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Abstract

Abstract

Innovations in materials technology in the fields of photovoltaic (PV) play
a key role in the paradigm shift from fossil fuels to renewable sources. The
solar energy sources are one of the renewable energies that exhibited several
advantages such as low cost, simple assembly, and environmentally friend. The
main objectives of this study are to fabricate dye-sensitized solar cell (DSSC)

and improve their performance.

Platinum thin films were prepared on the FTO substrate with different
H,PtClg precursor concentration 2.5, 5, 10, and 15 mM using spin-coating
methods as a counter electrode. On the other hand, titanium butoxide
(Ti(OBuU),) precursor was used to prepare titanium dioxide nanorods TiO, as a
photoanode using hydrothermal method directly on the FTO glass with
different hydrochloric acid (HCI) — water (H,O) ratios of 12.5-7.5, 10-10, 7.5-
12.5 and 5-15 ml and etching times of 24, 48 and 72 h. In addition, ZnO NRs
were synthesized on TiO, NR using seeding and growth process. 0.01 M seed
solution of zinc acetate was used to prepare zinc oxide (ZnQO) seed layer on
TiO, NR by spin coating device. Then hydrothermal method was used to grow
ZnO NR in aqueous solution of 0.03M zinc nitrate hydrate,
hexamethylenetetramine (HMT) and deionized water (DI). Moreover, multi-
walled carbon nanotubes (MWCNT) were insetted into ZnO seed layer with
different concentration of 0, 0.5, 1 and 1.5 wt.%. Finally, photoanode was
immersed in N719 dye for 24 h and assembled with the counter electrode (CE)
to complete a sandwich-structure DSSC then sealed and filled by Meltonix 45

pum and electrolyte (lodolyte HI-30) respectively.

X-ray diffraction (XRD) results illustrate that the TiO, samples have
polycrystalline rutile phase structures with preferred orientations (101) and

(002). ZnO NRs were grown on the (002) plane. Furthermore, there is no
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distinct MWCNT peak due to the small amount of MWCNT perhaps cannot be
detected. As well as the variation of the MWCNT concentration led to shaft the
ZnO peak position. The increase of HCI concentration leads to an increase in
the rod diameter of the TiO, NRs and decrease the length as exhibited in
scanning electron microscopy (SEM) Image. While the etching time leads to a

decrease in the diameter and length of TiO, NRs.

The morphology of ZnO has a rods shape and the crest of ZnO NRs has a
hexagonal shape. In addition, the Energy-dispersive X-ray spectroscopy (EDX)
spectrum verified that the prepared samples were pure and no other impurities
were found. Moreover, the ultraviolet-visible (UV-Vis) spectroscopy shows the
optical properties of synthesized TiO, NRs where declare that the optical band
gap decreased with increasing the HCI concentration while it increased with
increasing the etching time. The ZnO growth on TiO, NRs leads to an increase
in the Eg of the optical electrode whereas reduces with an increase in MWCNT

content.

Current density-voltage (J-V) measurement show that the increase in the
H,PtClg precursor concentration leads to an increase of the solar cell efficiency
of 1.666, 2.067, 2.96 and, 2.96 for single layer film while gradually decreased
to 2.956, 2.938, 2.891 and 2.816 with increase in the H,PtCls precursor
concentration for double layers. On the other hand, the optimum efficiency (n)
of DSSC based on TiO, NRs was 3.255% at sample ET where the preparation
condition (7.5 ml HCI + 12.5 H,O) with 48 h etching time. The DSSC
constructed with ZnO/TiO, based photo-anode shows remarkably improved

efficiency (n) of 20 % where improved the electron transfer.

The solar cell efficiency of insetted MWCNT into ZnO seed layer of the
fabricated cells are 3.938, 4.358, 4.047 and 3.203 with increase the MWCNT

concentration. At the best conditions, the incorporation of MWCNTSs at 0.5
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wt% increases the conversion efficiency by approximately 10%. Finally, the

total improving on the TiO2 nanostructure photo anode was 34%.

v
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Chapter One Introduction and Literature Review

Chapter One
Introduction and Literature Review
1.1 Introduction

In recent years, investigations on clean and secure energy sources have
been received tremendous attention due to the lack of fossil based sources and
their hazards to environment [1]. Over 85% of humanity’s energy demand is
met by fossil fuels, leading to severe climate changes such as global warming
and depletion of our planet’s natural sources [2,3]. Nowadays energy crisis is a
big issue for every country in the world. Fossil fuel is still an idol because of its
relatively low price, ease in the usage and availability. However, since the
reserves are becoming to decrease, alternative energy resources especially
which are eco-friendly and inexpensive are urged to be explored and utilized.
Henceforth, the development of renewable energies with fossil fuels free like
wind [4], solar thermal [5], biomass [6], hydropower [7] as well as
photovoltaic (PV) [8] energy has been widely studied in order to overcome the
global issues. It is worth to mention that the natural renewable energy like solar
energy can be converted into controllable and useful energy which is
everlasting and potential damage/pollution free to the environment. Solar

energy is also considered to be a large clean energy source [9].

However, the production cost, device size, stability, repeatability,
reproducibility, and also its efficiencies have yet to approach to the
green and sustainable technology in future. Moreover, solar energy is
the most renewable, abundant and green energy which could be
converted into electrical or thermal energy [10]. Therefore, using solar
energy in the future will have a positive effect on national economies
[11]. The production, investment and usage of renewable energy are
growing worldwide. However, a variety of different renewable energy
sources, amongst them PVs could make a great contribution, would
make the transition from fossil fuels to renewable energy possible

1



Chapter One Introduction and Literature Review

[12,13]. The PV technology is one of the direct ways of converting
sunlight into usable energies [14]. PVs have a huge potential since the
sun is a never ending energy source providing us with more energy in
an hour than the world human population consumes in a year [15].
There will not be one solution for the renewable energy production in

the future. Different regions in the world have different resources.

Solar cells improved significantly in the last few decades into four
generations depending on time and categories of materials which are used for
their fabrication as shown in Figure 1.1. The most common solar cells
available in the market are the first-generation solar cells which comprise
single and multicrystalline silicon. Second-generation solar cells were
introduced as a response to high material usage and cost of silicon solar cell.
To reduce the material usage, the maximum film thickness for this generation
was brought down to a few nanometers to tens of micrometers. Meanwhile
many researchers have attempted light management concepts using dye-
sensitized solar cells (DSSCs), perovskite, organic solar cells, photo chemical
cells, QDs, nanostructuring, and nanopattering. Fourth-generations solar cells

fall in the class of conjectural generation consisting of composites [16,17].

2ud Geperation 3rd Generation

DSSCs, Perovskite, and multijunction
0f11.9%,19.7%, 38.8%, respectively.

HIT, GaAs, and CIGS 0f24.7%,
28.9%, and 21.7%, respectively.

15t Generation

Inorganic-in-organic hybrid of high

Monocrystalline or multicrystalline
silicon of 26.7%, 21.9%, respectively. efficiency.

Figure 1.1. Schematic diagram of the PV solar cells generations and the
current PV efficiencies [16].

DSSC represents the most prominent third generation solar cell. It is

expected to provide solutions to enhance energy demand along with its
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flexibility in architecture, multicolor options, low production cost, transparency
and short energy pay-back time even though this field is dominated by solid-
state junction devices [18]. Particular DSSCs have important features due to
the low cost and simple fabrication as compared with conventional silicon solar
cells [11].

DSSC has a number of attractive features; it is simple to fabricate using
conventional roll-printing techniques, is semi-flexible and semi-transparent
which offers a variety of uses not applicable to glass-based systems, and most
of the materials used are low-cost [19-21]. In practice it has proven that it is
difficult to eliminate a number of expensive materials, notably platinum and
ruthenium, and the liquid electrolyte presents a serious challenge to make a cell

suitable for use in all-weather [22—24].

This kind of solar cells is environmentally friend and emulates the
chlorophyll photosynthesis process which takes place inside leaves, where
photons are absorbed by chlorophylls, explaining the fundamental role of the
dyes in DSSCs. On the other hand, also the semiconductor layer is very
important in the electron conduction and transport processes in a PV cell.
Moreover, the chemical and physical proprieties can influence the final
efficiency of the device. A suitable semiconductor has to display a wide band
gap that can fit the HOMO-LUMO dye energy level, a nanostructured
morphology, relatively high surface area, pore volume and diameter for a
proper dye adsorption and large crystallite domains to decrease traps-level
recombination of carriers [25,26]. For these reasons, an appropriate
semiconductor for DSSC is titanium dioxide (TiO,) and zinc oxide (ZnO)
nanoparticles (NPs) or nanorods (NRs) that shows a band gap of 3.0-3.2 eV,
which can be prepared as a nanostructured material, with tunable surface area

and pore size distribution [27-30]. Therefore, it is important to consider the



Chapter One Introduction and Literature Review

materials selection and suitable DSSC components to produce solar cells with

high performance.
1.2 Literature Review

Recently, DSSC have drawn great attention with a low production cost of
electricity and high energy conversion efficiency. This literature review
includes the preparation of TiO, and ZnO as a DSSC. Moreover, the effect of
inserting the carbon nanotube (CNT) in the photoanode structure on the DSSC

performance.

1.2.1 Preparation of TiO, as DSSC
Teen-Hang Meen et al [31] in 2012 prepared TiO, nanotube arrays as a

photo electrode using electrochemical anodization methods. The lengths of
TiO, nanotube arrays were obtained approximately around (10-30) um where
the efficiency of TiO, nanotubes increases with increment the rods length. The
TiCl, treatment leads to improve the dye-sensitized solar cell efficiency of
Ti0O, nanotubes up to 6.58%.

In 2013, J. R. Hou [32] grown TiO, NRs arrays on fluorine-doped tin
oxide (FTO) substrate using hydrothermal method. TiO, NR arrays with
different morphologies were obtained by systematically changing preparation
conditions, including reaction temperature, reaction time, and concentrations of
the reactants in the solution. The optimum obtained PV cell performances are
as follows: open-circuit voltage (V) (0.64) V, short-circuit current density
(Jso) (0.41) mA, filling factor (FF) (0.69), and photoelectric efficiency (n)
(0.7%). It’s concluded that the morphology of TiO, NRs array is controllable,

and their photoelectric properties can be modified by altering the morphology.

In 2015 G. Wang et al [33] fabricated high-efficiency DSSCs based on
multi-layered composite film photoanodes. Where the photoelectric conversion
efficiencies were (4.92, 6.37 and 8.03) % for DSSCs based on NRs/NRs

4
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(DNR), NPs/NPs (DNP) and NPs/NRs (NPR) photoanodes. NPR photoanodes
exhibited the best PV performance with a short-circuit current of (15.7) mA
cm?®. The enhanced photo-electricity performance of NPR solar cells could be
attributed to the geometry of TiO, NRs provided a fast and long charge carrier
transfer pathway, thus improving the transfer of photo-induced electrons. As

well as TiO, NRs NPs provided a large surface area.

Y. L. Lai et al [34] in 2017 investigated the influence of thin film thickness
of working electrodes on the PV characteristics of DSSCs . TiO, thin films,
with the thickness from (7.67 to 24.3) um, were used as working electrodes of
DSSCs. A TiO, film was coated on a FTO conductive glass substrate and then
sintered in a high-temperature furnace. The PV results showed the increasing
of thickness of the TiO, film from (7.67 to 18.5 and 24.3) um led to decrease
Jsc and PV conversion efficiency of the DSSC.

