and other solar cells made of a-Si, CdTe, and CulnSe, (CIS). With the
advancement of technology and solar cell fabrication, a type of solar cell
has emerged that uses abundant natural raw materials, is non-toxic, and is
capable of producing high efficiency while being fabricated with a
simpler process; this type is known as the "third generation,” and one of
these types is the Dye-sensitized Solar Cell (DSSC), the operating
principle of which is a dye reaction. "Fourth-generation” is an

abbreviation for "fourth generation” (4GEN). It combines the low cost
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and flexibility of polymer thin films with the stability of novel inorganic
nanostructures such as metal nanoparticles and metal oxides, or organic-
based nanomaterials such as carbon nanotubes, graphene and its
derivatives [179,180]. Furthermore, there is disagreement about the
fourth generation, with some authors believing it to be part of the third

generation and the rest believing it to be different [179,181].
1.13. Dye-Sensitized Solar Cell (DSSC)

This type of solar cell is expected to be able to supply alternative
energy concepts at a lower cost of production and with a simpler
fabrication technology than its predecessors, which are made from
crystalline silicon [176,179,180]. This cell is made up of five distinct

layers :

1-A transparent anode made from a glass sheet and treated with a
transparent conductive oxide layer (TCO glass) (for example, fluorinated
tin oxide (FTO) SnO,: F coated glass).

2-A mesoporous oxide layer (typically TiO,) is deposited on the anode to

Improve electronic conduction.

3-A charge-transfer dye monolayer that is covalently bonded to the

surface of the mesoporous oxide layer to promote light absorption.

4-A redox mediator in an organic solvent must be present in an

electrolyte to improve dye regeneration.

5-A cathode made of a crystal coated with a catalyst (usually platinum) to
facilitate electron collection [181]. Figure (1-12) depicts a typical DSSC

construction.
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Figure (1.12): Depicts a typical DSSC construction [25].
1.13.1. Transparent conducting substrate

Because of their low cost, abundance, and high optical transparency in
the visible and infrared regions of the solar spectrum, transparent
conducting substrates, or TCO glass, are commonly used as DSSC
substrates. The TCO glass is created by doping bare glass with a metal
oxide thin film. electrically conductive TCO coatings that are fluorine
doped are the most common type. Tin oxide-FTO (SnO,:F, FTO) and
indium tin oxide ITO (In,Os:Sn, ITO). Because of its superior thermal
stability at high temperatures, fluorine-doped tin oxide (FTO) glass is
used in DSSCs instead of indium tin oxide (ITO) coated glass. The TCO
substrate's conducting film sheet resistance is typically 10-20Q per

Square area.
1.13.2. Nano crystalline semiconductor film photoelectrode

The photoelectrode (or photoanode) in a DSSC is formed by depositing
a thin layer of sensitized wide-band gap nanostructured semiconductor
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(typically TiO,, ZnO, SnO,, and Sb,0s) onto the TCO substrate. To
achieve high light-harvesting efficiency (LHE), the nanostructured
semiconductor layer must have a large surface area (high roughness) to
allow a large number of sensitizer molecules to adsorb [182,183].
Anatase titanium dioxide is the most commonly used form in dye-
sensitized solar cells (DSSC). A semiconductive oxide layer with a
nanocrystalline structure is used to increase the active surface of light
absorption. If the surface is smooth and covered with a monolayer of dye,
the amount of incident monochromatic light absorbed is less than 1%.
Titanium dioxide must have an n-type conductivity in order to conduct
electrons transferred from the sensitizer in a DSSC [184]. This oxide is
regarded as the best material for covering the DSSC electrode due to its
wide energy bandgap and sufficiently low position of the conduction
band edge in relation to the redox potential of organic substances in
aqueous solution. As a result, dyes that absorb light in the visible range
can be used. The surface development of the layer and the size of the
pores present in the layer are two parameters that must be chosen so that
the guaranteed performance is maximized light absorption and freely

filling the pores by the electrolyte [185].
1.13.3. Dye sensitizer

To sensitize the wide-bandgap nanostructured photoelectrode, dye
molecules are used. When illuminated, an electron from the ground state
(S%) of a dye molecule is boosted to the excited state (S*) and then
injected into the nanostructured TiO, conduction band. The dye
molecules should meet some essential requirements based on the DSSC
principle in order to promote a high light-to-energy conversion efficiency.
To ensure efficient electron injection into the TiO, conducting band and
to prevent gradual leaching from the electrolyte, the dye molecules must
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bind strongly to the surface of the TiO, nanostructure [186]. The excited
state of the dye must be slightly higher than TiO,'s conduction band, but
not by much, to provide a driving force in energy for efficient charge
injection into the TiO,, and the ground state must be sufficiently low in
energy to allow for efficient regeneration of the oxidized dye by the redox
electrolyte. The dye should absorb light in the visible or near-IR ranges,
ideally across a wide range of wavelengths. The electron transfer process
from the dye to the TiO, must be fast enough to compete with unwanted
recombination to the dye's ground state [186,187]. A wide variety of
metal complexes and organic dyes have been synthesized and used as
sensitizers. The outstanding solar light absorber and charge transfer
sensitizer, however, is cis-Di(thiocyanato)bis(2,2'-bipyridyl)-4,4'-
dicarboxylate) ruthenium(ll), coded as Nz, N-719, and black dyes
(structure shown in Figure 1.9). This type of dye has a conversion
efficiency greater than 10% [188,189].

CO,H (l:o_j TBA®
N . - COoH NY _CO3H
SCN-— N~ SCN-— N =
Ru_ _~Ru
SCN N - SCN rlu N )
N CO.H s ) COzH
- i .
CO5H CO.-TBA
N3 N719
- co ==
N—{NCS
SCN Rl]_l N 9 -CcO;H
SCN <
L CO2 N
"black dye"

Figure (1.13): Examples of some Ru{polypyridyl dyes used in DSSCs that give
cell efficiencies of over 10 %. TBA = tetra-n-butylammonium [190].
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Natural dyes have also been used in DSSCs because of their low cost,
ease of extraction, nontoxicity, and environmental friendliness [191] .
Anthocyanin, chlorophylls, carotenoids, flavonoids, and cyanines are
among the dyes found in this plant [192] . Anthocyanin is a natural plant
pigment that is also referred to as flavonoids [193]. Anthocyanin pigment
responsible for giving red, violet, blue, and orange color to many fruits,
vegetables, grains and flowers extracted from them. The color of the
natural anthocyanin pigment depends on its pH, so it appears red at
(PH<3) and violet at (pH=7-8), so its color changes from bright red to
blue when the numbers of the basic hydroxyl group increase (pH>11), as
in the figure (1-14). This is often attributed to a change in its molecular
structure due to the ionic nature of this dye and what caused the
difference in pH values [194,195 ].This dye in dark pomegranate juice

was notable for its abundance in comparison to other plants [196] .
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-

Violet at pH=7-8

Figure (1.14): The chemical structure of anthocyanin pigment in

acidic media, neutral and basic [194 ].
1.13.4. Redox electrolyte

One of the most important components in DSSCs is the electrolyte
[197]. The electrolyte is responsible for the inner charge carrier transport
between electrodes and continuously regenerates the dye and itself during
DSSC operation, and the electrolyte has a significant impact on the light-
to-electric conversion efficiency and long-term stability of the devices
[198]. Another definition of an electrolyte is a material that provides pure
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ionic conductivity between the positive and negative electrodes of an
electrochemical device [199]. The electrolyte properties have a strong
influence on the long-functional life-time stability of DSSCs. As a result,
the electrolyte must have the following properties [200,201].

1.High electrical conductivity and low viscosity for faster electron
diffusion.

2. The nanocrystalline semiconductor and the counter electrode have
excellent interfacial contact.

3. It should not be the cause of dye desorption from the oxidized surface
or dye degradation.

4. It must not absorb light in the visible spectrum .

Solid state electrolytes, liquid electrolytes, and quasi solid state
electrolytes are the three types of DSSC electrolytes [202-204] . Because
of its excellent solubility, rapid dye regeneration, low absorbance of light
in the visible region, suitable redox potential, and very slow
recombination kinetics between injected electrons into the semiconductor
and triiodide, iodide / triiodide ('l/13) in a solvent is commonly used as an
electrolyte in a DSSC [205].

1.13.5. Counter electrode

The counter electrode is used for electrolyte regeneration. The oxidized
electrolyte diffuses towards the counter electrode, where electrons from
the external circuit are received. To accelerate the reduction reaction, a
catalyst is required, and platinum (Pt) is a preferred catalyst due to its
high exchange current density, good catalytic activity, and transparency.
The CE's performance is determined by the method of Pt deposition on
the TCO substrate [200,206]. Recently, a variety of carbon materials such
as graphite, carbon black, and carbon nanotubes (CNTSs) have been

studied as possible alternatives to platinum (Pt) for counter-electrodes
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with a relatively low cost for DSSC [207]. Not only are carbon materials
abundant, but they are also known to be highly corrosion-resistant
[208,209].

1.14. The operational principle of the DSSC

The operation of a dye sensitized solar cell is depicted in Figure (1-15),

and described below .

2~ Tco glass TiO, TCO/pt glass
< -
v N ) sensitizer

&S0
S N
-).‘!4!) c- electrolyte
.;‘L? l.-) -

load

Figure (1.15): A schematic representation of the DSSC's operating
principles[210].

1- A photon is absorbed by a sensitizer when it is exposed to light. This

causes the sensitizer to be excited to the excited state (S*) .

S+ hv=S* ----(1.2)
(Light absorption by a dye molecule)

2- The excited electrons are injected into the TiO, conduction band (CB).

The sensitizer that has been excited is oxidized to S™ .

36



Chapter One Introduction

S* —> S +ey(Ti0,) ----(1.3)

(Charge injection)

3- Meanwhile, electrons diffuse through the nano-crystalline TiO, layer
to the conducting substrate's back contact and flow through the external

circuit to the counter electrode.

e (TiO)) ——— €e(CE) ----(1.4)
(Charge transportation)

4- The electron from the electrolyte then restores the sensitizer's (S)
original state via iodide reduction .However, there are two major
(unwanted) recombination reactions that reduce the DSSC's conversion
efficiency: The excited electron in TiO, can directly recombine with the

oxidized sensitizer or the electrolyte's oxidized redox couple.

25" +3I ——> 2S+1;  -—(L5)

Dye regeneration

S*+e(Ti0,)——> S —~(1.6)

Recombination

5- The iodide is regenerated at the counter electrode by reducing tri-

iodide.

I+ 2e- —> 3I —-(1.7)

lodine regeneration

When illuminated, the sensitizer is photoexcited in a femtosecond, and
electron injection from the excited state dye (S*) into the TiO, conduction

band (CB) is a sub-picosecond process. The reduction rate of oxidized
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dye by the redox electrolyte occurs on a timescale of nanoseconds.
Photoinjected CB electrons recombine with oxidized dye molecules or
the oxidized form of the electrolyte redox couple (I3 ions) in

microseconds [211] .