In same year A. M. A. Alsammarraie and M. K. Jawad [35] studied the
electrical conversion efficiency (n %) of the dye sensitive solar cells with
different TiO, morphology. TiO, nanotube produced via anodizing of the Ti
foil in ethylene glycol containing (0.5%) NH4F and 4 mL deionized water (DI),
at different anodizing potentials for 1 h at room temperature. The tube's wall
thickness of the TiO, increased with increased anodizing potential. The
calculated (m %) ranged between (0.370 and 2.126 %). It’s concluded that the
electrical conversion efficiency (n %) continuously increased due to the tube's

wall thickness increment.

N. Rab et al [36] in 2018 a new reaction medium containing water and
glycerol used to synthesis the anatase phase TiO, NPs. TCl, is used as a
precursor solution. The band gap calculated from UV-Vis spectra ranged from
(3.02-3.28) eV. The TiO, NPs exhibited spherical shapes in the form of nano-
clusters were revealed in the FESEM images. The crystallite sizes of TiO, NPs
ranged from (9.50- 26.14) nm. As well, the sizes of the TiO, NPs increased

5
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with increased the calcination temperature. Moreover, smaller particles and
lowers the band gap of TiO, NPs were formatted by the promotion of the

glycerol.

I. O. Selyanin et al [37] in 2020 proposed a simple method to prepare TiO,
paste using titania powder (Degussa) and organic binders (terpineol and ethyl
cellulose) for making a continuous photoactive layer of a DSSC. The DSSC
PV characteristics were measured for the prepared and commercial pastes. The
open-circuit photovoltage value reaches (0.4-0.5) V; Ji. reaches (1 mA/cm?)
for both layers. Finally, The TiO, layers produced using either prepared or
commercial paste had similar properties, but the prepared paste was cheapest to

manufacture.

M. M. I. Megat Hasnan et al [38] in 2021 prepared TiO, rutile NR-flower
(T-NRF) by hydrothermal using TiO, reactive ion high impulse power
magnetron sputtering (HiPIMS) treatment. The IPCE and UV—Visible analysis
shows an increment of dye absorption in the visible wave region due to
improve in T-NRF photoanode dye absorbance after HiPIMS treatment. Both
photoanodes with and without HiPIMS treatment were used in DSSC
fabrication. The DSSC efficiency with HiPIMS treatment photoanode is
improved by (80%) due to improvement of open-circuit voltage and short-
circuit current density. It was proved that the HiPIMS treatment is capable to
improve the T-NRF photoanode prepared by hydrothermal method, hence

improved the DSSC performance.

W. F. Lai et al [39] in 2022 utilized the physical and chemical methods to
fabricate the TiO, strip array. A TiO, strip array was a one-dimensional
protrusive structure with a thickness of 90 nm fabricated by photolithography.
A porous compact layer made of TiO, NPs was coated on TiO, strip array. The
conversion efficiency (4.38%) of DSSC with TiO, strip array exceeded that
(3.20%) of a DSSC without a TiO, strip array by (37%). The increase of

6
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DSSCs efficiencies due to TiO, strip array provided a large surface area of the

one-dimensional protrusive structure and specific electron transport paths.

In same year J. hun Bae et al [40] determined the ultrasonic treatments on
TiO, particles to manufacture the photoelectrodes of a dye-sensitized solar cell
(DSSC). Two methods were used to prepare TiO, particles directly sonicated
by an ultrasonic horn, and TiO, treated indirectly by an ultrasonic cleaner.
TEM, XPS analysis was confirmed that cavitation bubbles generated during
ultra-sonication. The energy conversion efficiency of the ultrasonic horn DSSC
was measured to be (3.35%), which is about (45%) increase in comparison to
that of the non-ultrasonic treated DSSC (2.35%). In addition to this regard,
recombination resistance of ultrasonic horn DSSC was calculated to be (450)
Q-cm?, increasing more than two times compared to the non-ultrasonic treated
DSSC (200) Q-cm?.

1.2.2 Preparation of (CNT, TiO, and ZnO) as DSSC

Y. Lou et al [41] In 2013 reported a simple method to decorate TiO, NPs
on ZnO for DSSC. By simple immersing ZnO film into butyl alcohol solution
of tetrabutyl titanate (TBOT), TiO, NPs were well decorated onto ZnO
nanocrystal surface. By taking the advantage of the hydrolysis and
condensation differential of different TiO, precursors, the simple method
allowed an easy tune over the TiO, modification structure on ZnO nanocrystilie
for DSSC application. As the concentration of TBOT increasing, the Js firstly
increased and then declined as the concentration greater than (0.50 M). The V.
or FF has no significant change as the concentration increasing. They
suggested the change of Ji. at (0.50 M) content of TBOT was ascribed to the

alteration of the electron collection mechanism.

In the same year L. Yang and W. W. F. Leung [42] obtained a high power

conversion efficiency of (10.24%) in a dye- sensitized solar cell by
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incorporating multiwall carbon nanotubes (MWCNT) inside a TiO, NR
photoanode. The MWCNT in the NR could effectively collected and
transported the photo-generated electrons which in turn reduced the

recombination as well as improved the efficiency of the device.

G. K. L. Goh et al [43] in 2014 synthesized high aspect ratio ZnO NR
arrays on FTO glasses via a low temperature solution method. By adjusting the
growth condition and adding polyethylenimine, ZnO NR arrays with tunable
length were successfully achieved. Results of solar cell testing showed that
addition of a TiO, shell to the ZnO NR significantly increased short circuit
current from (4.2 to 5.2) mA/cm?), open circuit voltage (V,) from (0.6 V t0 0.8
V) and FF from (42.8% to 73.02%). The overall cell efficiency jumped from
(1.1%) for bare ZnO NR to (3.03%) for a ZnO@TiO, core shell structured

solar cell with 18-22 nm shell thickness, a nearly three-fold increase.

M. Z. Razali et al [44] in 2014 used sol-gel method to prepare CNT/TiO,
doped ZnO nanocomposite using for DSSC. All samples are designated as
CNT/TiO, — x, where x is the mol % of the Zn [x = 0.5, 1.5 and 2.5]. The
percentages efficiency (n) for (0.5 %, 1.5% and 2.5 mol %) were as follow (2.2
%, 2.4 % and 2.8 %), respectively.

In 2015 F. Li, Y. Jiao et al [45] synthesized TiO,/ZnO nanodonuts by one
step electrospray method, and the effects of different morphologies and ZnO
concentrations on the performances of DSSCs were studied. The DSSC
efficiency of optimized ZnO concentration (9.00%) was obtained with Js. of
(16.70) mA / cm?, V. of (0.78) V and FF of (0.69), which is (44.4%) higher
than of pure TiO,. Where the dye absorption is higher and more efficient

electron transport and electrolyte penetration properties.

In 2018, Z. Arifin et al [46] fabricated DSSCs using double-layer
photoanodes consisting of TiO, NPs and Zn-doped TiO, hollow fibers (HFs).
The TiO, HFs were prepared by co-axial electro-spinning and used as the light-

8
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scattering layer in the DSSC. The highest efficiency of the DSSC (3.122%)
was achieved with a (15 pm) NP-5 um HF photoanode, for which the short-
circuit photocurrent density, open-circuit photo-voltage, and FF were (15.81
mA/cm?, 0.566 V, and 34.91%), respectively.

In 2018, S. Noor et al [47] used sol-gel process to synthesis TiO, and ZnO
nanomaterials. The varied amount of ZnO was incorporated onto surface of
TiO, by wet chemical impregnation method to fabricate ZnO/TiO, hetero
structures. The photoanodes of DSSC fabricated with ZnO/TiO,
nanocomposites were characterized by photocurrent-voltage measurements and
exhibited the enhancement in PV properties as compared to bare TiO,. (15.0
%) ZnO/TiO, heterojunction is optimum quantity which delivered (2.8%)
greater PV efficiency than bare TiO, based DSSC.

In 2019 F. Kabir et al [48] fabricated (TiCl,) treated FTO/MWCNT-TIiO,)
as photoanode with difference MWCNTSs concentration. As the concentration
of MWCNTs in TiO, was increased, the cell efficiency also increased
gradually until it reached an optimum concentration of (0.015 wt.%). Further
increments in MWCNT’s concentration in TiO, led to the negative effect of the
DSSC’s cell parameters by decreasing the short circuit current and the FF, thus

decreasing the overall cell efficiency.

In 2020 T. S. Bramhanka et al [49] prepared blocking layer by using TiO,
and TiO, doped Zn and Ni with various concentrations. the co-doped TiO, of
Zn and Ni improved the PV parameters. The blocking layer of Zn and Ni co-
doped TiO, gave (61%) increase in the efficiency as compared with bare TiO;

photoanode.

In the same year S. Aseena et al [50] prepared ZnO/CNT, ZnO/CuO/CNT
nanocomposite. The working electrode for DSSC was prepared by coating the
nanocomposite by doctor blade technique on FTO plates. In this method the Jg.

and FF is highly improved as compared to the ZnO/CNT prepared by
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hydrothermal procedures. The obtained results show improved efficiency for
the ZnO/CNT compared to ZnO/CuO/CNT.

S. Aksoy et al [11] in 2020 investigated the growth of titania nanotubes on
titanium sheets by electrochemical oxidation. ZnO NRs were decorated with
hydrothermal method on TiO, nanotubes. Hydrothermal temperatures values
were changed to find the optimal ZnO decoration density to increase photo
conversion efficiency. The results showed the photo conversation efficiency of
DSSC by TZ photoanode reached (1.67%) for hydrothermal temperature of
(130 °C) which is twofold higher than that of DSSC by TiO, nanotubes (0.81
%).

In the same year, S. Borbdn [51] reported that an enhancement of the V¢
of about 0.10 V with respect to a TiO,-based DSSC modified with ZnO
nanoflowers that prepared by a new and facile method. An additional increase
of the V¢ of about (0.08) V was achieved by modifying the ZnO nanoflowers
with Au NPs, resulting in a DSSC with an efficiency of (2.79%), highlighted
by a high V. of (0.89 V).

A. Zatirostami [52] in 2021 fabricated the DSSCs based on the TiO, NPs
and ZnO NRs composite with different porosities. The photoanode porosity is
a determining factor in the efficiency and stability of the DSSCs. The
optimized cell in case of porosity showed an V,. of (704 mV), Js. of (14.2
mA/cm?) and FF of (65 %), which results in efficiency of (6.5 %). This high
performance corresponds to optimized amounts of dye-adsorption, charge
transfer resistance, and specific surface area of the nanocomposite photoanode.
The stability of this cell was measured for two months and showed only an

(8%) drop in its open-circuit voltage with the suitable condition achieved.

In 2021 I. S. Mutashar and M. R. Al-bahran [53] prepared TiO,/MWCMT
nanocomposite using hydrothermal method reaction for the effective

distribution of TiO, NPs on carbonaceous materials. MWCNT was
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incorporated in a nanocomposite to increase the electron transfer of the
photoanode. DSSC results showed that the energy conversion efficiency
(8.96%) which is good compared to pure TiO, (8.147%).

X. Lietal [29] in 2021 produced well-aligned ZnO NRs using two growth
methods, leading to ZnO with different surface chemistries. A thin layer of
TiO, shell was applied via layer-by-layer adsorption method. The core—shell
structure was confirmed via high-resolution transmission electron microscopy.
Both PL and XPS results suggested surface defects are passivized by TiO,
coating shell. The shell coating had a stronger effect on ZnO synthesized in
OH- rich environment, due to excessive hydroxyl groups provided during

synthesis, which remain even after annealing-induced crystallization.

Also in 2021 S. W. Himmah et al [19] reported that the TiO,/ZnO rods
photo anodes were fabricated in several steps. First, TiO, NPs were deposited
on the conductive surface of indium tin oxide substrate (ITO) to form a double
layer using the spin-coating method. Meanwhile, ZnO rods grown on the TiO,
NPs layer using the hydrothermal method by varying Zinc Nitrate Tetrahydrate
precursors (20, 30, 50, and 100 mM). Based on the results, the increasing
concentration of Zinc Nitrate Tetrahydrate precursor affected the structural,
morphological, optical, and electrical properties of TiO,/ZnO rods multilayer
photoanode and increased the J. and V,. However, the DSSC based on
TiO,/ZnO rods multilayer photoanode 50 mM with an active area of (0.5 cm?)
shown a decrement in Jy; (0.092 mA/cm?) and an increment in V. (0.684 V)
while photoanode based on an active area of (0.2 cm?) showed an increase in
Jc and a decrease in Vi, namely (0.209 mA/cm?® and 0.494 V), respectively.

In 2022 A. S, N. ABRAHAM et al [54] Used the ultra-sonication followed
by magnetic stirring of ZnO nanopowders with (0.01, 0.05, 0.1, 0.2, to 0.3)
wt% of microwave irradiated functionalized CNTs to obtain ZnO/CNT

nanocomposite as a ZnO based photoanode. The performance of DSSC is
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greatly influenced by the varying amount of CNTs in ZnO/CNT. An optimum
content of (0.1 wt%) of CNT exhibits maximum power conversion efficiency
of (2.9 %). The improvement in efficiency is mainly due to the increased dye
adsorption and enhanced visible light absorption provided by the ZnO/CNT

nanocomposite.
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1.3 The Aim of Study
The main objectives of this study are:

1. Enhancement of the dye sensitized solar cell (DSSC) performance
synthesized with nano materials prepared by hydrothermal methods.

2. Obtained the optimum preparation conditions to produce MWCNTs-
ZnO/TiO, Nanostructures Solar Cells.

1.4. Thesis Structure Overview

A comprehensive overview of the contents of this thesis will be provided
by reviewing what each chapter dealt with and what was highlighted, as
follows: The first one gives an introduction to the thesis by describing the
background and the general overview of the current PV technologies Moreover
the related literature review on the synthesis methods of semiconductor thin
film and the aim of study as well as the outline of the thesis. Chapter two
explains the dye-sensitized solar cell beginning with the components of a
DSSC then a short description of the operating principle of the cell and the
parameters related to the DSSC. In addition, the theoretical background of the
working principal semiconductors photoanode of the DSSC as well as the
parameters of solar cells is described. The experimental techniques for the
formation of photoanode and the counter electrode (CE) films on FTO glass
substrate also, DSSC preparations are presented in chapter three. Chapter four
covers the major part of this thesis, where the experimental results are

presented, analyzed and discussed in depth.
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2.1 Introduction

The controllable synthesis of nanocrystalline materials has received
tremendous attention worldwide in the last couple of years due to their
uncommon optical, electronic, catalytic, transport and mechanical properties
compared to their bulk phase counterparts [55-57]. All these uncommon
properties of materials at the nanoscale are mainly governed by their size,
shape, crystallinity, arrangement and structure [58]. Recently, many efforts
have been made to develop metals inside semiconductor materials with typical
optical properties such as strong photoluminescence, electroluminescence or
nonlinear optical behavior which may lead to new optoelectronic devices with
superior performance [59]. The year 1991 marked a significant milestone in the
PV technology world due to the first highly efficient DSSCs invented by
O’Regan and Gratze [60]. This breakthrough invention has been extensively
developed for the last 30 years by worldwide scientists (about 29,770 records
of scientific articles may be found in databases) [61]. Due to many advantages,
such as inexpensive manufacturing costs using non-toxic substrates and leaving
a remarkably lower carbon footprint, as well as workability under indoor
ambient light, DSSCs are a promising alternative to the other types of solar
cells [61-63]. Furthermore, DSSC technology can be considered as an
alternative to p-n junction PV devices due to its several interesting features and
vantages such as being semiflexible, semitransparent, using abundant and
cheap materials, highly customizable and a simple manufacturing process
[51,64,65]. In addition, as another attractiveness of DSSCs, it can be
mentioned that DSSCs can work even in low-light conditions (cloudy skies or
non-direct sunlight), whereas limitation of illumination and angle of incident

light are not critical issues because of using nanocrystalline semiconductors in
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this technology [30,66,67]. Basically, the DSSCs system consists of
nanocrystalline semiconductor film on transparent conductive oxide (TCO)
glass as the photoanode; cathode are usually made of platinum that is vacuum
deposited on conducting glasses to reduce the over potential for reduction of
tri-iodide to iodide in redox electrolyte, and an iodide/tri-iodide redox couple
in a proper mediator as the electrolyte where described in the next section
[34,68,69]. In general, the device can be associated with a sandwich-type
structure in which each layer has to respect specific chemical-physical
requirements as has specific and well-defined functions in the electric current

generation process [34,70].

2.2 Structure of Dye sensitized solar cell (DSSC).

Figure 2.1 shows the structure and arrangement of each component of
DSSC. The structure of DSSC consist of glass substrates coated with TCO,
dye-sensitized metal oxide semiconductor electrode, a catalyst counter
electrode, and an electrolyte solution inserted between the two electrodes
[71,72].

Glass TCO
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Figure 2.1. Cross section of the dye sensitized solar cell (DSSC).
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a. TCO Substrate The TCO-coated glass was used as substrates
for both photoanode and counter electrode. The TCO was coated by a
transparent and conductive thin film. This layer is required for the
collection of electrons ejected from the photoanode (dye-coated TiO,)
and passes it to CE through outer circuit. Therefore, it is called current
collector. Moreover, TCO must has a very low electrical resistance of
<20 Q/sq at room temperature [71,73].

b. Photoanode consists of semiconductor metal oxide. It provides
the surface area for the dye adsorption. Normally, it is used in the paste
form. The power conversion efficiency PCE of DSSCs strongly
depends on surface area, morphology, crystallinity, porosity and
semiconductor materials CB. The dye absorption will be greater using
the semiconductor materials with higher surface area [71].

C. Dye sensitizer is a dye molecule, and they play the central and
most crucial role in the DSSC. It is the heart of DSSCs. It absorbs the
sunlight and excited. The dye molecules which must has a deep
absorbance in the visible and near-infrared of the solar spectrum that
results in a high molar absorbance coefficient. Also the transfer of
electrons from the dye into the semiconductor should be quicker than
the decay of the dye [74].

d. The electrolyte is one of the most crucial components in
DSSCs, since it is responsible for the inner charge carrier transport
between electrodes and continuously regenerates the dye during DSSC
operation [75]. The electrolyte constructed of a redox couple and
diffused ions of reducing/oxidizing agents. Here, the following
reduction and oxidation reactions have been represented to show how

the tri-iodide ions get reduced to iodide ions by gain two electrons [76].

Reduction: I3 +2e™— 37 .............. (2-1)
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Oxidation: 31" - 13 + 2e™.............. (2-2)

e. Counter electrode (CE) which has a crucial role in DSSC,
predominantly as a catalyst to accelerate reduction-oxidation reactions
within the electrolyte. It consists of thin film of catalyst material
deposited on transparent conductive glass substrate. Platinum is a
popular CE in DSSC application due to it has high efficiency compared
to carbon and graphene therefore platinum has nearly ideal
characteristics as CE [77-79]. However, an effort to further enhance
the Pt properties by adding or attach them to other materials has been
reported [80].

2.3 Mechanism and Kinetics of charge transport in DSSCs.

DSSCs working is a step by step sequential phenomenon, carried

out by different layers as shown in Figure 2.2 [76,81]:

a. Mechanism 1 (Photoexcitation): After the adsorption of a
photon (hv) by the photosensitizer (dye), the dye molecules change
from the ground state, S into the excited state, S* or excites an electron
from the HOMO level to the LUMO level through the following

reaction.
Sadsorbed + NV — S adsorbed + + v v v v v v v vt (2-3)

b. Mechanism 2 (Electron injection): Then the excited dye
molecules will inject the electrons to the semiconductor CB, thus

leaving the dye in an oxidized state, S+ as follows,

+ —
S*adsorbed — S adsorbed te injected » » + r s e e (2'4)

C. Mechanism 3 (Energy generation): The injected electrons are
transmitted through the semiconductor TiO, film and ultimately the

electrical energy is transferred through the conductive substrate, CE,
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and external circuit. This highly efficient process usually occurs in

milliseconds (ms).
€™ injected + C.B. — €7 (cgy+ electrical energy ... ......... (2-5)

It is crucial to note that electron transport occurred by diffusion
event due to the electron concentration that becomes the main driving
force for electron transport in the TiO, mesoporous film. Furthermore,
incident light intensity plays an important role in which faster electron

diffusion can be obtained at higher light intensities.

d. Mechanism 4 (Reduction of redox mediator): In the 4th
mechanism, the 1° in the electrolyte that obtains an electron will reduce

to I at the counter electrode. Thus, the regenerative cycle is completed.
I3+2e cey—3lcg. oo (2-6)

e. Mechanism 5 (Regeneration of dye): At the same time, the
oxidized dyes, S+ are shifted to the ground state dye, S caused by the

electron obtained from I and thus the regenerative cycle is completed.
+ 3. 1,._
S adsorbed * > [7 — Sadsorbed + > I3.......... (2-7)

f. Mechanism 6 (Recombination): Direct recombination of the
excited dye that is reflected by the excited state lifetime.

g. Mechanism 7  (Recombination): The next recombination
process is the injection of electrons in TiO, with oxidized dyes.

S+adsorbed +2e_(TiOZ) > SadsOrbed + s e (2-8)

h. Mechanism 8 (Recombination): The recombination of injected

electrons in TiO, with acceptors in the electrolyte.

I?? + 2e_(TiOZ) - 3Ia_no(;]e """""""""""" (2_9)
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Figure 2.2. Electron transfer mechanisms and energy level diagram of DSSCs
[82].

2.4 Nanotechnology in DSSC

The term "nanomaterial” alludes to a wide range of substances
have particles with at least one dimension in the nanometer range from
1-100 nm [83]. Nanomaterials are the linked bridge between atoms and
microstructures, and the nanostructures are much near to dimensions
that are near to atomic dimensions. By comparison, the bond length of
between typical carbon atoms, or the spacing between these atoms in a
molecule, is within the range of 0.15-0.12 nm [84,85]. Nanotechnology
Is concerned with NPs, which are aggregates; their size is
approximately 100 nanometers. These NPs are altered forms of the
basic elements that are created by changing their atomic characteristics
[86].

Nanomaterials are essential due to their physical, chemical, and

magnetic properties, and the fact that they are inexpensive, safe, and
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environmentally friendly. In additions, nanomaterial’s have a high
surface to volume ratio include NPs, NRs, nano porous frameworks,
and other structures. Changing the size of semiconductor NPs is being
tried to quickly tune their optical and charge transport capabilities. The
chemical features of nano catalysts, such as catalytic activity, may be
dramatically altered by increasing the number of surface atoms. By
inventing new ways, nanomaterials are being used to increase the

efficiency of energy generation.

The optical and electronic properties of nanomaterial, which
become strongly size dependent focused attention on the preparation of
NP semiconductors [87]. In almost all of these cases, when the particle
size is reduced greatly, especially to several nanometer scales, due to
the large surface-to-volume ratio, some novel optical properties can be
expected [88]. When the size of a material is comparable to- or smaller
than its bulk Bohr exciton diameter, its optical property becomes
strongly dependent on size due to quantum confinement of electrons
and holes [59,89].