The main negative factor limiting DSSC performance is charge
recombination. This happened when the back-electron transfer in the
TiO, photoanode—electrolyte interface before reaching the collecting
electrode, such as fluorine-doped tin oxide (FTO), was assumed to be the
main recombination pathway, lowering the efficiency of DSSC [212]. It
is predicted that improving the conduction pathways from the
photogenerated carriers' location to the collecting electrode would
significantly improve DSSC efficiency [213]. As a result, several
approaches are used to prevent recombination and improve transport,
including (1) the use of a composite semiconductor photoanode with
different bandgaps, (2) the insertion of some doping elements in the TiO,
photoanode, and (3) the incorporation of charge carriers to direct the
photogenerated electron [214,215]. paraphrased formalizedThe addition
of CNTs to the TiO, photoanode improved the efficiency of DSSC to a
limited extent [216].

1.15. Current-Voltage (1-V) Measurement

The most important and widely used technique for evaluating
photovoltaic performance is the current-voltage measurement of a DSSC.
It is carried out on a Keithley 2400 source meter in the presence of
simulated sunlight. Figure (1.16): depicts a typical I-V curve. The I-V
measurement can be used to calculate the four parameters (Voc, Isc, FF,
and ). The short circuit current (Isc) is the current that flows through a

solar cell when the voltage across it is zero. The open circuit voltage
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(Voc) is the maximum voltage available from a solar cell when the
current through the cell is zero [217]. The maximum power (Pmax) is the
condition in which the solar cell produces the most power; the current and
voltage in this condition are denoted by Imax and Vmax (respectively).
The fill factor (FF) and conversion efficiency (CE) are metrics used to
assess the performance of solar cells [218]. The fill factor is calculated by
dividing Pmax by the product of VVoc and Isc. The conversion efficiency
Is defined as the ratio of Pmax to the sum of the input light irradiance (E)

and the surface area of the solar cell (Ac).

FF = Vm Im / VOC ISC ""(1.8)
%n: VOC Isc FF / P|n X 100 ""(1.9)
'y
| I\ curve Vrﬂp IMP
sSC
\The short circuit current, Ig.
>
3 P
8 MP
= Power from
) the solar cell
5 P=VxI
O
The open circuit voltage,Vgc

Voltage Vo o

Figure (1.16): Characteristic I1-V curve of a DSSC [ 219].
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1.16. Petroleum Analysis

Liquefied petroleum gas (LPG) was used as a source for carbon. LPG
Is a mixture of light hydrocarbons, most notably propane (CsHg) and
butane (C4Hyo). It is used as a fuel in a wide range of applications around
the world, including cooking, heating, power generation, transportation,
and has successfully synthesized CNT using it as a carbon source, among
many others. However, under moderate pressure, it transforms into a
liquid with a much higher energy density, which is advantageous for
storage and transportation. LPG is most commonly produced as a
byproduct of the extraction and processing of natural gas and crude oil,
but it can also be produced as a byproduct of biofuel processing and other
industrial processes. However, its composition and constituents can vary
depending on the region in which it was produced or intended for sale, as
well as the fuel specification followed. The liquefied petroleum gas is
analyzed using gas chromatography technology to determine the
proportions of carbon components present, which are used to prepare
carbon nanotubes [220,221].

Gas chromatography is a popular analytical technique for separating and
analyzing gaseous and volatile compounds. To separate the analytes in
gas chromatography, the sample is dissolved in a solvent and vaporized.
The sample is divided into two phases: the stationary phase and the
mobile phase. A chemically inert gas, such as helium or nitrogen, serves
as the mobile phase. Gas chromatography is one of the few types of
chromatography that does not require the use of a mobile phase to interact
with the analyte . The stationary phase can be either a solid adsorbent, as
in gas-solid chromatography (GSC), or a liquid on an inert support, as in
gas-liquid chromatography (GLC). In gas-solid chromatography, a solid
adsorbent is used as a stationary phase, and separation occurs via the
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adsorption process, whereas in gas-liquid chromatography, the stationary
phase consists of a thin layer of nonvolatile liquid bound to a solid
support, and separation occurs via the partition process. The most
commonly used technique is gas-liquid chromatography. The to-be-
separated sample is first converted into vapours and then mixed with the
gaseous mobile phase. Sample components that are more soluble in the
stationary phase travel slower, while components that are less soluble in
the stationary phase travel faster. As a result, the components are

separated based on their partition co-efficient [222] .
1.17. Characterization of the CNTs and its Composites

Several techniques have been adopted to define and understand the
structure and nature of carbon nanotubes and its composite with titanium

dioxide.
1.17.1. Raman spectroscopy

Raman effect is the inelastic scattering of light by matter. When a
monochromatic light is scattered by matter, it undergoes two types of
interaction, resulting in two distinct types of scattered light. One type of
interaction does not involve the transfer or exchange of energy between
the incident light photon and matter molecules or atoms. As a result, the
scattered photon has the same energy or frequency as the incident light.
This type of scattering is known as Rayleigh scattering because it is
elastic in nature . The second type of interaction involves the exchange of
energy between the incident photon and the molecules of the material. As
a result, the scattered photon will have a new frequency or energy that is
simply equal to the sum or difference of the incident photon's frequency
and the natural frequency of the thermally excited and kinetically active

species in the material. This type of scattering is known as Raman
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scattering because it is inelastic in nature. Stokes and antiStokes Raman
scattering are the names given to the shifts to lower and higher
frequencies, respectively . Stokes Raman scattering occurs as a result of a
transition that begins at the ground state vibrational energy level and ends
at a higher vibrational energy level, whereas anti-Stokes Raman
scattering occurs as a result of a transition from a higher to a lower
vibrational energy level. Because most molecular vibrations are in the
ground state at room temperature, anti-Stokes transitions are less likely to
occur than Stokes transitions, resulting in more intense Stokes Raman
scattering [223]. With a frequency range of 100-4000 cm™, the
appropriate spectrum and Raman intensity are 0.001 percent of the
intensity of the source.The Raman spectrum is used to investigate
vibrational and rotational modes in a system. It is also used for all types
of samples (solid, liquid, and gas). Many carbon materials with varying
degrees of sp? structures as a type of symmetric model have had their

Raman spectra extensively studied [224,225].

Raman spectroscopy is a tool for characterization of carbon nanotubes
and functionalized carbon nanotubes, and it is one of the most widely
used methods for characterization of carbon nanotubes[226] . The radial
breathing modes (RBMSs) caused by the higher frequency of disordered
D, the G graphite network, and the G™ (second-order Raman scattering
from D" band variation) modes are the most notable Raman features in
CNTs. The D, G, and G" modes are found in graphite, while the RBM is
unigue to CNTs and represents the tube's isotropic radial expansion.
Because the RBM frequency is inversely proportional to the diameter of
the tube, it is useful for determining the diameter distribution in a sample.
The RBM bands can be used as a diagnostic tool to confirm the presence
of CNTs in a sample. Raman spectroscopy was used to evaluate the
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composite of CNTs with different materials, which shows the state of
dispersion and the polymer-filler interactions reflected by shifts or width

changes of the peaks [227].
1.17.2. Diffraction Technique

The diffraction technique works by focusing a monochromatic ray
beam on a material sample in order to obtain structural information
hidden in its crystal lattice [228]. X-ray powder diffraction (XRD) and
energy dispersive X-rays diffraction (EDX) are two diffraction techniques
used in this study. EDX provides a quantitative estimate of the metal
content or impurities of carbon nanotubes [229]. XRD is widely regarded
as the most reliable method for crystal characterization [230], but it is not
without limitations. The monochromatic beam is created by combining
polychromatic beams produced in a cathode ray tube; the monochromatic
rays then strike the sample atomic planes. This produces diffracted,
transmitted, reflected, scattered, and absorbed beams in accordance with
Bragg's law[231]:

ni=2dsin®@  ----(1.8)

Where n is an integer that defines an order of the diffracted
beam, A represents wavelength of the incident X-ray beam, d
means the distance between near atomic planes or d- spacing, and 0
represents angle of an incidence X-ray. The Miller indexes characterize
the different crystallographic planes in a crystal (hkl). These are three
integral numbers that are related to the reciprocal values of the
intersection of a given plane with the crystallographic unit cell axes, and
they are an indispensable method for the characterization and quality
control of structural materials that employs the Debye-Scherrer method
[232]:
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D=kAi/pcos® ----(1.9)

where: D is the average crystal size, Kk is the shape factor depends on the
shape of the crystal, and equal to 0.94 for the heterogeneous shape but
equal to 0.89 for homogenous shape , 4 = 0.154 nm is the X-rays
wavelength of Cu Ka , B is the full width intensity at half maximum of
the peak and @ is the Bragg’s angle . The XRD patterns for CNTs
typically shows two distinct peaks at 20=26° when compared to normal
graphite at 20 = 26.5°, this peak shows a downward shift due to an
increase in the sp% C=C layers spacing [233] and 20~43° appear, which
can be attributed to diffraction from the carbon nanotubes' C(001) and
C(002) planes. The second peak in MWNTSs is stronger than in SWNTSs
[231].

1.17.3. Thermo Gravimetric Analysis TGA

TGA is a thermal technique that measures changes in material weight
as temperature increases [234] . The weight changes represent changes in
the materials' physical and/or chemical properties, such as decomposition,
oxidation, and volatilization. TGA is frequently used in the investigation
of polymeric materials [235]. TGA is one of the simplest techniques for
characterizing nanomaterials, particularly carbon-based nanomaterials.
Other than drying specimens, TGA typically does not require any special
sample preparation. During the thermogravimetric analysis, samples are
heated in a specific atmosphere, while the mass loss of the sample is
tracked as the temperature rises. TGA has previously been reported as a
reliable method for evaluating the thermal stability, purity, and

composition of carbon nanomaterials [236,237].

TGA can be used to determine the percentage of amorphous carbon,

metal catalyst content, and sample purity in carbon-based nanomaterials
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such as carbon nanotubes (CNT) [237]. This TGA test requires
approximately 5 to 10 mg of sample, with no special sample preparation
required. During the TGA run, amorphous carbon in the sample
decomposes at temperatures between 200 and 400°C, which is lower than
for graphitic structured carbons (graphene, graphite, carbon nanofibers,
single-walled carbon nanotube [SWCNTs], and multi-walled carbon
nanotube [MWCNTSs]. As a result, the decomposition curve can be used
to calculate the amount of amorphous carbon in the sample [238,239].
The oxidation temperature of SWCNTSs is typically less than 600 °C.
However, some MWCNTSs have higher oxidation temperatures [239]. The
residual mass after 700°C is regarded as metal catalysts and metal
catalyst oxidation products [240,241]. This data can be used to (i)
determine the efficacy of the CNTs purification process, (ii) monitor
changes in CNTs manufacturing, and (iii) characterize manufactured
CNTs for quality control (QC). For example, Mansfield, et al. (2014),
they used TGA to (1) compare nanoparticle materials produced by
different manufacturing processes, (2) identify variability within a single
batch, and (3) determine variability from batch to batch. Their findings
suggested that TGA is sensitive enough to enable QC at both microscale
and nanoscale structures (SWCNTs to MWCNTS) [242] .

1.17.4. Electron Microscopy Technique

Because it allows direct observation of size, shape, and structure,
electron microscopy is an essential tool for characterizing CNTs [243].
The most common electron microscopy approaches used for material
characterization are TEM, SEM and AFM, with SEM and TEM being
mostly used to explain of bundles and the purity of the material. They are,
however, limited in the sense that the high electron beam causes damage
to the sample. SEM and TEM reveal information about the topography,
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morphology, and composition of a material. According to a recent study
on the use of AFM, SEM, and TEM for CNTSs research, the AFM method
provides information about the length of CNTs and the diameter of their
bundles; however, the accurate value of the diameter could not be
observed because the CNTs did not lie directly on the mica and oscillated
under the daze [244].SEM was used to characterize the overall
morphologies and dimensions of CNTs. The degree of purity is quantified
.TEM detects lattice structures, sidewalls, diameters (both inner and
outer), lengths, impurities, and defects in CNTs, and distinguishes CNTs
from nanofibers [245,246]. However, AFM supplies imaging with both
individual CNTs and CNTs bundles. Accurate 3D reconstruction of the
sample topography with atomic resolution at a low cost and in a short
period of time [247].

1.17.5. UV-visible Diffuse Reflectance Spectroscopy

The band gap energies of TiO, (anatase & degussa P25) and its
composites with CNTs were determined using a Cary 100 Scan UV-
visible spectrophotometer system and reflectance data R. This is outfitted
with a Labsphere integrating sphere diffusing reflectance accessory for
measuring diffuse reflectance spectra with BaSO, as a reference material.
The following equation was used to transform the measured reflectance
data (R) to the Kubelka-Munk function F (R) [248] :

1-R?
FR)= — ) 110)
1-R?
[F(R). E]*= [% CE] --111)
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where R is the fraction of reflectance. The band gap of the samples is
estimated by extrapolating of a tangent line in the plot of /F(R).hv]*°
versus the photon energy, hv (h and v are the Plank’s constant and photon

frequency, respectively) [249]. After anticipation of the band gaps, the

absorpt n edges are calculated by the following equation:
12398
E, = 7 ----(1.12)

where Eg is the band gap (eV) and 4 (nm) is the optical absorption edge.
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1.18. Literature Survey For DSSCs

Ahmed M. Ammar et al. (2019) here they did three natural dyes were
extracted from different fruits and leaves and used as sensitizers for dye-
sensitized solar cells (DSSCs). Chlorophyll was extracted from spinach
leaves using acetone as a solvent. Anthocyanin was extracted from red
cabbage and onion peels using water. Different characterizations for the
prepared natural dyes were conducted including UV-vis absorption,
FTIR, and steady-state/time-resolved photoluminescence spectroscopy.
Various DSSCs based on the extracted dyes were fabricated. The
degradation in the power conversion efficiencies was monitored over a
week. The effect of the TiO, mesoporous layers on the efficiency was
also studied. The interfaces between the natural dyes and the TiO, layers
were investigated using electrochemical impedance spectroscopy. They
found that the cell efficiency was 2.23 when using chlorophyll dye but
equal to 1.87 when using anthocyanin dye [250].

Yu Jeong Jang et al. (2019) They studied the photovoltaic performance of
ruthenium-based complex Z907 dye in ss-DSSCs using a solid-state
polymerized conductive polymer as hole-transporting material (HTM).
We investigated the long-term stability of both liquid and solid-state
DSSCs and the findings revealed an improved photovoltaic performance
and long-term stability of ss-DSSC. This mainly depends on the transport
phenomena of the HTM throughout the interface. The present results
(efficiency equal to 6.00) show a pavement for manufacturing highly

stable and inexpensive ss-DSSC and the practical use is promising [251].

Charu Pathak et al. (2019) in the this work DSSCs were assembled using
mixture of natural dyes extracted from pomegranate, beetroot, lemon

leaves and spinach leaves and employed as sensitizer for nano-crystalline
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TiO,. The best performing cell gave a Voc of 0.47 V, Jsc of 0.055
mA/cm? and 1 of 0.03 %. [252].

M.Younas et al. (2019) in the this work Tungsten oxide/titanium oxide
nanocomposites (NWO3-TiO,) with three different WO;-TiO, mass ratios
(n=1%, 3% and 5%) were synthesized and used as a photo-anode to
fabricate dye sensitized solar cells (DSSC), in conjunction with multiwall
carbon nanotube (MWCNTSs) as a platinum free (Pt-free) counter
electrode. It was observed that [1%WO;-TiO,/N719/MWCNT] DSSC
exhibited an efficiency enhancement of about 40% as compared to the
conventional TiO,/dye/Pt solar cell, and 18% efficiency enhancement
compared to [1%WO3-TiO,/N719/Pt] solar cell. The reduced electron-
hole (e, h*) recombination in the nWO5-TiO, nanocomposite due to
reduced surface trap states, the increased accumulation of electrons at the
photo-anode mediated by the photo-excitation of the dye, the efficient
electron transportation and increased light absorption can be attributed to
the superior performance of [NWO;-TiO/N719/MWCNT] DSSCs in
general [253].

Sancun Hao et al. (2006) reported that the dye-sensitized solar
cells(DSSCs) were assembled by using natural dyes extracted from black
rice, capsicum, erythrina variegata flower, rosa xanthina, and kelp
assensitizers. The short-circuit current (ISC) from 1.142 mA to 0.225
mA, the open-circuit voltage (VOC) from 0.551 V to 0.412 V, the fill
factor from 0.52 to 0.63, and maximum power (Pmax) from 58 uW to
327 uW were obtained from the DSSC sensitized with natural dye
extracts using liquid electrolyte. In the extracts of natural fruit, leaves and
flowerchosen, the black rice extract performed the best photosensitized
effect, which was due to the better interaction between the carbonyl
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andhydroxyl groups of anthocyanin molecule on black rice extractand the
surface of TiO, porous film [254].

Prihanto Trihutomo et al. (2019) reported that the addition of clathrin
protein to the TiO, layer was used to increase electron transfer in the
semiconductor layer resulting in improved DSSC performance. Clathrin
Is a protein that plays a role in the formation of transport vesicle
membrane in eukaryotic cells. The method used in this study is clathrin
protein with a concentration of 0%, 25%, 50%, and 75% added to TiO, in
DSSC structure. Photovoltaic characteristics of DSSC were measured
using a data logger to determine the performance of DSSC, layer
morphology was analyzed using Scanning Electron Microscopy (SEM),
the element content in DSSC was analyzed using Energy-Dispersive X-
ray Spectroscopy (EDS), and functional groups in DSSC layers were
analyzed using Fourier-Transform Infrared Spectroscopy (FTIR). The
result of this study is the addition of clathrin protein can improve DSSC
performance, which resulted in the highest performance of DSSC on 75%
clathrin protein addition with , , and . From the results of SEM analysis, it
appears that clathrin protein molecules fill the cavities in TiO, molecules.
EDS analysis shows an increase in carbon, oxygen, and phosphorus
content in TiO, layers with increasing clathrin protein concentration.
FTIR analysis shows an increasingly sharp absorption in the FTIR
spectrum of protein-forming functional groups by increasing clathrin

protein concentration in DSSC [255].
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1.19. Aims of the Study

1- Synthesis of CNTs using flame fragment deposition method (FFD)
using Iraqi liquefied petroleum gas (LPG).

2- Synthesis of binary composites having different ratios from

combination of TiO, and synthesized CNTSs.
3- Extraction of dye from pomegranate fruit seeds .

4- Manufacturing low cost dye sensitized solar cells (DSSCs)with high

efficiency.

5- Fabrication of dye sensitized solar cells (DSSCs) utilizing the

synthesized materials .

6- Utilization of CNTs and CNTs/TiO, as a roles in the proposed DSSCs .
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2.1. Chemicals
Table (2.1) lists chemical materials that used in this work.

Table (2.1): Chemicals

: Purit :
No. Chemicals o y Company supplied
(0}
1 Acetone ( CH:COCH; ) 99 S.D. Fine-chem. Ltd.,
India
2 Ethanol (C,HsOH) 99.93 Alfa, Aesar
Fluorinated tin oxide
3 glass (FTO) Thomas Baker INDIA
Hexachloroplatinic acid i
4 (H,P{Cl, 6H,0) 99 Evonik, Germany
5 Hydrogen peroxide ( H,O, )(30%) 95 Sigma-Aldrich
6 Isopropanol ( (CH3),CHCO) 99 BDH
Multi-walled carbon nanotube . .
7 (MWCNTS) 95 Sigma-Aldrich
8 Nitrogen gas 99.99 Emirates industrial gases
9 Nitric acid (HNO3) 73 CDH- INDIA
10 Titanium oxide nanoparticles (TiO,) 99.50 Skyspring Nanomaterials
anatase (10-30 nm) ' Inc. , USA
11 Titanium oxide nanoparticles (TiO,) 95 Evonik, Germany
degussa (20 nm)
12 Triton X-100 (C34Hg,011) 99 Sigma Aldrich
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2.2. Instruments

The used instruments are listed in the following table.

Table (2.2): Used instruments.

No. TR Company Location
1 Tube furnace XIN YOO electronic College of Pharmacy,
components co. Ltd. University of Babylon
2 Sensitive balance BL 210 S, Satorius Co_llege_of Pharmacy,
University of Babylon
I College of Pharmacy,
3 Sonication bath FALC-Iltaly University of Babylon
. : College of Pharmacy,
4 Centrifuge EBA 20 Hettich University of Babylon
: . Heidolph- Mr
Electrical magnetic i College of Pharmacy,
6 . HeiStandard- A
stirrer University of Babylon
Germany.
7 Furnace Salden Nabertherm College of Pharmacy,
LH30/12 Germany. University of Babylon
8 Gas Chromatography Agilent 7890 A Dora Refinery
(GC)
Programmable Physics Department /
9 Keithley Tektronix Company College of Science
Electrometer (2400) / Kufa university
D T 9208A CE Auto Physics Department
10 Volt-Meter Power /College of Science /
Babylon University
Scanning . o
11 | Electron Microscopy ZEISS model : Sigma | Ferdowsi University of
(SEM) VP Mashhad /Iran
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X-Rays Diffraction

University of Kashan/

12 (XRD) Siemens model D500 Iran
Fourier Transform Babylon
13 Infrared (FTIR) FTIR- 84005, University/Chemistry
Shimadzu Japan
Spectrophotometer Department
14 Thermal Gravimetric Dsc:STA500, University of Kashan/
Analysis (TGA) Germany Iran
Transmission - o
. Philips model : University of Kashan/
15 | Electron Microscopy CM120 Iran

(TEM)

16

Raman Spectroscopy

Horiba Japan

University of Kashan/
Iran

Energy Dispersive X-

Oxford instruments,

Ferdowsi University of

17 Rays Diffraction
(EDX) UK Mashhad /lran
UV-1650PC Babylon
18 UV-visible . University/Chemistry
Shimadzu, Japan
Department
Flame
19 Fragmentations Homemade College of Pharmacy,
Deposition instrument University of Babylon
Instrument (FFD)
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2.3. Carbon Nanotubes Synthesis

The Flame Fragment Deposition (FFD) method, with a homemade
chamber instrument was used for the synthesis of carbon nanotubes
(CNTSs) using LPG as a carbon source [65,66]. Schematic description of

this unit IS shown in Figure (2-1).