The DSSCs are a model system to illustrate the potential of
nanomaterial’s in studying the electron transfer, electron transport, and
electron-hole  charge  separation and  recombination  processes.
Moreover, nanotechnology can be utilized to provide new materials
and fabrication processes, allowing for the production of low-cost
DSSC cells with adequate energy conversion potential. DSSC made of
traditional material like TiO,, ZnO and SnO, while the nanostructures
of these materials will be lighter, cheaper, and more powerful [90]. The
DSSC performance can be improved by exposing more dye adsorbed
surfaces area to solar radiation and NPs with a higher surface area to

volume ratio which lead to increase the solar radiation collection [91].
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2.5 Metal oxide Materials for DSSC

DSSC is converts photons energy into electrical energy using
semiconductor materials that have the wide band gap energy
represented by the difference between the valence band (VB) and CB
energies [63]. A DSSC is composed of CE, TCO substrate, a wide
semiconductor, dye sensitizers, and an electrolyte. Photoanodes play an
important role in deciding the performance of DSSC [92]. Various
photoanodes are being employed for both dye and quantum dot
sensitized solar cells. A wide band gap nanocrystalline semiconductor
oxide film is used as an electron transportation layer in the photoanode
of a DSSC [93]. These include mostly the wide band gap
semiconductor photoanodes such as TiO,, ZnO, and SnO,. Though
ZnO has higher electron mobility and has identical band position as
TiO,, due to its instability in acidic dye it is not the preferred choice for
commercialization. SnO, have also been used as photoanodes in DSSC,
though it has higher mobility due to its rapid recombination and poor
open circuit voltage, surface treatments were required for SnO, to be
used as photoanode in DSSC [94,95]. Among the different materials,
TiO, has a perfect position of CB which is lies lower to the LUMO
level of the most of the commonly used organic dyes that lead it to
obtain good DSSC efficiency as shown in Figure 2.3 [96]. There are
various factors that affect the DSSCs performance, in particular the
physical and chemical properties of TiO, NPs are the most significant
among them [76,22].
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Figure 2.3. Schematic diagram illustrating the energy levels of CB and VB of
TiO,, Zn0O, and SnO, [96].

2.6 Titanium-Di-Oxide as a photoelectrode

Titanium-Di-Oxide (TiO,) is one of the most attractive materials in
the field of nano-science also in nano-technology because of the
potential application of TiO, in different processes and it has its
extraordinary properties like high stability, low cost, biocompatibility,
high chemical inertness, non-toxicity, wide band gap, high refractive
index etc. [71,97]. Therefore, it has been already used in the
application of efficient photo catalyst for water purification [98],
catalyst support [98] , degradation of dyes [5], chemical sensor [7,8],
dye sensitized solar cell [99] and optical device [9,10] etc.
Furthermore, crystal phase, specific surface area, surface morphology,
crystal defect, grain size, and band gap of the absorber material of

DSSC play the importance role on the cell performance [98].

23



Chapter Two Theoretical Part

As shown in Figure 2.4, TiO, exists as one of three mineral phases:
anatase, brookite, and rutile. Anatase-phase TiO, is the most common
phase of TiO,, but has 3.2 eV Eg, and is therefore weakly active under
visible light. Rutile-phase, with a band gap of 3.0 eV, has the strongest
visible light absorption, whereas brookite (Eg = 3.3 eV) has the
weakest [99]. The use of mixed-phase TiO, enhances both the visible
light harvesting ability and the electron-hole separation of TiO, [100].
The crystalline phase of TiO, is highly dependent on its preparation

technique

Anatase Rutile Brookite

Figure 2.4. Crystal structures of TiO, [101].

Rutile- and anatase-phase TiO, nanostructures have been most
intensively investigated for photocatalysis applications because of their
better catalytic activity and easier synthesis. Rutile nanostructure,
having a tetragonal phase with lattice parameters a=b=0.459 nm, and
c=0.296 nm is obtained with very high crystalline quality. Although the
growth direction for 1D nanostructures depends on the growth method
used, for rutile TiO, NRs, the growth direction is generally the [001]
direction. Moreover, the geometric parameters of anatase TiO,
nanostructure are very close to those of rutile TiO, nanostructure,
having widths of about 50-200 nm and thicknesses of 20-50 nm [17].

The crystalline structure of anatase TiO, nanostructure can also be
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assigned to a tetragonal phase, but with different lattice parameters: a =
b =0.3766 nm and ¢ = 0.9486 nm.

2.6.1 Basic Properties of Titanium dioxide

While the differences between the crystalline structure of rutile and
anatase TiO, nanostructure are tiny, they are sufficient to result in
dissimilar electronic structure and optical, mechanical and surface
properties. These properties affect the performance of rutile and

anatase TiO, nanostructure in their multiple applications

2.6.2 Electronic Band Structure

Electronic properties are known to control light absorbance, redox
potential, and charge carrier mobility, and consequently to strongly
affect the functional properties of semiconductors [19]. Full
understanding of the electronic band structures of 1D TiO,
nanostructures, especially those of TiO, nanostructure, is critical for
their application in several fields, such as photocatalysis, solar energy
conversion or gas sensing. The wide bandgaps of bulk anatase TiO,
(3.2 eV) and bulk rutile TiO, (3.0 eV) are related to the existence of the
O 2p and Ti 3d states in VB and CB [20]. The one-dimension TiO,
nanostructures  usually display thickness-dependent  bandgaps [103].
When the thickness of TiO, nanostructure is less than 2.5 nm, the
bandgap is enlarged to a value above that of bulk anatase and bulk
rutile TiO,.

2.6.3 Optical Properties

The light absorption ability of a semiconductor is mainly related to
interband electron transitions and is thus controlled by the bandgap.
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Excitation of an electron to a point within CB occurs on absorption of a
photon with energy equal to the sum of the bandgap energy and the
energy within CB, minus the energy of the hole left within VB [28]
these electron-hole pairs are those required for a photoreaction in a

photocatalyst, or those extracted in a PV device.

2.6.4 Mechanical Properties

One important application of TiO, nanostructure is their use as
building blocks for fabrication of various micro/nano devices such as
various single belt-based sensors or electronics or solar cell. The
advantages of TiO, nanostructure in this context are ascribed not only
to their unique geometry and electronic and optical properties, but also
to their excellent mechanical properties. Present studies on the
mechanical properties of TiO, mainly focus on rutile TiO;
nanostructure, and few works have reported the mechanical behavior of

anatase TiO, nanostructure.

2.6.5 Surface Properties

The photocatalytic activity and selectivity strongly depend on
surface properties. As an example, the chemical dissociation of water
molecules is energetically favored on (001) plane; in contrast, water
molecules are preferentially physically adsorbed on (101) plane of
TiO, [44].

2.7 Zinc Oxide (ZnO)

ZnO is an attractive semiconducting oxide material owing to its
large exciton binding energy (60 meV) and wide direct band gap (3.37
eV) at room temperature. As a wide band gap material, ZnO is utilized
for highly efficient UV light-emitting devices, optoelectronic devices,
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and transparent-conducting electrodes [102]. Owing to its superior
physical and chemical properties, it has been widely used in fabricating
gas sensors [103,104], light-emitting devices [105], solar cells
[18,106,107], and catalysts [108,109], etc. Because of their
morphological dependent properties in practical applications, many
efforts have been done on the synthesis of ZnO with various
morphologies, such as NRs, nanowires, etc. [19,110-112]. In addition,
due to the long lifetime of free electrons and holes, ZnO can generate
reactive oxygen species on its surface [113]. Furthermore, ZnO is
classified to be a generally safe substance by FDA. This nontoxicity
and compatibility with skin allow it to be used as an ingredient in
sunscreens and cosmetics. Owing to its widespread application in
cosmetics, ZnO NPs are produced worldwide in large amounts.
According to the recent survey, the global production of ZnO NPs
reaches about 550 tons per year [86].

2.8 TiO, — Dye Contact

Ruthenium Ru(ll) based sensitizers have played a significant role
in the development of the solar cells as a chromophore. DSSCs
efficiency could be improved significantly if these dyes have
absorption in the range of visible to near infra-red (NIR) of the solar
spectrum [114]. Researchers have studied various chromophores
including metal complexes and organic-based dyes. Among all dyes,
Ru(ll) polypyridine-based sensitizers, mainly black dye, N3, and N719,
are the better chromophores for DSSCs due to their promising
chemical and photochemical stability along with enhanced PV
performance [23]. N719 Industry Standard Dye (Di-
tetrabutylammonium  cis-bis  (iso-thiocyanato) bis (2,2-bipyridyl-4,4'-

dicarboxylato) ruthenium (1)) is a ruthenium complex dye modified
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from the N; Foundation dye enabling to increase the device voltage.
The Chemical formula of the N719 is CsgHgsNgOgRuUS, as illustrated in
Figure 2.5.
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Figure 2.5. The chemical formula of the N719 [115].

The sensitizing dye molecules are attached to the metal oxide
surface through chemisorption via the anchoring groups [116]. Indeed,
the carboxylate groups provide a strong adsorption of the dye on the
metal oxide surface, thus fully justifying by involving valence forces
through the exchange of electrons between dye molecules and metal
oxide as covalent forces. The various binding mechanisms of the dye
molecule with TiO, surface are summarized in Figure 2.6 and

elaborated as follows:

Figure 2.6.a shows the structure of N719 dye While Figure 2.6.b
shows the first type of binding, known as ester type linkage, involves
interaction of one or two oxygen atom of -COOH group with the Ti
atoms of TiO, surface. The second type of binding involves the
interaction of both the oxygen atoms of COOH groups with either one
Ti or two Ti atoms resulting in bidentate chelating or bridging, as

depicted in Figure 2.6 ¢ and d. The third binding mechanism was also
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proposed, the N719 dye binding to TiO, surface occurs through three
carboxylic groups, one of which is attached to two Ti atoms in
bidentate form while the other two are bound via monodentate mode as
in Figure 2.6.e. Moreover, the fourth binding mechanism Figure 2.6.f,
was also proposed where the N719 dye molecules interact with TiO,
surface though the NCS group in addition to the bidentate bridging.
Finally, the fifth binding mechanism proposed that the binding of the
dye to TiO, occurs through two neighboring  carboxylic
acid/carboxylate groups via a combination of bidentate-bridging and
H-bonding involving a donating group from the N719 dye and acceptor

from the Ti-OH group Figure 2.6.g.

(a) COOTBA’

HOOG

‘'OOTBA"

TBA: tetrabutylammonium

II(/ B / >

/\ /\

i Tr-ax oA

(2)

O=C(,

N g
‘ TiO, ‘
(e)
Figure 2.6. N719 dye molecules attached the metal oxide surface [116].

2.9 TiCl, treatment

A well-known method to improve the performance of solar cells is
a post treatment of TiO, film in which an extra layer of TiO, is grown
onto TiO, NRs constituting the film [117]. The TiCl, treatment has
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been in use since 1993 when Nazeeruddin et al used it to improve the
performance of the relatively impure Degussa P25 TiO, NPs [118].
The TiCl, treatment leads to the deposition of an ultrapure TiO, shell
(~1 nm) on the mesoporous TiO, [119] which may contain impurities
or have carbon residue at the surface [120]. Moreover, the different
explanations of the working principle of this coating have been
reported. These hypotheses concern increased surface area [121],
improved electron transport [122], light scattering [71], TiO, purity
[123], and dye anchoring [37]. Furthermore, the energy of acceptor
levels in TiO,, which can improve the injection efficiency [124]. It also
improves electron lifetime significantly, leading to an increase in
electron diffusion length [125]. The measurement of solar cell
variables depended on the intensity of the current density and voltage
(J-V) curve, examples incident photon to current conversion efficiency
(IPCE) These variables were used to verify the performance of DSSCs
in addition to Js, V.. and FF, all these variables can be determined by
J-V while Ji variable depends on dye amount and chemical
composition as well as the electrochemical properties of the thin films

used as photoelectrodes for the DSSCs and electrolyte [140] .