Heating at 80'C and wash by D.W
sturing to dry | —

/

CNTs 1n crucible

Figure(2.1):Schematic Diagram of The steps used by the Flame
Fragmentations Deposition Instrument (FFD) to synthesize CNTs .
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2.4. Petroleum Analysis

The model of the gas bottle used as a carbon source in the Dora refinery
was analyzed using gas liquid chromatography, and the results are as

presented in Figure (2-2).
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Figure (2.2): Chromatogram of Liquefied Petroleum Gas (LPG)
in Dora refinery.

Comparison of time (min.) with area for Liquefied Petroleum Gas (LPG)
Compounds in Irag are shown in Table (2-3).
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Table (2.3): Contents of GC (Chromatogram ) for LPG in Dora

refinary.
Peak Ret. Area Height | Conc. | Unit| Mark| Name Norm.
Time Conc.
1 1.615 | 1906419 | 1569752 | 4.662 | % Methane | 5.457
1.927 | 1401262 | 1110852 | 1.707 | % Ethane | 1.998
2
3.215 | 79150123 | 17791261 [ 64.330| % S | Propane | 75.298
3
Iso-
7731294 | 1451862 | 4.893 | % 5.727
4 | 6.993 Butane
15278254 | 2143499 | 9.633 | % \% N- 11.276
5 7. 547 Butane
Iso-
6 [12.663| 19241 5961 0.010 | % 0.012
Pentane
7 |13.415| 382573 124537 | 0.199 | % N- 0.233
Pentane
Total 105869166 | 24207725
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2.5. Purification of synthesized CNTs

The method used in the purification of the synthesized CNTs in this
section is a modification of the method described in previous work [65].
Purification of the synthesized CNTs was accomplished in this manner by
calcination at 350 °C for 2 hours, followed by oxidation with hydrogen
peroxide H,0O, 30%, followed by treatment with acetone. In this method,
100 mg of as-prepared CNTs were dispersed in 50 mL of H,0, using an
ultrasonic water bath for one hour. The mixture was kept in a refrigerator
at 4°C for 24 hours before being allowed to come to room temperature
and gradually heated to 50 °C until all hydrogen peroxide was removed.
The obtained solid was then washed with deionized water and dried at 80
°C for 6 hours . It was then treated with acetone by dispersing CNTs in
15 mL of acetone and sonicating for 15 minutes, and then the obtained
suspension was centrifuged. The obtained solid was dried overnight at
100°C and characterized using X-ray diffraction (XRD), Raman
spectroscopy, thermo gravimetric analysis (TGA), Energy Dispersive X-
ray Spectroscopy (EDS), and scanning electron spectroscopy (SEM).
Purification processes that were utilized in this work are shown in Figure
(2.3).
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100mg CNTs with
H,0, 50 ml

Sample Powder
" P———
Left the mixture in LN

refrigerator at 4°C | |
for 24h

Addition of 15 ml

of acetone and Centrifuged
for 15 min

=

> ® Purify CNTs

Heating gradually
to 50C and sonication 15 min <———==

washing with L—» % —_—
water

Drying

Figure (2.3): Schematic diagram of the steps used in synthesized

CNTs purification .

2.6. Functionalization of the synthesized CNTs

Functionalization of CNTs is an important step that can be used to
introduce functional groups into the surface and improve its surface
properties. The oxidation of the CNTs' surface is critical for the
production of the composite. Due to the formation of hydrogen bonds, O-
CNTs disperse homogeneously in distilled water as shown in Figure
(2.4). FTIR was used to investigate the formed and functioning O-CNTSs.
In this purpose CNTs (100 mg) were suspended in 75 mL of 30%
hydrogen peroxide in a 100 mL round bottom flask with a condenser, and
the dispersion was heated to 80 °C at reflux overnight after that added 30
ml of 30% hydrogen peroxide and continuous reflux for other six hours.
Following the reflux, the CNTs and hydrogen peroxide suspension were
heated to 50 °C until the mixture was dry [256].
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Figure (2.4): Dispersion of CNTs and O-CNTs in water.

2.7. Synthesis of TiO,/CNTs Composites

A simple evaporation and drying process was used to create different
ratios of titanium dioxide nanoparticles (TiO,) (Anatase , Degussa)
/ICNTs composite structures. To make TiO,/CNTs composite, 10 mg
CNTs were suspended in 150 mL of deionized distilled water and
sonicated for 15 minutes. Titanium dioxide powder was then added to the
CNTs suspension while stirring continuously. The suspension containing
CNTs and TiO, particles was then sonicated for 10 minutes before being
heated to 80 °C to accelerate water evaporation. The composite was then
dried overnight in an oven at 104 °C [257]. Different composites were
created by varying the TiO, and CNTs ratios. The mass ratios for
TiO,/CNTs were as follows: 1:0.010, 1:0.025 and 1:0.050 .
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2.8. Fabrication of Dye Sensitized Solar Cells (DSSCs)

The prepared photoanodes and counter electrodes were assembled into
a sandwich DSSCs configuration, with an electrolyte drop filling the
internal space. Using a Keithly 2400 source meter and a 36.83 mW.cm™
intensity of light. The photovoltaic performances of the prepared DSSCs,
were estimated including the open-circuit voltage (Voc), short-circuit

current density (Jsc), fill factor (FF), and power conversion efficiency (n).

2.8.1. Extraction of the Natural Dyes

Pomegranate fruit seeds were collected and washed with deionized
water, squeezed, and then filtered through laboratory filter papers to
remove the solids. The filtrate was centrifuged for 15 minute with a
centrifuge . Then the deposit was discarded and the filtrate was taken
[258]. It is then kept in the dark in the refrigerator until used at 4 °C. The
pH of the anthocyanin pigment extracted from the pomegranate was
measured using a pH meter, and it was found that it had a pH=3 . When
measuring the concentration of the dye in the extract from pomegranate
seeds using a device (UV-vis spectrophotometer) as in the Figure (2.5), it
was found that the red anthocyanin dye reached its maximum absorbance

at 1.131 and wavelength at 511 nm.
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Figure (2.5): Absorption of the extracted red anthocyanin dye at

different wavelengths using a device UV-vis spectrophotometer .

A—. ;
Figure (2.6): Preparation of Pomegranate extract and immerges
working electrode in Pomegranate solution.
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2.8.2. Fabrication of the Working Electrodes (WE)

The FTO glass slides were thoroughly cleaned with isopropanol for 5
minutes, followed by acetone for another 5 minutes. Finally, all cleaned
substrates are DIW washed and dried with stream of hot air. To prepare
DSSCs, various photoanode materials were used as electrodes, including
(TiO, anatase & degussa) and its different composites with CNTs. Each
time FTO substrates were coated with the prepared paste from its
photoanode materials, 0.2 gm of each, 0.4 mL (0.1 M) HNO; and one
drop of Triton X-100 (C34He2011 , M.Wt.646.87). The prepared paste is
applied to FTO-glass substrates with using the glass motor to brush the
material on the glass and give it a very thin and symmetrical thickness as
shown in Figure (2.7) , and the sample is dried for 10 minutes at 80 °C.
Finally, the prepared samples were annealed for 2 hours at 450 °C before
being immersed in a pomegranate dye solution (see Figure (2-6)) for 24
hours in the dark to prevent dye photo degradation. To remove non-
adsorbed dye molecules, the surface of photoanode materials was washed
with ethanol [259].

Figure (2.7): FTO glasses fixed with medical tape .
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2.8.3. Preparation of the Counter Electrode (CE)

The FTO glass slides were thoroughly cleaned with isopropanol for 5
minutes, followed by acetone for another 5 minutes. Finally, all cleaned
substrates are DIW washed and dried at hot air. To prepare the solar cell,
three types of cathode electrodes were used, the platinum electrode being
the most expensive. To make the Pt CE, the hexachloro platinic acid
H,PtClg was dropped onto the surface of the FTO glass and waiting for it
to dry and sintered at 450 °C in a burning furnace for 30 minutes [ 260].
CNTs CE was made by kneading 0.1 gm of prepared CNTs powder in a
mortar with 0.5 mL deionized distil water (DIW) and a drop of Triton X-
100 aqueous solution. The CNTs paste is applied to cleaned FTO-glass
with a doctor blade or using the glass motor and allowed to dry in the air
[261]. Finally, the graphite electrode is prepared by using a candle flame

on a clean FTO-glass surface, as shown in Figure (2.8).

Figure (2.8): FTO glasses with (A)CNT and (B) graphite counter
electrode .

64



Chapter two Experimental part

2.8.4 Preparation of the Redox Electrolyte

Between two prepared electrodes, a drop of (0.1M) iodine solution is
added. To prepare a (0.1 M) iodine solution, dissolve 10 g of potassium
iodide (K1) in 25 mL of DIW and add 3.175 g of iodine (I,). Then shake
the flask until the iodine is completely dissolved and the solution is kept
In an opaque bottle [262]. The counter electrode is then placed on the
working electrode and the solution is kept in an opaque bottle under the
condition that the solution does not leak out of the specified area in cell
.The find form of DSSC and its connection with Avometer is shown in
Figure (2.9).

Figure (2.9): The final form of DSSC and voltage generated by the
solar cell under sunlight .
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a3. Results and Discussion

3.1 Characterization of the synthesized CNTs

The synthesized CNTs in this work were characterized using different
spectroscopic and analytical techniques . The used techniques are X-rays
diffraction (XRD), Raman spectroscopy, scanning electron microscopy
(SEM), energy dispersive X-rays spectroscopy (EDX), transmission

electron microscopy (TEM) and thermal gravimetric analysis (TGA).

3.1.1. X-rays diffraction of synthesized CNTs (XRD)

XRD patterns were used to investigate the crystalline nature and
quality of carbon nanotubes derived from carbon source materials.
Figures (3.1) and (3.2) depict XRD patterns for the synthesized and
standard CNTs . From these patterns the peak at (26.0°) for synthesized
CNTs and the peak at (25.92°) for standard CNTs (MWCNTSs, Sigma -
Aldrich) are a typical graphitic peak caused by the presence of carbon
atoms in the tubular structure in the samples, corresponding to the (002)
reflection. The broad weak peaks around (43.5°) and (53.92°) for
synthesized CNTs and the broad weak peaks around (43.46°) and (53.42°)
for standard CNTs are attributed to the nanotube structure's (101) and
(004) planes respectively [263-265]. The obtained results are summarized
in Table (3.1), which shows the angle of diffraction 20, d-spacing and the
intensities of the diffraction peaks for the synthesized and standard
CNTs. These results of XRD patterns for the synthesized CNTSs indicate
that they are of the MWCNT type due to the convergence of the results
and the features of standard MWCNTSs, with very slight deviations in the
positions of the peaks, possibly due to the difference in the method and

conditions of preparation.
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Figure (3.1): XRD pattern of the synthesized CNTs using FFD
method.
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Figure (3.2): XRD pattern of the standard CNTSs.
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Table (3.1): Comparison of the XRD patterns of the synthesized and
standard CNTSs.

Sample 20. deg d(A°) Intensity

16.775 1.78857 468

25.875 4.246306 918.79

Synthesized CNTs
26.000 2.154889 1000

43,575 7.61457 262
53.925 1.593121 155
25.920 4.015198 990

43.460 ) 27
Standard CNTSs 2-950363 0

(MWCNTSs,Sigma,

Aldrich) 53.420 1.540032 165
53.140 1.553834 160

3.1.2. Raman Spectroscopy

Figures (3.3) and (3.4) show the Raman spectra of the synthesized and
standard CNTs. The main peaks in these spectra are in the D and G
bands: at 1321 and 1550.7 cm™; respectively for the synthesized CNTs
and at 1354.25 cm™ and 1551.39 cm™ respectively for the standard CNTSs.
The D band is associated with disordered carbon atoms of CNTSs that are
sp® hybridized, whereas the G band is associated with carbon atoms that

are sp® hybridized [266]. The second-order harmonic (the G band) is
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clearly visible at 2661.43 cm™ for synthesized CNTs but equal to 2659
cm™ for standard CNTs , whereas other distinguishable features of
MWCNTSs, such as the G+D band at 2930 cm™, are not visible, indicating
a very weak band [267,268]. The ID/IG ratio is commonly used to
evaluate the structures of carbon nanotube surfaces, which is the most
important phenomenon of CNTs with varying amounts of defects. The
ID/IG ratio of the synthesized CNTs is relatively high at (0.65), and it is
equal to ( 1.11) for standard CNTs . The presence of a low density of
defects on the tubes' walls accounts for this observation. The higher
intensity of the G band compared to the D band is most likely due to the
lower number of graphene layers, indicating the borderline between few-
walled and multi-walled graphene. The Raman spectrum applies to
single-walled and multi-walled carbon nanotubes [266,269-271]. Table
(3.2): shows comparisons of Raman analysis for standard and
synthesized CNTSs.
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Figure (3.3): Raman spectrum for the synthesized CNTSs.
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Figure (3.4): Raman spectrum for the standard CNTs.

Table (3.2): comparison of Raman analysis for standard and
synthesized CNTs.

D-Band G-Band
NTS Z(:'na_lf Intensity Izerf.ll( Intensity e
Syrgrllle_?iszed 1321.00 | 225 |1550.70 | 345 0.65
Stgrlllcffsrd 135425 | 390 |1551.39| 349 111
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3.1.3 Scanning electron microscopy (SEM)

SEM method was used since the diameter of the bundles needed to be
accurate. This method primarily provides information on the sample's
surface shape as well as its chemical composition. The only variables that
can be measured are the size of carbon particles as well as the diameter
and length of bundles. It is impossible to find information about the
diameter of a single nanotube . The images in Figure (3.5) show the
formation of carbon nanotubes clearly and a homogeneous distribution of
synthesized CNTs with an average diameter ranging from 31.26 to 78.00
nm, while the average diameter of standard CNTs range from 51.55 nm to

83.82 nm, as shown in Figure (3.6).
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Figure (3.5): SEM images for the synthesized CNTs by FFD.
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Figure (3.6)

: SEM images for the standard CNTs (Sigma, Aldrich) .
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3.1.4. Energy-dispersive X-rays spectroscopy (EDX)

Using energy-dispersive X-rays spectroscopy (EDX), the elemental
composition of the synthesized CNTs was investigated. Figure (3.7)
depicts the obtained results , Figure (3.8) shows that of standard CNTSs,
for comparison. These findings support the oxygen, iron, and carbon
content of the synthesized CNTs and starting materials. The quantitative
analysis shows the content ratio of the synthesized CNTs, which yielded
89.1% of C, 6.9% of Fe, and 4% of O, while the standard CNTs yielded
93.9% of C, 2.4 % of Fe, and 3.7 % of O. This indicates that dominant
element in the synthesized samples is C, as required .Table (3.3) shows

the distinctions between synthetic and standard CNTSs.
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Figure (3.7): EDX analysis for synthesized CNTSs.
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Figure (3.8): EDX analysis for standard CNTs.

Table (3.3): Distinctions in EDX analysis between synthetic and
standard CNTs.

EDX analysis of synthesized

EDX analysis of standard

CNTs CNTs
Elemental wt% 0 Elemental wt% 0
C 89.1 2.3 C 93.9 2.6
Fe 6.9 2.3 Fe 2.4 2.6
O 4.0 0.6 @) 3.7 0.7
Si 0.0 0.0 Si 0.0 0.0
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3.1.5. Transmission Electron Microscopy (TEM)

TEM was utilized because it can quantify the diameter of nanotubes in
a bundle. The diameter of one nanotube and the diameter of the bundle
can be determined immediately from the TEM image. Because of its
capacity to detect nanotubes at atomic resolution and provide information
about surface morphology, this study found that TEM is the ideal
approach for thorough analysis of CNTs. The number of nanotubes in the
bundle can be determined using the information obtained from TEM. It is
widely believed that the diameter of a carbon nanotube may be estimated
by measuring the distance between two black lines in a TEM picture
associated with carbon nanotubes. In general, the distance between two
black lines is smaller than the nanotubes' true diameter. The difference
between these two values varies depending on the tube size and
alignment with the electron beam, and it can be as much as 30% for sub-
nanometer carbon nanotubes. The difference between the two tubes is
typically less than 10% for tubes larger than 1.0 nm. The TEM images of
the as-grown carbon nanotubes are displayed in Figure ( 3.9); these
samples mostly consist of multi-walled nanotubes with a hollow internal
channel bearing at the tip and some few-walled carbon nanotubes. TEM
provide a more realistic picture of the synthesized tubular structure. The
nanotubes in the TEM image have diameters ranging from 29 nm to 50
nanometers. This indicates that the synthesized CNTs falls within the

range of MWCNTSs specifications.
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Figure (3.9): TEM images of synthesized CNTs by FDD.
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3.1.6 Thermal gravimetric analysis (TGA)

Figure (3.10) indicates the thermal gravimetric analysis (TGA) of the
synthesized CNTs, while that of standard CNTs is shown in Figure
(3.11), for comparison. The TGA analysis results for the synthesized
CNTs after purification show that there are three main regions for losing
weight. The first weight loss appears around 100 °C, representing a loss
of around 4%. This can be attributed to the loss of water that may have
been adsorbed at the surface of CNTs during purification processes
conducted under normal atmospheric conditions. The second weight lose
appears around 130-190°C, referring to a weight loss of around 2%,
which can be attributed to the loss of absorbed aromatic molecules that
may be present with the liquefied petroleum gas. The third weight loose
appears at 200-320°C, referring to a weight loss percentage of 5% of the
sample's weight. This is due to the conversion of amorphous and
unconverted carbon to CNTs. The largest loss occurs at 450°C, with a
gradual decrease in weight until it reaches approximately 750°C, which is
attributed to the degradation of graphene walls of tubular structure. The
interference between each ether causes this behavior. These results
mostly indicate the formation of carbon nanotubes with high purity level
and high quality modulus since the greatest weight loss was induced after

a temperature of 450°C.
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Figure (3.10): Schematic diagram of TGA for synthesized CNTSs.

Figure (3.11) shows the TGA of standard CNTSs, and the result refers to a
small weight loss from (150-170)°C, which is due to the decomposition
of residual hydrocarbon impurities that are equal to 5% of the total
weight. The dominant weight loss of 85% is due to the decomposition of
the CNTs in the temperature range of (233-845)°C .
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Figure (3.11): Schematic diagram of TGA for standard CNTSs.
3.1.7 Functionalization of the synthesized CNTs.

The chemical oxidation of CNTSs is carried out using H,O, in order to
obtain the hydrophilic surface structure of oxygen within a certain surface
group. This oxidation process with H,O, introduces several functional
groups, such as -OH (Hydroxyl), -COOH (carboxyl), and others, on the
synthesized CNTs’ surface [125]. These surface groups are useful during

the interaction and chemical bonding between CNTs and TiO,.

FT-IR was conducted on synthesized CNTs before and after
functionalization in the range 400 to 4000 cm™, as shown in Figure
(3.12). Figure (3.12 a) shows the FTIR spectrum of the synthesized CNTs
before functionalization. It appears that no effective group are contained
on the surface of the synthesized carbon nanotubes. However, after
functionalization, CNTs show a broad peak at 3450 cm™, which refers to
the O-H stretch of the hydroxyl group, as shown in Figure (3.12 b). This
can be ascribed to the oscillation of carboxyl groups. The carboxylic
stretching frequency in the functionalization of synthesized CNTs

occurred at 1720 cm™, indicating that carboxylic groups are formed due
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to the oxidation of some carbon atoms on the surfaces of the synthesized
CNTs by H,0,. The peak at 2920 cm™, on the other hand, can be linked
to asymmetric and symmetric C—H stretching. The stretching of the
carbon nanotube backbone can be assigned to the peak at 1639 cm™
[272]. The signal at 1163 cm™ can be related to C—O stretching in the
same functionalities, but the peak for the acid functionalized synthetic
CNTs was found at 1404 cm™, which is related to the carboxylic acid
group's O-H bending deformation mode. The peak at 2364 cm™ can be
associated with the O—H stretch from strongly hydrogen-bonded ~-COOH
[273]. The peak at 1566.2 cm ™ is related to the carboxylate anion stretch
model [274]. Functionalization process by acidic oxidation of carbon
surface can offer not only a more hydrophilic surface but also a larger
number of oxygen containing function groups, which increase the ion-

exchange capability of carbon material.
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Figure (3.12): FTIR spectrum for the as-synthesized CNTs (a) before

functionalization and (b) after functionalization.
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3.2. Characterizing of the Synthesized Composite
TiO,/CNTs

3.2.1. X-rays patterns of synthesized TiO,/ CNTs composites
Figures (3.13) to (3.16) show the XRD patterns of TiO, (anatase) and

TiO, (anatase)/CNTs composites prepared with various weight ratios of
synthesized CNTs. The TiO, (anatase)/CNTs composite catalysts have
XRD patterns that are extremely close to that of TiO,. Figure (3.13)
indicates the XRD pattern of TiO, anatase, with several characteristic
peaks at 260 = 25.4 (101), 37.82 (004), 48.07 (200), 53.9 (105), 55.1
(211), 62.7 (204), 68.5 (116), 69.5 (220), and 75 (301). If the
characteristic peaks of TiO, (anatase) in Figure (3-13) are compared with
those of TiO, (anatase)/CNTs composites (Figure (3.14) to (3.16)), it is
easily understood that for composite ratios of 0.01 to 0.05 of CNTSs, the
crystallite diameters of the composite catalysts decrease steadily as the
ratios of CNTSs increase. With the presence of CNTs in TiO,, these peaks
will be less strong and wider [275,276]. The diffraction peaks of carbon
nanotubes were not clearly visible, most likely due to the composites
being obscured by the much more powerful peak of the high TiO, ratio
or the low carbon nanotube loading amount. From the XRD data, the
average crystallite size of the synthesized samples was determined using

Scherrer's equation [277]:
d =kA /3 cosO --------- (3.1)

where d is the crystallite size, k is a constant (0.9), A is the wave-length of
X-ray (CuKa), B is the half-peak width in radians and 0 is the Bragg's
diffraction angle in degrees. Table (3.4) show the values of angles of
diffraction 260, d-spacing, intensities and average crystalline sizes of the
TiO, anatase and its composites with synthesized CNTSs.
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Table (3.4): Values of angles of diffraction 20 ,d-spacing , intensities

and average crystalline sizes of the TiO, anatase and its composites

with synthesized CNTs.