2.10 Preparation of Photo-Anode Nanostructure Film

Many experimental works have been done to fabricate 3-D nanostructures
and characterize their unique optical properties. In general, the fabrication
methods for the arrayed nanostructures can fall into two major categories: top-
down and bottom-up approaches [126]. Top-down approaches mainly refer to
those that rely on lithographic patterning, or etching materials to shape
nanostructures. On the other hand, bottom-up approaches refer to those
methods involving growing/assembling nanomaterials from atomic scale. In

practice, top-down approaches can be used to fabricate well-defined
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nanostructures; however, the fabrication cost is typically high. While, bottom-
up growth methods yield diverse nanostructures at relatively low cost, in some

cases the shape of the nanostructures can be also well controlled [127-129].

2.10.1 Chemical Technique

In depth knowledge of individual particles and their interaction with other
constituents of the system is prerequisite to understand the physico-chemical
characteristics of materials. Desired material should have controlled properties
with all aspects of size, shape, phase and population control. The chemical
technique is one of the most method’s that is used for fabricating thin films due
to its low cost and simple fabrication. Many chemical techniques were
developed to be used for depositing thin films, such as dip coating [131],
screen printing [51], spray pyrolysis [132], doctor blade [106], Hydrothermal
[133], and spin coating [49]. The chemical deposition methods had a many

characteristics or features such as [130]:

a. High temperature or high vacuum equipment is no longer required.
b. The fabrication processes are easy to control and simple.

c. The fabricated thin films give uniform coverage.

o

The substrate shape is no highly restricted and give a big area for films
fashioning.

e. Films formation occurs rapidly.

The chemical deposition methods also has same disadvantage like:
a. the fab

2.10.2 Hydrothermal Method

Hydrothermal method is conducted in autoclaves under controlled

atmospheric conditions (pressure and temperature). The temperature
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raised above 100 °C and reaches to saturated vapor pressure. In
ceramics industry, this technique is usually used for synthesis of small
particles. Many researchers have utilized this method to prepare TiO,
NRs. The autoclave is placed inside an oven at a temperature that can
reach 250°C. Due to the use of autoclave in this method, the
temperature of the interaction can increase upon the boiling point of
water, amounting to the saturated water vapor pressure. Two
temperature regions were created inside the utensil. The material will
dissolve in the lower part (hotter part) of the autoclave whereas the
saturated aqueous sol is transferred to the upper part (colder part) of
the autoclave. Therefore, the crystallization process starts. This method
usually uses less temperature than the solid-state reaction. The amount
of solution and the temperature that was added to the "autoclave"
usually predestine the internal pressure created. The nucleation of nano
crystals like (TiO,, ZnO) is dependent on pH value and sintering
temperature. The PH was the main reason of agglomeration and hence
decreases of specific surface area. Synthesis PH also affects the size,

anatase-rutile transformation and amount of brookite phases [64].

2.10.3 Spin Coating Mechanism

Decades ago, it became easy to obtain regular thin films by means
of a spin coating technique [134]. These thin films are manufactured
for a wide variety of applications especially in the semiconductor
industries. Spin coaters can form thin films with thickness in range of
micrometers (um) and nanometer (nm), for application of devices such
as, transistors [135], solar cell [136], gas sensors [137] and light
emitting diodes [138]. The most fundamental advantage of spin coating
over other methods is the production of fast and high quality films
without engaging in complex procedures [139,140].
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The spin coating deposition mechanism is done by dropping a
certain amount of a specific solution manually or automatically onto
the substrate center. The substrate in this machine is fixed with an
aspirator. This step is followed by rotating the pile at high speed
sometimes up to 10000 rpm with uniform acceleration [141]. After
that, the thin film will be successfully formed by evaporation through
this process [142]. Thin film made by spin coating technique depends
on solution concentration and viscosity as well as rotational speed.
Thicker films result from higher concentration. In contrast, thinner
films result from higher spinning speeds. In addition, choosing higher
solvent volatilities produce thicker films at a specific concentration and
viscosity [143]. The following represents the four significant stages
that are usually seen in the spin coating process [10,11]. First, before
the rotation, few drops of a solution are placed on the substrate as in
Figure 2.7.A. Next, by rotating the substrate at high speed, almost all of
the solution is flung off the sides Figure 2.7.B. More specifically,
centripetal force combined with the surface tension and viscous forces
of the solution causes uniform film covering the substrate with the
solution. Air flow during the process dries off most of the solvent and
the residual solution is formed as a wet-plasticized film Figure 2.7.C.
Finally, all the solvent dries out resulted in coating the substrate with
the desired material Figure 2.7.D.
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Figure 2.7. The mechanical process of spin coating technique.

Laboratory, before spin coating, the precursor solution must be
filtered to remove dust and undissolved particles [105]. In general, the
thickness of the spindle film is relative to the square root of rotation
speed as in the equation below where (t) is the thickness and () is the

angular velocity [134]:

This means that the film, which is woven at a rate of four times the

speed, will be half its thickness.
2.11 Parameters of Solar Cells

The energy conversion efficiency of a solar cell is an important
parameter in the characterization of the solar cell. This is defined as the
percentage of power converted (from absorbed light into electrical
energy) and collected when a solar cell is connected to an electrical
circuit were estimated using J-V curve as shown in Figure 2.8. The
overall solar conversion efficiency of DSSC (n) is determined by Jg,

Vo, and cell FF, according to the total solar power incident on the cell,
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P,,, 100 mwW/cm? for air mass (AM) 15. It is given by the

expression [146]:
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A
I} IV curve VI'\."IF’ lmp

\The short circuit current, Isc

@

2

(=]

o

. Power from
o

o the solar cell
5 P=VxI

&}

The open circuit voltage Ve

Voltage Voc

Figure 2.8. J-V curve of the solar cell [147].

2.11.1 Short-Circuit Current Density (Js)

Jsc 1S the maximum current in a solar cell and occurs when the
voltage across the device is zero. Ji. is used to avoid dependence on the
area of the solar cell. There are two ways to improve the short-circuit
current. One is to increase the overlap of dye absorption spectrum and
solar spectrum. Some groups endeavor to develop dye sensitizers with
wider spectra, containing IR or NIR regions [2.5-2.8]. The other
method is to increase the absorption surface area of dyes by increasing

the thickness of the sensitized nanostructured thin film.
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2.11.2 Open-Circuit Voltage (Vo)

Vo IS the maximum voltage available from a solar cell when no
current is drawn from the solar cell. V. represents the difference
between the semiconductor CB thin film (photoelectrode) and the

oxidation and reduction potential of the electrolyte.

2.11.3 The Filling Factor (FF)

The meaning of FF can be understood from its graphical
representation. It indicates how much area underneath the J-V
characteristic curve is filled by the rectangle described by V.J. as
shown in Figure 2.8 in relation to the rectangle V,ls. The theoretically
maximum obtainable FF is a function of the open circuit potential, the
higher the V. the higher FF.

_JnVm
FF =m0t (2-12)

2.11.4 Parasitic Resistances (Rq,) and (R)

During operation, the efficiency of solar cells is reduced by the
dissipation of power across internal resistances. These parasitic
resistances are modeled as a parallel shunt resistance (Rg) and series

resistance (Rs), as depicted in Figure 2.9.
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Figure 2.9. Electrical circuit model of a solar cell [148].
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The R arises from the resistance of the cell material to current
flow, particularly through the front surface to the contacts, and from
resistive contacts. R, is a particular problem at high current densities,
for instance under concentrated light. Shunt resistance is typically due
to manufacturing defects rather than the design of the solar cell. Power
losses are a result of low Ry, which provides an alternate current path
for the photon-generated current [133,144]. Decreasing Ry, and
increasing RS will decrease the FF and Pn. as shown in Figure 2.10. If
Rsv is decreased too much, V,. will drop while increasing Rs
excessively can cause |y to drop [17,145].

A AI

Decreasing Ry

Increasing R

V \ Vv
> >

Figure 2.10. Effect of the parasitic resistances Rg,, Rs [146].

It is possible to approximate the series and shunt resistances, RS
and Rg,, from the slopes of the I-V curve at I, and V., respectively.
Rq¢y IS represented by the slope at I, while Rs is represented by the
slope at V, [152].

37



Chapter Three

Experimental Part
(Materials and Equipment)




Chapter Three Experimental Part (Materials and Equipment)

Chapter Three
Experimental Part (Material and Equipment)

3.1 Introduction

In this chapter, the details of design and construction of equipment: (spin
coating, heating unit (electrical furnace), four-point probe device and J-V
Characterization instrument). Moreover, producing of the FTO substrate,
preparation of Pt films, TiO, NRs, MWCNT, ZnO NRs and measuring
instruments are introduced. Figure 3.1 displays a flow chart of the experimental

part of the present work in which the main are explained.

f )
Preparation system N |
\ Design and construct
, \Il preparation and
Preparation of FTO substrate measurement devices
¢ ¢ 4 ' N
s ) —>| Electrical furnace
Preparation of Ti0, Preparation of Pt films | )
Nanorods using hydrothermal using spin coater
\ J

- | Spin coater device
Preparation of L

MWCNT-ZnO on Ti0,
nanorods ( R
\ / —>{  Four-probe device
v v ) ’
Measurement and characterization [ -Vmeasurement |
— devi
\|, \ evice
[ Thickness measurement ] [ J-V characterization ] [ Optical measurement ] [ Structural characterization
(]
[ Sheet resistance ] Uv- Vis XRD
[ J’ ]< FTIR FESEM
Solar cell J< J{
EDX
SEM

Figure 3.1. Flow chart of the experimental part of the present work.
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3.2 The Raw Materials

The materials that used in this synthesis process are listed in
Table 3.1. Hexachloroplatinic acid (H,PtClg) utilized as a Platinum precursor
material to fabricate the counter electrode. Titanium (IV) butoxide (Ti(OBu),,
97% Sigma-Aldrich) Ti(OCH,CH,CH,CH3), was used as a TiO, precursor
material. Zinc-nitrate Zn(NO3), and Zinc-acetate Zn(CHsCO,), are used to
synthesize ZnO NR.

Table 3.1. The raw materials selected for the experiments.