20 Intensit Avarege
Sample (deg.) d(A°) (a.u) y crystalline size
g. . (nm)
TiO, anatase 25.475 |9.043113 1200
37.075 | 8.242365 | 108.041
37.925 | 13.6641 251.373
48.075 | 1.73221 | 319.8224
53.825 | 1.574245 | 152.7007
53.975 | 1.604245 | 178.1542
54.025 | 1.616544 | 186.3024 21.35102
62.275 5.6032 76.148
62.775 | 3.763472 | 157.6396
67.975 | 2.853711 | 35.9683
69.125 | 1.655518 | 66.4547
74.925 | 6.56968 85.3974
75.475 | 8.30052 95.133
75.025 11.308 62.5784
25.475 | 9.08697 | 885.3341
37.925 | 11.2348 | 215.2785
48.275 | 4.731077 | 313.4544
53.970 | 1.879964 | 151.385
37.04139
TiO, anatase + 0.01 54.175 | 1.925155 | 164.667
CNTs 62.670 | 3.31944 | 116.7882
68.970 | 3.10784 56.964
70.325 | 2.85939 55.28
75.025 | 5.52064 71.0422
75.125 | 8.34833 70.0868
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TiO, anatase +
0.025 CNTs

25.525

7.952767

1004.985

37.975

9.534813

254.9177

48.175

6.594479

283.2754

48.275

5.496468

286.821

54.075

1.900411

182.457

35.64455

54.425

2.00934

130.9912

62.575

4.8582

124.2152

68.725

7.996894

60.8563

69.125

9.145161

49.4718

74.925

6.63023

68.1802

TiO, anatase + 0.05
CNTs

25.475

9.08697

974.6275

37.925

11.2348

208.833

48.125

2.00253

265.0596

48.075

1.98334

239.6097

53.925

1.871224

169.0683

32.60126

54.075

1.900411

165.87

62.625

8.72269

1249321

68.675

3.366992

52.7263

69.375

7.61827

50.7879

74.975

4.74842

75.244
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Figure (3.13): XRD pattern of TiO, anatase.
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Figure (3.14): XRD pattern of TiO, anatase/ 0.01 CNTs composite.
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Figure (3.15): XRD pattern of TiO, anatase /0.025 CNTs composite.
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Figure (3.16): XRD pattern of TiO, anatase/0.05 CNTs composite.
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Figure (3.17): XRD pattern of TiO, anatase /CNTs composites.

Figures (3.18) to (3.21) show the XRD patterns of TiO, (degussa) and
TiO, (degussa)/CNTs composites generated with various weight ratios of
synthesized CNTs. The TiO, (degussa)/CNT composite catalysts have
XRD patterns that are extremely close to that of TiO,. Figure (3.18)
indicates the XRD pattern of TiO, degussa, with several characteristic
peaks at 20=25.5, 27.5, 36.5, 37.97, 40.9, 48, 54, 55.2,62.8, 68.8, 70.17
and 75.05 for A(101), R(110), A(103), A(004), R(111), A(200), A(106),
A(211), A(204), A(116), A(220) and A(215) respectively (A: anatase and
R: rutile). According to it, both anatase and rutile crystallites are
confirmed in TiO, degussa structure, but no brukite phase is observed. If
the characteristic peaks of TiO, (degussa) in Figure (3.18) are compared
with those of TiO, (degussa)/CNTs composites (Figure (3-19) to (3-
21)), it is easily understood that for composite ratios of 0.01 to 0.05 CNTs
at the same state in TiO, anatase, the crystallite diameters of the

composite catalysts decrease steadily as the ratios of CNTSs increase. With
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the presence of CNTSs in TiO,, these peaks will be less strong and wider
[278]. The diffraction peaks of carbon nanotubes were not clearly visible
due to the same reasons in TiO, anatase. Table (3.5) show the values of
angles of diffraction 20, d-spacing, intensities and average crystalline

sizes of the TiO, degussa and its composites with synthesized CNTSs.

Table (3.5): Values of angles of diffraction 20 ,d- spacing , intensities
and average crystalline size of the TiO, degussa and its composites
with synthesized CNTs.

Avarege
crystalline size
(nm)

20 Intensity

Sample (deg) d(A°) (a.u)

TiO, degussa 25525 | 7.952767 | 1041.013

37.975 | 9.534813 | 247.1919

48.175 | 2.02332 | 302.7762

54.075 | 1.900411 | 205.4946

54.275 | 1.954692 | 182.7538
41.68045

62.825 | 19.6765 | 163.9566

68.825 | 9.145161 | 71.1557

69.125 | 10.69378 | 54.6405

75.075 | 9.61204 90.750

75.175 11.343 94.7695

25.525 | 7.952767 | 1103.588

TiO, degussa + 0.01 37.925 | 11.2348 | 235.9039

CNTs 48175 | 2.02332 | 348.9624 48.21712

54125 | 1912217 | 198.874
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54270 | 1.93929 | 183.6722
62.825 | 10.1162 | 155.1158
68.875 | 9.145161 | 62.9633
70275 | 2.95592 | 735008
74975 | 6.63023 | 88.7903
75.325 | 9.61204 | 91.8664
25525 | 7.952767 | 1274.245
37.875 | 11.2348 | 238.7854
48.075 | 7.341419 | 315.7089
54.075 | 1.900411 | 2045731
54.225 | 1.93929 | 194.8584 146

TiO, degussa + 62.575 | 7.67487 | 145.9932
0.025 CNTs

68.675 | 6.411245 | 57.9247
70075 | 3.45659 |  59.1
74.875 | 552064 | 82.00
75275 | 11.343 | 87.8026

TiO, degussa + 0.05 | 25.252 | 7.952767 | 970.8537

CNTs

37.925 | 11.2348 | 221.7239
48.125 | 2.00253 | 281.4974
54.175 | 1.925155 | 215.2631 40.26903
54125 | 1.912217 | 150.997
62775 | 10.1162 | 132.706
68.775 | 9.145161 | 519174
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Figure (3.18): XRD pattern of TiO, degussa.
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Figure (3.19): XRD pattern of TiO, degussa/0.01 CNTs composite.
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Figure (3.20): XRD pattern of TiO, degussa /0.025 CNTs composite.
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Figure (3.21): XRD pattern of TiO, degussa/ 0.05 CNTs composite.

92



Chapter Three Results and Discussion

2500 1 ——Ti02 Degussa
e TI02 Degussa f 0.01CNTS
1000 4 e Ti02 Degussa f 0.025 CNTs

= TI02 Degussaf 0.05 CHNTs

1500 o

1000

Intensity [a.u]

500 4

10 20 a0 40 50 60 7o a0
2Theta.deg

Figure (3.22): XRD pattern of TiO, Degussa/ CNTs composites.

3.2.2 Raman Spectroscopy

Raman spectroscopy was also used to distinguish the TiO, crystalline

phases from the powder mixtures [223].

The pure TiO, in the region 100-800 cm™ is visible in the Raman spectra,
as shown in Figures (3.23), and (3.27), confirming the presence of TiO,
(anatase) and (degusa). The TiO, anatase spectrum reveals the presence
of five distinct Raman lines at 130.9 cm™ (Eg), 160.0 cm™ (Eg), 378.9
cm™ (Blg), 597.8 cm™ (Alg + Blg), and 622.9 cm™ (Eg), which
correspond to the Eg, Eg, Blg, Alg + Blg, and Eg Raman active
fundamentals of TiO,. The Eg and Alg modes of the rutile phase are
represented by the bands detected at 448 cm™ and 611.5 cm™.The
spectrum measured for this sample in ( Figure (3.27) ) clearly confirms
the presence of both TiO, crystalline phases for P25, since it comprises
all of the distinctive bands related to the anatase and rutile phases. All of

the Raman bands of TiO, are the same for TiO,/CNTs composites, with
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the exception of the TiO, Raman bands at 150 cm™. All of the Raman
bands for TiO, and CNTs are still present, with the exception that the
TiO, Raman bands for TiO,/JCNTs composites are slightly broadened
compared to pure TiO,. This broadening of the peak corresponds to a
decrease in the average crystallite size. Importantly, the two peaks
corresponding to CNTSs in the Raman spectra for TiO,/CNTs composites
are noticeable. Furthermore, as the load of CNTs increases, these two
peaks become more prominent. This is due to the fact that when
comparing pure TiO, to composites, the composites are slightly
broadened [279,280]. The changes in peak broadening are minor,
possibly because the CNT ratios utilized in this study were quite modest.
Figures (3.25) to (3.32) show the Raman spectra for all synthesized

composites.
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Figure (3.23): Raman spectrum of the TiO, anatase.
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Figure (3.24): Raman spectrum of the TiO, anatase/0.01 CNTSs.
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Figure (3.25): Raman spectra of the TiO, anatase/0.025 CNTSs.
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Figure (3.26): Raman spectrum of the TiO, anatase/0.05 CNTSs.
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Figure (3.27): Raman spectrum of the TiO, degussa.
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Figure (3.28): Raman spectrum of the TiO, degussa/0.01CNTSs.

14000 r
12000 *~
10000 F ”

8000 F

6000 F

Intensity

4000 F

2000 | k
0 AN _
200 400 600

800 1000

Raman Shift (cm™)

Figure (3.29): Raman spectrum of the TiO, degussa/0.025 CNTSs.
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Figure (3.30): Raman spectrum of the TiO, degussa/0.025 CNTSs.
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Figure (3.31): Raman spectrum of TiO, anatase/ CNTs composites.
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Figure (3.32): Raman spectra of TiO, degussa/ CNTs composites.

3.3.3UV-visible diffuse reflectance spectra

Figures (3.33) to (3.37) show the diffuse reflectance spectra of TiO,
(anatase & degussa), CNTs, and TiO,/CNTs composite in the UV-vis.
region. The inclusion of CNTs causes the composite material to absorb
from 400 to 800 nm, and the absorption even covers the entire visible
region. Furthermore, the absorption edge of TiO,/CNTs nanocomposites
exhibits a considerable red shift to a higher wavelength, which might be
attributed to electrical interaction between CNTs and TiO, [281]. As a
result, the TiO,/CNTs composites should have outstanding photocatalytic
activity that can be observed. The composites exhibit strong absorption
capabilities not only in ultraviolet but also in visible light, which is
important for exploitation and utilization of solar energy resources in
solar cell [282].
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Figure (3.33): UV-Vis diffuse reflectance spectrum of the synthesized
CNTs.
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Figure (3.34): UV-Vis diffuse reflectance spectrum of TiO, anatase.
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Figure (3.35): UV-Vis diffuse reflectance spectrum of TiO, degussa.
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Figure (3.36): UV-Vis diffuse reflectance spectrum of TiO, anatase/
CNTs composite.
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Figure (3.37): UV-Vis diffuse reflectance spectrum of TiO, degussa/
CNTs composite.

The diffuse reflectance UV-vis spectra of the different solids samples
are measured in terms of Kubelka-Munk equivalent absorption units, as
presented in figures (3.38) to (3.46) for synthesized CNTSs, TiO, (anatase,
degusa) and its composites with synthesizrd CNTSs, The absorption edges
are determined using the following equation once the band gaps have

been anticipated:
Eg =1239.8/ A ------- (3.2)

where A is the optical absorption edge (nm) and Eg is the band gap (eV).
Table (3.6) shows the band gaps and absorption edges of the synthesized

samples.
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Figure (3.38): Kubelka-Munk curve for estimating the band gap of
the synthesized CNTs.
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Figure (3.39): Kubelka-Munk curve for estimating the band gap of

TiO, anatase.
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Figure (3.40): Kubelka-Munk curve for estimating the band gap of

the synthesized TiO, anatase/0.01CNTs composite.
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Figure (3.41): Kubelka-Munk curve for estimating the band gap of

the synthesized TiO, anatase/0.025CNTs composite.
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Figure (3.42): Kubelka-Munk curve for estimating the band gap of

the synthesized TiO, anatase/0.05CNTs composite.
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Figure (3.43): Kubelka-Munk curves for estimating band gap of TiO,

anatase/CNTs composite.
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Figure (3.44): Kubelka-Munk curve for estimating the band gap of

the TiO, degussa.
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Figure (3.45): Kubelka-Munk curve for estimating the band gap of

the synthesized TiO, degussa/0.01CNTs composite.
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Figure

(3.46): Kubelka-Munk curve for estimating the band gap of
the synthesized TiO, degussa/0.025CNTs composite.
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Figure (3.47): Kubelka-Munk curve for estimating the band gap of

the synthesized TiO, degussa/ 0.05CNTs composite.
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Figure (3.48): Kubelka-Munk curves for estimating band gap of TiO,
degussa/ CNTs composite.

Table (3.6): The band gaps and adsorption edges.

Sample Band Gap (e V) Absorption Edge
(hm)
TiO, anatase 3.13 396.100
TiO, anatase +
0.01CNTS 3.10 399.935
TiO, anatase +
0.025CNTs 3.00 413.266
TiO, anatase +
0.05CNTs 2.90 427.517
TiO; degussa 3.22 385.030
TiO; degussa +
0.01CNTS 3.10 399.935
TiO; degussa +
0.025CNTSs 3.00 413.266
TiO; degussa +
0.05CNTs 2.95 420.271
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According to the results listed in Table (3.6) and figures (3.38) to (3.46),
the band gap values for TiO, (anatase & degussa) and synthesized
TiO,(anatase & degussa)/CNTs nanocomposite are 3.13, 3.22, 3.1, 3, 2.9,
3.1, 3 and 2.95 eV, respectively. Reducing band gap energy involves
using low energy to accelerate electron excitation from the valance band
to the conducting band, resulting in more electron/positive hole pairs and
improving the photocatalytic process [283,284]. However, the surface
area and density of adsorption active sites influence the photocatalytic
reaction as well as the band gap energy value. The small optical
differences seen in our composite could be due to the formation of CNTs
within the pores of TiO, NRs and on their surfaces, which could limit the
interaction between incident light and TiO, as an active component for
light. However, this results in a significant increase in specific surface
area and the presence of numerous active adsorption sites, which is

expected to improve the efficiency of photocatalytic reaction.
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3.3.4. SEM for TiO, /CNTs composite

Scanning electron microscopy (SEM) was used to examine the
morphology of the used TiO, (anatase & degussa)/CNTs composite.
Compared to pure synthesized CNTs (Figures (3. 47) to (3.52)), the
TiO,/CNTs preserve the one-dimensional nanostructure of the CNTs. The
coarsening of CNTs surfaces indicates the presence of a TiO, coated
surface. However, the presence of agglomerated particles is not under
control during the synthesis procedure and weight fractions of primary
materials affect the amount of coated and aggregated TiO,.The SEM
images of nanocomposite indicate that the CNTs are homogenously
distributed throughout the TiO, matrix with an obvious agglomeration of
the TiO, particles. It is noticed from these images that the average
diameter of carbon nanotubes increased slightly as a result of the
accumulation of TiO, nanoparticles on its surface, with a small increase
also in the particle size of the composites, some of which are very close
to their crystallite size estimated by XRD diffraction measurement by

applying Scherrer equation .

110



Chapter Three Results and Discussion

"-‘4‘.: e ~

EHT = 1000V SignalA=SE2  Date:30ct2021 JEIS! EHT = 10.00kV SignalA=SE2  Date:30ct2021 ZEISS

WD= 60mm Mag= 5000KX  UserText= WD= 6.0 mm Mag= 5000KX  UserText=
_ 7

W

EHT = 10.00 kV Signal A = SE2 Date:3 0ct 2021 7ZEISS ENT = 30001 SgulA 2 Date 3 0ut 2001 7FI5%
WD= 6.0 mm Mag= 10.00KX  UserText= pr— WD: 0nm Mag: SO0OKY  UserTen

Figure (3.49): SEM images for TiO, anatase/0.01 CNTs composite.
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Figure (3.50): SEM images for TiO, anatase/0.025 CNTs composite.
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Figure (3.51): SEM images for TiO, anatase/0.05 CNTs composite.
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Figure (3.52): SEM images for TiO, degussa/0.01 CNTs composite.
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Figure (3.53): SEM images for TiO, degussa/0.025 CNTs composite.
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Figure (3.54): SEM images for TiO, degussa/0.05 CNTs composite.
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3.3. Fabrication of Dye-Sensitized Solar Cells (DSSCs)

The solar cells were made using TiO, (anatase, degussa) and its
composites with CNTs as the photoelectrode, as well as pomegranate
seeds extract as a dye. The I-V and P-V characteristics of DSSCs are
illustrated in figure (3.54) to (3.65). Tables (3.6) to (3.11) show the short-
circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF =
Jm*Vm/Jsc*Voc), and power conversion efficiency (PCE) of all the cells.
The short circuit current is determined by the devices' I-V characteristics.
The photoelectrodes used are TiO,(anatase)/pt , TiO,(degussa)/pt
TiO,(anatase)CNTs composite/pt, TiO,(degussa)CNTs compsite/p,
TiO,(anatase)/CNTSs, Ti0O,(degussa)/CNTs, TiO,(anatase)CNTs
composite/CNTs, TiO,(degussa)CNTs compsite/CNTSs,
TiO,(anatase)/Graphite, TiO,(degussa)/Graphite, TiO,(anatase)CNTs
composite/Graphite, and TiO,(degusa)CNTs compsite/Graphite .

The photovoltaic cells prepared using TiO, (degussa) were more
efficient than those of TiO, (anatase) because the highly efficient
commercial photocatalyst, degusa P25 is primarily composed of the
anatase phase (80%) and a reasonable amount of rutile (15%). Also, the
cells prepared from Pt counter electrode were more efficient than those of
CNTs and graphite because Pt has a high exchange current density , good
catalytic activity and transparency. TiO,(degussa)/CNTs composite is
considered the best photoelectrode and is more efficient than the others,
especially when using Pt as the counter electrode. It is noticed that the
type of electrode in the same dye has a very important role in improving
the efficiency of the solar cell . Further, with respect to cost, the CNT
counter electrode cheaper than the Pt counter electrode and is highly
efficient, which makes it reasonable choice for use as counter electrode in

DSSCs. The decrease in the efficiency of cells with increasing proportion
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of carbon nanotubes and graphite is due to the darkness of the cell and the
opacity of the fluorinated tin oxide (FTO) glass, and this would reduce
the absorption of light by the dye. Furthermore, for all fabricated DSSCs
is measured under intensity (34 mW/cm?) of light source that is used. For
all prepared DSSCs, A=2.25cm*.
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Figure (3.55): I-V characteristics of the fabricated DSSCs using, (A)
TiO,(degussa)/Pt , (B) TiO,(degussa),0.01CNTs/Pt, (C)
TiO,(degussa), 0.025CNTs/Pt (D) TiO,(degussa),0.05CNTSs/Pt.
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Figure (3.56): P-V characteristics of the fabricated DSSCs, (A)
TiO,(degussa)/Pt , (B) TiO,(degussa),0.01CNTs /Pt, (C)
TiO,(degussa), 0.025CNTs/Pt, (D) TiO,(degussa),0.05CNTs/Pt .

Table (3.7): Photo electrochemical parameters of the DSSCs, (A)
TiO,(degussa)/Pt , (B) TiO,(degussa),0.01CNTs/Pt, (C)
TiO,(degussa), 0.025CNTs/Pt, (D) TiO,(degussa),0.05CNTs/Pt .

Types of electrodes (r:iZ) \(/\C/);: ‘(]nr?z))( V(T;;IX Pmax | FF% | n%
A 8.670 | 0.590 | 6.490 | 0.349 | 2.265 | 0.443 | 2.962
B 8.670 | 0.600 | 6.500 | 0.349 | 2.268 | 0.439 | 2.985
C 8.920 [ 0.715]6.950 | 0.405 | 2.814 | 0.441 | 3.679
D 8.220 [ 0.620 | 6.100 | 0.425 | 2.592 | 0.508 | 3.384
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Figure (3.57): I-V characteristics of the fabricated DSSCs, (A)
TiO,(anatase)/Pt , (B) TiO,(anatase),0.01CNTs/Pt, (C)
TiOy(anatase), 0.025CNTs/Pt (D) TiO,(anatase), 0.05CNTs/Pt .
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Figure(3.58): P-V characteristics of the fabricated DSSCs, (A)
TiOy(anatase )/Pt , (B) TiO,(anatase),0.01CNTs/Pt, (C)
TiOy(anatase), 0.025CNTs/Pt, (D) TiO,(anatase), 0.05CNTs/Pt .
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Table (3.8): Photo electrochemical parameters of the DSSCs, (A)
TiO,(anatase )/Pt, (B) TiO,(anatase),0.01CNTs/Pt, (C)
TiOy(anatase),0.025CNTs/Pt, (D) TiO,(anatase),0.05CNTs/Pt .