Materials properties Brand
Titanium (1V) 97 % Sigma-
butoxide Ti(OCH,CH,CH,CHs5), Aldrich
(Sheet resistance~7 Q) Sigma-
FTO ) _
area = 30x30 cm Aldrich
Sigma-
Dye N719 CsgHgsNgOgRUS, :
Aldrich
Platinum Sigma-
H,PtClg _
source Aldrich
Electrolyte HI-30 iodine Solaronix
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Thermoplastic _ _
_ Meltonix 45 pum Solaronix
sealing
=
Hydrochloric 6
_ =3, HCI 36.5-38 J.T. Baker
Acid e,
Absolute &
=y CH3CH,0OH J.T. Baker
ethanol &
-
MWCNT - Diameter 10-20 nm Cheaptubes
Zinc-nitrate - Zn(NOs), -
Zinc-acetate - Zn(CH3CO,),-2H,0 -

3.3 Fabrication of Electrical Box Furnace

The heating of prepared samples plays an important role in the industrial
production cycle as the most important heating equipment. The electrical
furnace is a material heating device that changes the shapes and characteristics
of the material [147]. The electrical furnace was constructed (home-made) to
anneal the prepared films. This furnace is also used in hydrothermal methods.
Iragi thermostone blocks were used as an isolated material. These blocks were
built as a box shape with an empty interior dimension (15x20x40 cm). They
were tied together using heat resistant silicon. The internal side of the
thermostone was carved to make cavities in the form of channels to install
heaters. Electrical quartz heater tubes were fixed in the channels of the furnace
and the final design of the cabinet home-made electrical furnace as shown in

Figure 3.2. All the heater tubes were connected with electrical switches. The
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electrical furnace was controlled by a temperature step controller (GEMO
PC109). GEMO PC109 can be controlled the temperature and the rising,
stability and decline time as shown in Figure 3.3, where the number of steps is
determined by user-programmable parameter codes. Mineral wool was used to
cover the built thermostone box. Subsequently, the electrical furnace was
placed inside a metal box. The temperature of the fabricated furnace can be
raised to 500 degrees in 5 minutes as shown in the temperature profile Figure
3.4. Finally, all materials used are fire-resistant and fire insulation materials.
Where the thermostone blocks, mineral wool, and heat resistant silicone were
integrated with fire resistance, thermally insulating and heat separating
functions. These materials have properties of no bonding formation, good
resistance to tensile strength and a fibrous structure when used in a neutral,

oxidizing atmosphere.

Figure 3.2. Heating unit home-made electrical furnace: a. electrical quartz

heater tubes fixed inside the furnace, and b. cabinet fabricated furnace.
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Figure 3.3. Schematic diagrams of the temperature-time steps.
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Figure 3.4. Standard curve shows the temperature as a function of time applied

on the home-made electrical furnace (experimentally).
3.4 Fabrication of Spin Coater Device

Decades ago, it became easy to obtain regular thin films by means of a spin
coating technique [134]. These thin films are manufactured for a wide variety
of applications especially in the semiconductor industries. Spin coater device
was fabricated to produce thin films of the CE (platinum) and the photoanode
(Zn0O). The main parts of designing spin coater in this work are hematocrit
centrifuge, Arduino UNO, LCD screen, IR sensor and Vacuum rotary.

3.4.1Substrate Holder

Any machine works with nanoscale dimensions must be designed with
high accuracy, so it is necessary to calculate the effect of rotation in this work
on the thickness and homogeneity of the film [148]. As well, the spin coating

machine needs to be free from the vibration effects to obtain films with high
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homogeneity, regardless of the number of coating layers. The substrate holder
was designed to avoid this problem. Figure 3.5 shows the schematic design of
the substrate holder and its parts which will be explained in details. The
substrate holder is made from rubber silicon to obtain good adhesion with the
sample. Vacuum channel was placed on the motor to allow the air flowing
from substrate holder to rotary. A rotary shaft was used for rotating the
substrate holder which was sealed by two O-Rings. Finally, the vacuum

channel connects with vacuum pump (Value Vi 220SV) by silicone pipe.

c ' Substrate
Holder

Vacuum
Channel

-~

Motor

Figure 3.5. 3D design of fabricated spin coater substrate holder, O-ring,

vacuum channel and motor.

3.4.2. Speed Controller

Hematocrit Centrifuge (HC — 12 A) has a manual speed rotation
controller 0 — 12000 rpm. The crowbar of the manual speed rotation
controller placed on variable resistance. The variable resistance was

connected with electrical circuit to control the motor speed from 0 to
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12000 rpm using single crowbar. The electrical circuit diagram of
speed rotation controller is shown in Figure 3.6.
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Figure 3.6. The electrical circuit diagram of rotation speed controller.

The Hematocrit Centrifuge provided a simple way to control the
speed of the device. Arduino UNO with LCD screen and Infrared
Speed Sensor (LM393) are used for observing directly the rotation
speed of the device. IR sensor was placed on the motor beside the
rotation shaft to sense the rotation speed. Arduino UNO has been
programmed to calculate the speed rotation. (16x2) digit LCD display
was connected with Arduino UNO and it was placed on the spin coater
as shown in Figure 3.7. The final design and the substrate holder of the
spin coater machine were shown in Figures 3.8.a and 3.8.b

respectively.
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1

@ WTSFiR Coating 1l ’.‘
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Figure 3.8. a. The final design of the spin coater, and b. substrate holder.

3.5 Substrate Preparation Procedure

3.5.1 Cutting and Cleaning

FTO substrate was used in whole prepared samples. The proper cleaning
procedures depend on the nature and kind of the substrate since the thin films
and junction properties are greatly influenced by the quality of the substrate

surface. The cleaning process is very important to rid the dust and oil from the
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surface of the substrate. In addition, FTO substrate cleaning was done in the

following steps:

a. FTO substrate is cut into (2 x 2) cm’.

b. FTO substrates were washed with detergent and a piece of gauze then
rinsed many times in distilled water.

c. The ultrasonic was used to clean FTO substrate using alcohol.

d. The substrates were dried by blowing air.

3.5.2 Drilling of the FTO Substrate.

For the purpose of filling the solar cell with an electrolyte solution must
make a hole in the cathode substrate. The following steps can be summarizing

the drilling of the substrate:

a. Small piece of two face tape is put in the center of the petri dish.

b. Set the FTO substrate on the tape.

c. The conductor face must be kept at the bottom in order to protect it from
scratching.

d. Filling the petri dish with water to maintain the substrate from overheating.

e. Use drill with Imm glass title and put it vertically on the substrate.

f. Turn on the drill with very light compression.
3.6 Counter electrode Preparation.

Chloroplatinic acid hexahydrate H,PtClg (Platinum > 37.50%) was used as
a precursor to synthesis platinum thin films which was purchased from Sigma-
Aldrich. FTO substrates with sheet resistances of ~7 Q/sq were purchased
from Sigma Aldrich. The samples were synthesized by chemical reduction in
which they were achieved by dissolving H,PtClg in absolute ethanol to obtain

the required thin films.
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The precursor H,PtClg was dissolved in absolute ethanol due to its fast
evaporation. Platinum thin films were prepared using a spin coater machine as
shown in Figure 3.9. In addition, different parameters were used to verify the

optimum conditions of preparation platinum thin film.

Thus, several platinum thin films were coated on FTO substrate as listed in
Table 3.2. The first parameter is the rotating speed which was varied from (600
to 3600 rpm); samples PtL and PtS, respectively. In which the other parameters
were maintained constant hence the acceleration was (6.28 rad/s?) and
precursor concentration was (15 mM). The second parameter is to control the
acceleration hence it was increased from 6.28 to 37.79 rad/s® to prepare
samples PtS and Ptl15, respectively. This experiment was applied by maintain
the speed at (3600 rpm) and the solution concentration at (15 mM). The third
parameter is controlling the solution concentration which was varied in the
range of 15 mM, 10 mM, 5 mM, and 2.5 mM to prepare samples Pt 15, Pt10,
Pt5 and Pt2.5, respectively. In which all other parameters were maintained

constant speed at 3600 rpm and acceleration 37.79 rad/s>.

The rising time of the speed (the required time to reach the preferred
speed) was maintained at constant value (10 s) for all the prepared samples
unless sample (PtS) in which its rising time was (60 s). Each sample was spin
coated for 10 min. The coated samples were dried at 373 K by using a hot plate
then they were annealed in the fabricated furnace at 723 K for 30 min.
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H,PtCls : Ethanol  Deposition on FTO substrate by spin coater

\\l. - -

- . . e
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Annealing at 450°C
for 30 min.
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e _> Pt thin film
FESEM of Pt thin film

TS FTO

Figure 3.9. Schematic diagram presents the synthesis of Pt thin films

Table 3.2. Fabricated Pt thin films parameters.

sample Speed Acceleratzion Precursor content No. of
(rpm) (Rad/S?) (mM) layers

PtL 600 6.28 15

PtS 3600 6.28 15 =

Pt15 | 3600 37.79 15 g

Pt10 3600 37.79 10 %C;

Pt5 3600 37.79 5 @

Pt2.5 3600 37.79 2.5

DPt15 3600 37.79 15

DPt10 | 3600 37.79 10 % o

DPt5 | 3600 37.79 5 8 2

DPt2.5 3600 37.79 2.5
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3.7 Preparation of photo anode

3.7.1 Preparation of /TiO,/FTO

TiO, NRs were prepared with variation of volume of hydrochloric acid and
the etching time using hydrothermal methods. TiO, NRs were prepared on
FTO substrate using titanium butoxide (Ti(OBu),) as a precursor (starting
material), hydrochloric acid (HCI) as a chelating agent, and DI as a solvent.
Chelating agent is ligand that can form bonds (covalent bonding) at more than
one point. It is a substance whose molecules can form a several bonds to a
single metal ion. Meanwhile, DI acts as a function of adding the oxygen (O,)
element into Ti(OBu),4 for hydrolysis process. First, hydrochloride solvent was
prepared by diluting the hydrochloric acid in DI to be 20 ml. Then 0.3 ml
titanium butoxide (Ti(OBu),) was added dropwise into the hydrochloric
solvent until the homogeneous mixture was attained. After 20 minutes of
stirring the solution will be transparent. The precursor solution was poured into
a steel autoclave and followed by placing the FTO substrates vertically into a
Teflon-lined stainless-steel autoclave. The autoclave was heated in the furnace

maintained at 433K for 5 h. The experimental details were listed in Table 3.3.

Table 3.3. The preparation conditions of TiO, NRs.

Sample ID | Structure | HCI to DW ratio | Etching time
AT TiO,/ FTO | 7.5DW:125HCL | Overnight |
BT TiO,/FTO | 10DW:10HCL | Overnight g _
DT TiIO/FTO | 15DW:5 HCL Overnight % §
cT TiOJFTO | 125DW:75HCL | Overnight |S %Ei
ET TiO/FTO | 125DW:7.5 HCL | After 48 H é &
FT TiO/FTO | 125DW:7.5HCL | After72H |-
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After that, the autoclave was kept into the furnace and cooled down
overnight to allow the stainless-steel autoclave to cool and touchable. The
prepared samples were rinsed with DI water and left to dry at room

temperature. Figure 3.10 summarized the preparation steps of TiO,/FTO NRs.

HCL:H20:TBOT
Teflon-lined Stainless steel

\ < HCI:H20:TBOT autoclave reactor

—
RE 3
—

‘ \ Hydrothermal reaction

at 160°C for 5 h.

Ti02 NRs

FTO Substrate

!f’

y

Cross-section image
of TiO2 NRs

Figure 3.10. Schematic diagram presents the synthesis of TiO, NRs.

3.7.2 Functionalization of MWCNTSs

The surface of MWCNT was functionalized and opened by oxidation with
nitric acid [149]. The usage of the nitric acid in the Functionalization process
causes both, purity improvement as well as partial oxidization of carbon. 0.2¢g
of raw-MWCNTs (from CHEABTUBES diameter 10-20 nm) was dispersed in
50mL nitric acid (65% HNO3) in a flask of 200 ml. The flask was placed in an
ultrasonic bath for 60 min at a room temperature to separate the nanotubes

aggregations.
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Afterward, the mixture was then diluted with 100 mL of distilled water.
The treated MWCNTSs were washed with distilled water several times until the
pH reached 7. Finally, the treated -MWCNTs were dried at 363K for an

overnight.