Types of electrodes (rlnsg\) \(/\(/))C ‘(]mz))( V(r\n/?x Pmax | FF% | n%
A 7.870 [ 0.591|5.400 | 0.374 | 2.019 | 0.434 | 2.640
B 7.950 | 0.580 | 5.300 | 0.400 | 2.120 | 0.459 | 2.766
C 7.430 1 0.545|5.750 | 0.345 | 1.986 | 0.490 | 2.595
D 7.590 [ 0.520| 5.770 | 0.350 | 2.019 | 0.511 | 2.640

From figures ( 3.55 ) and ( 3.57) and tables (3.7 )and (3.8), it is noticed
that when platinum is used as a counter electrode, the efficiency of its
cells is higher when the percentages of TiO,/CNTs composites are
higher. This is due to the fact that carbon nanotubes increased the surface
area of the composites, thus increasing its absorption capacity, in addition
to the high efficiency of platinum as a counter electrode in solar cells. But
the increase in carbon nanotubes to a large percentage could affect the
transparency of the solar cell and thus reduce its efficiency. That is why
very low percentages were used. In previous figures, the highest
efficiency of the cell reaches 3.679 with TiO,(degussa), and 0.025CNTs
Ipt , as well as 2.766 with TiO,(anatase), and 0.01CNTs/pt , In both
cases, the efficiency of the cells decreases with continuous increase in

composites containing CNTs whether it contains TiO, anatase or degussa
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Figure (3.59): I-V characteristics of the fabricated DSSCs, (A)
TiO,(degussa)/CNTs, (B) TiO,(degussa),0.01CNTs/CNTs,(C)
TiO,(degussa),0.025CNTs/CNTs (D) TiO,(degussa), 0.05CNTs/CNTs.
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Figure(3.60): P-V characteristics of the fabricated DSSCs, (A)
TiO,(degussa)/CNTs ,(B) TiO,(degussa),0.01CNTSs/CNTs,(C)
TiO,(degussa),0.025CNTs/CNTs,(D) TiO,(degussa), 0.05CNTSs/CNTSs.
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Table (3.9): Photo electrochemical parameters of the DSSCs, (A)
TiO,(degussa )/CNTs ,(B) TiO,(degussa), 0.01CNTs/CNTs, (C)
TiO,(degussa),0.025CNTs/CNTs,(D) TiO,(degussa), 0.05CNTSs/CNTSs.

Types of electrodes (ml,i; \(\O/; ‘gm% Vrrgfl;; Pmax FF% n%
A 6.650 | 0.705| 5.250 | 0.430| 2.257 | 0.481]2.950
B 6.92010.566 | 5.500| 0.330| 1.815| 0.463]2.370
C 6.07010.555| 4.600| 0.350| 1.610| 0.478]2.104
D 6.220 | 0.560 | 4.500 | 0.400 | 1.800 | 0.5167 | 2.350
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Figure (3.61): I-V characteristics of the fabricated DSSCs, (A)
TiO,(anatase)/CNTs, (B) TiO,(anatase), 0.0LCNTs/CNTs, (C)
TiOy(anatase), 0.025CNTs/CNTs (D) TiOy(anatase), 0.05CNTs/CNTSs.
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Figure(3.62): P-V characteristics of the fabricated DSSCs, (A)
TiO,(anatase)/CNTs, (B) TiO,(anatase),0.0LCNTs/CNTs, (C)
TiO,(anatase), 0.025CNTs/CNTs, (D) TiO,(anatase),0.05CNTSs/CNTs

Table (3.10): Photo electrochemical parameters of the DSSCs, (A)
TiO,(anatase)/CNTs ,(B) TiO,(anatase),0.01CNTs/CNTs,(C)
TiO,(anatase), 0.025CNTs/CNTs,(D) TiO,(anatase),0.05CNTs/CNTs .

Types of electrodes (rﬁ,g\) \(/\3)0 ‘(]mz))( V(r\n;x Pmax | FF% | n%
A 6.420 [ 0.580| 4.000 | 0.425 | 1.700 | 0.456 | 2.219
B 6.270 | 0.595| 4.400 | 0.360 | 1.584 | 0.424 | 2.067
© 5.470 |1 0.587|4.400 | 0.346 | 1.311 | 0.408 | 1.700
D 5.000 | 0.449]3.000 | 0.282 | 0.844 [ 0.376 | 1.100
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From figures (3.59 ) and (3.61 ) and tables (3.9 )and (3.10) , it is noted
that when CNT is used as a counter electrode, the efficiency of the cell is
higher when using only TiO, anatase or degussa, and it reaches 2.95
with TiO,(degussa) as well as 2.219 with TiO,( anatase ), However,
when the different percentages of TiO, (anatase, degussa )/CNTs
composites are used, the efficiency gradually decreases, because the use
of carbon nanotubes as a counter electrode and in the installation of
composites at the anode would cause the cell to become dark and reduce
its ability to absorb light. Therefore, the efficiency reduces with an

increase in the proportion of carbon nanotubes in the composite.
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Figure (3.63): I-V characteristics of the fabricated DSSCs, (A)
TiO,(degussa)/graphite , (B) TiO,(degussa), 0.0LCNTs/graphite, (C)
TiOy(degussa), 0.025CNTs/graphite (D) TiO,(degussa),0.05CNTs
/graphite .
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Figure(3.64): P-V characteristics of the fabricated DSSCs, (A)
TiO,(degussa )/graphite ,(B) TiO,(degussa), 0.0LCNTs/graphite,(C)
TiO,(degussa), 0.025CNTs/graphite,(D) TiO,(degussa), 0.05CNTs
/graphite .

Table (3.11): Photo electrochemical parameters of the DSSCs, (A)
TiO,(degussa ) /graphite , (B) TiO,(degussa), 0.01CNTs /graphite, (C)
TiO,(degussa), 0.025CNTs /graphite, (D) TiO,(degussa), 0.05CNTs

/graphite .
Types of electrodes (rlnsg\) \(/\3)0 \(Jrr::z))( V(r\n;x Pmax | FF% | n%
A 6.100 | 0.565 | 4.500 | 0.370 | 1.665 | 0.483 | 2.175
B 6.300 | 0.560 | 4.500 | 0.400 | 1.800 | 0.510 | 2.352
© 5.470 [ 0.587|3.400 | 0.440 | 1.496 | 0.466 | 1.955
D 4.390 | 0.524 |1 4.000 | 0.350 | 1.400 | 0.608 | 1.827
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Figure (3.65): I-V characteristics of the fabricated DSSCs, (A)
TiOy(anatase)/graphite , (B) TiO,(anatase), 0.01CNTs/graphite, (C)
TiO,(anatase), 0.025CNTs /graphit (D) TiO,(anatase), 0.05CNTs

/graphite .
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Figure(3.66): P-V characteristics of the fabricated DSSCs, (A)
TiOy(anatase) /graphite , (B) TiO,(anatase), 0.01CNTs/graphite, (C)
TiOy(anatase), 0.025CNTs/graphite, (D) TiO,(anatase), 0.05CNTs
/graphite.
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Table (3.12): electrochemical parameters of the DSSCs, (A)
TiO,(anatase) graphite , (B) TiO,(anatase), 0.0LCNTSs /graphite, (C)
TiOy(anatase), 0.025CNTs/ graphit (D) TiO,(anatase), 0.05CNTs

/graphite .
Types of electrodes (rlriZ\) \(/\(;;: fm}){ V(r\'}?x Pmax | FF% | n%
A 5.000 | 0.449]3.650 | 0.260 | 0.949 | 0.422 | 1.240
B 6.220 | 0.560 | 4.250 | 0.405 | 1.721 | 0.494 | 2.249
C 4.450 | 0.416 | 3.000 | 0.290 | 0.870 [ 0.470| 1.137
D 4.390 | 0.524 |1 4.000 | 0.340 | 1.360 | 1.295|1.770

From figures (3.63 ) and (3.65 ) and tables (3.11 )and (3.12) , it is
observed that when graphite is used as a counter electrode, the efficiency
of the cells is high compared to the other electrodes. In addition, its use is
advantageous because it is readily available, very cheap, and is easy to
prepare, from a pencil or as a candle flame. It gives an excellent
efficiency of up to 2175 with TiO,(degussa) and 1.240 with
TiO,(anatase). It also performs well with different ratios of composites.
The efficiency reaches 2.352 for TiO,(degussa),0.01CNTs/graphite and
2.249 for TiO,(anatase ),0.01CNTSs/graphite. Increasing the proportion
of CNT in the composites , reduces the efficiency, probably because the

cell becomes very dark, which reduces the efficiency of photocells.
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Table (3.13): The best efficiency obtained from the prepared solar

cells.
The components of the Efficiency %

prepared solar cell
TiO,(Degussa),0.025 CNTs/Pt 3.679
TiOy(anatase),0.01 CNTs/pt 2.766
TiO,(Degussa)/CNTs 2.95
TiO,(anatase)/CNTs 2.219

TiO,(Degussa),0.01
CNTs/Graphite 2:352

TiOy(anatase), 0.01
CNTs/Graphite 2:249
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Conclusions

1- CNTs were synthesized using a new technique (FFD) with a

homemade reactor.

2- Because it is safe to use, cheap, and widely available in Iraqg, liquefied
petroleum gas (LPG) is a useful source for synthesizing CNTs. Liquefied
petroleum gas was employed as both an energy source (no need for

electricity) and a carbon source.

3- According to XRD and Raman results, the produced CNTs have
properties similar to those of purchased MWCNTS.

4- Scanning electron microscopy data showed that the synthesized CNTs
particles were dispersed homogenously with an apparent agglomeration

of the TiO, particles.

5- It is concluded from the obtained data that the type of electrode in the
same dye has a very important role in improving the efficiency of the

solar cell.

6-TiOy(degussa) and TiO,(degussa)/CNTs nanocomposites  with
pomegranate dye show high efficiency as photoelectric anode in DSSCs

with natural dyes.

7- CNTs is cheaper than Pt and has high efficiency, which make it a very

attractive choice for use as counter electrode in DSSCs.

8- Fabrication of dye sensitized solar cell from synthesized materials
gives high efficiency in compared with other cells that using natural dyes

and TiO, alone as working electrode.

130



Chapter Three Results and Discussion

Recommendations for Future Works

1- Preparation of additional semiconductors and a counter electrode for

use in solar cells, with the goal of determining the efficiency of the cells.

2- Other natural dyes such as red cabbage and spinach dyes can be used,

as well as dyes that are more efficient.

3- Different electrolytes, as well as various colors, are widely available in

the market and can be employed.

4- Trying a new strategy for the synthesis of nanocomposite catalysts

with simple conditions.
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