3.7.3 Preparation of MWCNT-ZnO/TiO,/FTO
MWCNT and ZnO NRs were synthesized on the sample ET of TiO, NR.

ZnO NRs were prepared using seed mediated growth method, which comprised
two simple steps, namely seeding and growth process. Initially, 0.01 M seed
solution was prepared by dissolving zinc acetate [Zn(COOCH3),-2H,0] in 40
mL of ethanol under constant stirring at 333K for 2h. Then, TiO, NR are
coated by ZnO seed layer using spin coater at 3000 rpm for 40 s. MWCNT are

insetted into ZnO seed layer with different concentration as listed in Table 3.4.

Subsequently the substrates were heated at 373K for 15 minutes to form a
thin layer of ZnO seed solution. The spin coating and heating procedures were
repeated twice to achieve the desired thickness of the film. Then the samples
were annealed at 623K for 1 h. The formation mechanism of the ZnO NRs can
be explained as follows; 0.03M of zinc nitrate hydrate [Zn(NO3z),-xH,0] and
hexamethylenetetramine (HMT) (C¢H12N4) were dissolved in DI as an aqueous

solutions.

The precursor solution was poured into a steel autoclave and followed by
placing the coated substrates with the seed layer vertically into the autoclave.
The stainless-steel autoclave was placed inside the furnace. The electrical
furnace was maintained at 363K for 2 h. Finally, the samples were removed
from the aqueous solution, rinsed with distilled water then left to dry at room

temperature.
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Table 3.4. The preparation conditions of MWCNT-ZnO/TiO,.

Sample MWCNT ZnO
Structure ZnO

ID content seed
ETZ1 ZnOITiO, 0 Z Z
. L O L O
ETZ2 | MWCNT-ZnO/TiO, 0.5 s 7 £
S .2 c .2
ETZ3 | MWCNT-ZnO/TiO, 1 SE | £F
N @ N &
ETZ4 | MWCNT-ZnO/TiO, 15 S g
O (&

3.8 Fabrication of DSSCs Sample

3.8.1 TiCl, Treatments

The prepared photo anodes (TiO, and MWCNT-ZnO/TiO, nanostructure)
were immersed in a 40 mM aqueous TiCl, solution at ice-cooled conditions for
30 min. Subsequently, the samples were washed with distilled water and rinsed
with ethanol to remove any excess of TiCl, and finally dried. Then, the dried

samples were annealed again at 673K for 20 min to crystallize attached NPs.

3.8.2 Dye Loading

Before solar cell fabrication, the prepared photo anodes (TiO, and
MWCNT-ZnO/TiO, nanostructure) were immersed in 0.3 mM N-719
(CsgHgsNgOgRUS,) dye solution for 24 h at room temperature. N-719 dye

solution was synthesized by dissolved the dye powder in ethanol.

3.8.3 Cell Fabrication

The working electrode and CE were sealed wusing a film
(Meltonix 45 pm hot melt foil from Solaronix). (Meltonix is an

jonomer with a melting point of about 373K. The thickness of the foil
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used in a standard DSSC was 45 pum. After putting Meltonix on top of
the working electrode, CE was put onto the working electrode like a
sandwich. Then the cell was exposed to heat using a hotplate at 110 °C

The preparation process and the final shape of the DSSC cell are

/ . Cathode

+ Meltonix 'i,r
Y + Anade film
» FTO

Figure 3.11. The preparation process and the final shape design of the DSSC.

shown in Figure 3.11.

3.8.3 Electrolyte Injection

After the sealing process, a small drop of electrolyte (lodolyte HI-30)
was injected into the groove. A Laboratory syringe was designed as in Figure
3.12 to evacuate the solar cell from the air and inject the electrolyte due to the
pressure difference. Then the holes were closed using a piece of Meltonix foil.
Figure 3.13 summarized the injection step of the electrolyte solution into the

fabricated cell.
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Figure 3.12. The designed Laboratory syringe.

Pull

Figure 3.13. Schematic diagram of the electrolyte injection steps.
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3.9. Measurements and Characterization

Different measurements were used to study the characterization of
fabricated samples which can be classified into the main fields of the
material properties such as (structural, optical, morphological, and
optoelectronic).  They include  thickness  measurements,  Xx-ray
diffraction (XRD) pattern, Energy-dispersive  X-ray spectroscopy
(EDX), field-emission scanning electron microscopy (FE-SEM), UV-
Visible spectrum, sheet resistance, J-V characteristics and finally the

characterization of the fabricated devices.

3.9.1. X-ray diffraction (XRD) analysis

The crystallographic information of all samples was investigated
by XRD analysis technique. The structure of the TiO, and MWCNT-
ZnO/TiO, nanostructure grown on FTO substrates have been examined
using (Philips PW1730) X-ray diffractometer system. The intensity of
the X-ray was recorded as a function of Bragg's angle of the samples.
The source of radiation was cu (k,) with wavelength A=1.5406 A, the
current was 30mA and the voltage was 40 KV. The scanning angle 26
was varied in the range of (9.8-80) degree with speed of (0.05) deg.
/min. Moreover, the measurement temperature is 300K. X'Pert High-
Score Plus software was used to match the peaks of the synthesized
samples (TiO,/FTO and MWCNT-ZnO/TiO,/FTO) with the stander
values JCPDS card. In addition, the interplanar distance d for

different planes was determined using Bragg's law [150]:
NAZ20SIN 0 ..o, (3-3)

Where n is the reflection order.
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While, the average crystallite size of the prepared NPs can be
estimated by the Scherrer formula using the full width at half-
maximum (FWHM) value of the XRD diffraction peaks [151]:

_ 092

Where D, 4, 6 and p are the crystallite size, X-ray wavelength,
Bragg diffraction angle, and the parameter (5) is the peak FWHM.

3.9.2. Field emission scanning electron microscopy (FESEM)

A typical scanning electron microscope (FE-SEM) type (TESCAN
MIRA;) with different components was used. Scanning electron
microscopy is basically a type of electron microscope. It is a technique
where an image of a sample is created by scanning it with a beam of
electrons. When the electron beam interacts with the atoms on the
surface of the sample giving information about surface topography and
composition will be provided [152]. Moreover, SEM was used for
various purposes such as study the morphology properties, chemical
composition, elemental mapping and determination of the particle size
distribution on the surface of the sample. The morphology of the
prepared samples was characterized using a field-emission scanning
electron microscope. All samples were coated by gold using sputtering
method before being imaged to avoid the effects of charge
accumulation [153,154]. The morphological features were observed by
taking top-view images. Furthermore, the side-view was carried out
through the image of a cross-section where the samples were vertically

broken to obtain the cross-sectional view directly.
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3.9.3. Energy-dispersive X-ray spectroscopy (EDX)

EDX is a technique used for elemental and compositional analysis
based on the energy spectra of the characteristic X-rays generated by
electron beam irradiation. EDX is an optional instrument that often is
attached to scanning electron microscopes (SEM). TESCAN MIRA;
FESEM has a Thermo scientific EDX system. EDX is useful to
measure the elemental composition of samples. The homogeneity,
elemental distribution and changes in composition are obtained using

the Pinnacle analytical software package.

3.9.4 Film Thickness measurement

The thickness of prepared samples thin films was measured by
using SEM technique. TESCAN MIRA; was also used to obtain the
side view of the sample where the prepared samples are mechanically
broken to obtain the cross-sectional view directly. The thickness of the
samples was carried out through the image of the cross-section using

Image J software.

3.9.5. UV-Vis Spectroscopy

UV-Vis absorption spectroscopy is a simple technique to measure
and characterize the optical properties of materials in liquid or film
form, including their transmittance, absorbance, and reflectance. UV-
Vis spectroscopy can provide useful qualitative or quantitative
information regarding the optical parameters of the materials through
analysis of the spectra obtained from measuring the light intensity as a
function of wavelength. Shimadzu UV-Vis-1900i that used to measure
the optical absorbance spectra of the synthesized samples (TiO,/FTO
and MWCNT-ZnO/TiO,/FTO) film within the wavelength ranging
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from (190-1100 nm) at room temperature. The optical Eg of the
prepared samples was determined using the Tauc plots for allowed
direct transition, by plotting (¢hv)® against the photon energy and best
fit line intersects the energy photon axis at (ahv)® equal to zero which
represents the values of optical energy gap [89,155,156]. The direct
transition in general occurs between top of VB and bottom of CB
(vertical transition) at the same wave vector Ak = 0 for conservation of
momentum [157]. The allowed direct transition refers is described by
the following relation [158]:

12

ohv =B(W—Eg) ...ooovviiiiiiiiiii e, (3-5)

Where B is constant inversely proportional to amorphusity.

If the transition occurs also between states of the same wave vector, but the
wave vector does not equal to zero, the transition is called forbidden direct

transition, it obeys the following relation [159]:

3.9.6 Sheet resistance

Sheet resistance is an important technology to monitor the electrodes or
conductive surfaces of the dye-sensitized solar cell to avoid resistance rising
[160]. Sheet resistance of CE Pt/FTO films were estimated using four-point
probe technique. A home-made four-probe device has been fabricated using the
Nokia N8 motherboard as shown in Figure 3.14. This motherboard has a four-
metal probe with a spring and spherical head. The spherical shape of the tip
provides a large contact surface area and protects thin films from scratch. The

outer radius of each probe is 0.35 mm with an average spring force of 0.75 N.
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Figure 3.14. The selected part of probes in the mobile motherboard (Nokia N8).

The four-metal probes were separated from their original motherboard and
located at a straight alignment. The separated space between each two
successive adjacent probes is equal to 1.8 mm as shown in Figure 3.15. The

final design of the four-point probe device is connected to Keithley 2450, as

=

Exterior part 1 35 g
1.8 mm € 0.35 mm

shown in Figure 3.16.

M

M

5=1.8 mm

759

409

Sample Holder

Figure 3.15. Schematic diagram of the four-point probe device.
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Figure 3.16. Four-point probe device connected with Keithley 2450.

In order to obtain the surface resistance, the four-point probe device with
collinear arrays contacted a sample surface as shown in figure 3.17. The
current is applied through two of the outer probes (1 and 4) and then measuring
a voltage from the inner two probes (2 and 3). The I-V curve has been used to
determine the four probe resistance of the sample from the slope of the
resulting data [166], or directly given by Ohm's law R=V/I [167].

—®

Sample Holder

Figure 3.17. Schematic diagram of the collinear four point probe circuit

Equation (3.7) can be used to estimate the surface or sheet resistance [168-
170]. Where Ks is the geometrical correction factor as shown in equation
(3.8) [169].
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RS= (VD) *KS oot 3.7
Ks = F(D/S) * F(t/S) * F(T) * F(S) .......... 3.8

As see in equation 3.8 the geometrical correction factor Ks depending on
four main factors. These factors can be described as a following:

1. F(D/S) is the correction factor based on the ratio of the probe to substrate
diameter (D). were described and computed by J. Kang [169].

2. F(t/S) is the correction factor depending on the sample thickness and
probe spacing (S). Furthermore, for thin films (t << S) therefore F(t/S) is
equal to one.

3. F(T) is the temperature correction factor where it is computed using
equation 3.9 [169].

F(T) =1-CT(T-23)  ...ovvinnnn... 3.9
Where F(T) is equal to one at (23.0 £0.5°C).

4. F(S) is the probe spacing correction factor given by equation (5) [171].

3.9.7 J-V Characteristics.

Current density-voltage (J-V) measurement under illumination is an
important conventional measurement to quantitatively evaluate the efficiency
of solar cells. The PV performance of the solar cells can be illustrated by a J-V
curve. J-V characteristics of the DSSCs were measured under simulated AM
1.5 sunlight at a light intensity of 100 mW/cm?®. Xenon lamp was used as light
source to simulate the standard AM 1.5 sunlight. The light intensity was
calibrated using Solar Power Meter (SM206). J-V are measured using keithley
2450. This keithley is programmed to measure and plot the (J-V) curve
automatically. J-V measurement system that used to measure the efficiency of

fabricated solar cells is shown in Figure 3.18.
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Figure 3.18. Photographs of Current density-voltage (J-V) measurement system.
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Chapter Four
Results and Discussions
4.1 Introduction

This chapter includes the results and the analyses of the experimental
measurement, for the components of DSSC; photo electrode and a counter
electrode. The morphological, and optical properties of the synthesized films
were characterized by XRD, FESEM, EDX, and UV-Vis spectrum. Finally, the

PV properties from J-V measurement and calculation efficiencies for several

devices of dye sensitized solar cells will be presented and discussed.
4.2 Characterization Pt/FTO CE

Platinized counter electrodes were fabricated by depositing Pt thin films on
conducting glass sheets (FTO) using spin coating device. Many factors will be
studied such as speed and acceleration effect of the spin coating device, the
effective of precursor concentrations H,PtCls and the produced layers on the
physical properties of the Pt Films. Different parameters were used to prepare
several platinum thin films which were coated on FTO substrate using a spin

coater machine as listed in Table 3.2.

4.2.1 Speed and Acceleration Effect

Homogeneous thin films made by spin coater require a balance between
rotational speed, acceleration, viscosity and other factors. To clarify the
working mechanism of the machine, an aspirator is employed for the purpose
of locating the substrate. Then, by rotating the plate, the chemical solution is
uniformly spread over the entire surface of the substrate. In this work, the
effect of rotation speed was studied. Thus, the thickness of the thin film can be
reduced by controlling the rotation speed where high speed leads to thinner
layers. The effects of the rotation speed and acceleration on platinum thin films

are shown in Figure 4.1. Non-homogeneous thin film was produced at low
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speed (600 rpm) as demonstrated in sample (PtL) Figure 4.1.a. A circle thin
film was concentrated on the middle of the FTO substrate. This is due to low
speed which leads to evaporate the solvent (Ethanol) before distributing the
solution completely on the entire substrate surface. As well, sample (PtS) was
exhibited nonhomogeneous thin film when prepared at high speed (3600 rpm)
and low acceleration. A ring like Pt thin film was concerted on the center of the
substrate. This is due to high speed with low acceleration which provided
enough time for the precursor to evaporate before distributing the Pt uniformly.
The perfect concurrence between the speed and acceleration is shown in
sample (Pt15) where homogeneous thin film was obtained. These conditions

afford the precursor to well distribute on the substrate before evaporating.

a. b. | 8

Figure 4.1. Pt/FTO photographs of: a. (PtL), b. (PtS), and c. (Pt15).

Figure 4.2 represents the modeling shapes that show the effectiveness of
speed and acceleration on the platinum thin films distribution. When
manufacturing a spin coating machine, the factors that determine the optical
and physical properties of the film must be taken into consideration. One of the
factors affecting the properties of coated thin films is the acceleration factor, in
addition to the final rotational speed. As for the thickness of the film, it is also
affected by the nature of the used resin according to the percentage of solid
matter within the polymer, surface tension (the tendency of liquid surfaces),
viscosity, drying rate at the beginning and during rotation and others. It is

worth noting that thickness is often inversely proportional to speed and rotation
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time. Approximately 50% of the solvent composed of the resin is lost at the
beginning of the rotation due to evaporation. Therefore, it is important to
control the rotational acceleration in a controlled and safe manner [141,161].
Moreover, the uniform shade of the resin over the topographical properties of
the substrate determines the topography of the product, as the substrate
sometimes retains the topographical properties during the operation of the
machine. Because of the rapid rotation, radial forces are generated that disperse
the resin around the terrain. Thus, in some cases, even small parts of the
substrate are blocked from the liquid [161].

Figure 4.2. Distribution of platinum thin films: a. PtL, b. PtS, and c.Pt15 .
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4.2.2 Morphological properties
A- One layer of Pt film

Figure 4.3 shows the prepared thin films using the spin coating machine
with four platinum acid concentrations of Pt/FTO NPs, which are 2.5, 5, 10 and
15 mM. The Figure shows that the prepared Pt/FTO exhibited clear thin film at

low concentration while by increasing the concentration a foggy film was

obtained.

Pt2.5 Pt5 Pt10 Pt15

1 cm

Figure 4.3. Pictures of single layer Pt/FTO thin films with different

precursor concentration.

Figure 4.4 shows the FESEM photographs of bare FTO and Pt/FTO at the
above precursor concentrations. It is evident that platinum nano particles
(Pt-NPs) are homogeneously distributed on the FTO. It was observed that the
morphological structure and the distribution of Pt-NPs on the surfaces of the
films changed with changing the precursor concentration. The size of the
Pt-NPs increased by increasing the concentration of the H,PtClg as shown in
the Figures. The average particle size of Pt thin film was carried out using
Image J software. The measured particle size of sample Pt15 is around 20 nm.
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A
~— 100 nm

Figure 4.4. FESEM photographs of Pt/ FTO thin films: a. bare FTO, b.
Pt2.5, c. Pt5, d. Pt10 and e. Pt15.

B- Two layers of Pt film

Figure 4.5) shows the FESEM images of Pt NPs prepared using the
spin coating machine with four concentrations of Pt precursor solution
which are 2.5, 5, 10 and 15 mM. The preparation process has been
repeated twice to obtain two layers of Pt films on the FTO substrate.
The sample DPt2.5 with concentration of 2.5 mM consists of uniform
morphology with low agglomeration and very uniform thin layer of Pt.
The grains are homogeneously distributed with the similar sizes on the
surface. Furthermore, the average diameter of Pt-NPs increased with
increasing of H,PtCls precursor concentration. The formation of larger
particles at higher H,PtClg concentration could be explained by the fact

that many more Pt atoms were formed in the aqueous phase and the
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effective collision number was raised [162]. The histogram of diameter
distribution of Pt-NPs is shown in Figure 4.6. It is clearly observed that
the morphology of Pt films markedly depends on the precursor solution
concentration [163-165].

SEM MAG: 135 kx WD: 4.98 mm I MIRA3 TESCAN  SEM MAd: 135 kx WD: 4.99 mm MIRA3 TESCAN
Det: SE SEM HV: 15.0 kV 200 nm Det: SE SEM HV: 15.0 kV 200 nm
Date(mid/y): 06/28/21 SUT - FESEM Date(midly): 06/28/21 SUT - FESEM

3 ;'.'"a ¥ ¢

. P | ¢ a
SEM MAG: 135 kx WD: 4.85 mm I MIRA3 TESCAN  SEM MAG: 135 kx WD: 5.02 mm MIRA3 TESCAN
Det: SE SEM HV: 15.0 kV 200 nm Det: SE SEMHV: 15.0 kV 200 nm
Date(m/dly): 06/28/21 SUT - FESEM Date(mi/dy): 06/28/21 SUT - FESEM

Figure 4.5. FESEM photographs of double layer Pt/ FTO thin films a.
DPt2.5, b. DPt5, ¢. DPt10 and d. DPt15.
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Figure 4.6. The histogram diameter distribution of double layer Pt/ FTO thin
films A. DPt2.5, B. DPt5, C. DPt10 and D. DPt15.
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4.2.3. Optical Properties

As it was observed from Figure 4.3, with increasing H,PtClg
concentration, the produced films were not totally transparent so it is necessary
to measure the light transmittance to determine their optical properties.
Figure 4.7 shows the transmittance of Pt/FTO by EMC-LAB VIS-1100

spectrophotometer using the FTO as a reference.

The transparency of platinum thin films has been decreased with increasing
of the precursor concentrations. These results are supported by FESEM
characterization. In addition, it can be observed that platinum thin film has a
highly transparency of about 98% a.u. at single layer of the lowest H,PtClg
concentrations of 2.5 mM sample Pt2.5. It was reported previously that in
DSSCs, the better the CE the highest the optical transparency at wavelength =
550 nm [166].

The transparency of single layer gradually increased from 90, 93, 96.1 to
the highest percentage 98 a.u. and the double layers increased from 60, 68,
73.1 to the highest percentage 77 a.u.by decreasing the concentrations as 15
mM, 10 mM 5 mM, and 2.5 mM, respectively. The previous results are shown
the validity of the Beer-Lambert law [167,168]. The increment of transparency
leads to improve the efficiency. This is due to its low cost and the undesired
reflection losses. Moreover, the DSSC can absorb light from the front and back
[66].
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Figure 4.7. Transparence properties of Pt/ FTO thin Films.

4.2.4. The sheet resistance

I-V measurements of the collinear four-point probe are shown in Figure 4.8.
From this Figure, it can be concluded that all the prepared samples have ohmic
contact with the four-point probe. For single layer the lines of current-voltage

curve are overlapped because of the similar values of surface resistance of the

samples.
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Figure 4.8. I-V Characterizations of: a. single layer, and b. double layer of

Pt/FTO thin films measured by the four-point probe device.
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The measured resistance, sample dimensions, correction factor, and surface
resistance of the bare FTO and Pt/FTO thin films are listed in Table 4.1 and
plotted in Figure 4.9. It is clearly observed that the sheet resistance of the bare
FTO closes to the value of Sigma Aldrich (~7 ©/sq). The single layer the
Pt/FTO has a slight change in the surface resistance also closes to the value of
Sigma Aldrich. The slight change was due to the fact that the Pt films with the
lowest thickness are more suitable for discontinuity through the surface. The
sheet resistance measurements were greatly effects when the conditions of
simple connected area of the van der Pauw theorem are violated [169]. While
the sheet resistance increases with an increase in the H,PtClg concentrations for
double layers. The fact of increasing the sheet resistance may be due to an
increase in the film thickness and vacancy between the Pt NPs. The vacancies
play a role as ohmic resistance between the FTO and the probe where it
obstructs the flow of the current. These results can support the results that
obtained from FESEM image.

Table 4.1. Four-point probe method sheet resistance results.

Ks R,
Sample R(Q) |D(mm)| DI/S
[170] | (©/sq)

bare FTO 1.79 19 10.56 4.22 7.55
DPt2.5 1.80 20 10.8 4.22 7.6
DPt5 1.90 20 10.8 4.22 8.03

DPt10 1.95 20 10.8 4.22 8.25

DPt15 2.06 20 10.8 4.22 8.69

% Where S is the space between to probes = 1.8mm

72



Chapter Four

Sheet resistance (2 /sq)

9.0

Results and Discussions

8.8 -
8.6
8.4
8.2 -
8.0 5
?8:
?5-
?4-

7.2 4

70

6

8

T
10

T
12

14

16

Hz2PtCle Concentration (mM)
Figure 4.9. The sheet resistance of double-layers Pt/FTO thin films.
4.3 Characterization of MWCNT-ZnO/TiO,/FTO PEs

TiO, NRs are fabricated on fluorine doped tin oxide (FTO) by
hydrothermal technical at 433K for 5 h. The structural, morphological and
optical properties have been studied with various factors. These factors are
listed in Table 3.3. The next process is the synthesized of MWCNT and ZnO
NRs on the sample ET of TiO, NR layer. At first the TiO, NR are coated by
ZnO seed layer. MWCNT are insetted into ZnO seed layer with different
concentration. ZnO seed layer was deposited using spin coater device.
Hydrothermal are used to prepare ZnO NRs at 363K for 2 h. ZnO/TiO, with
different MWCNT weighting percentage are listed in Table 3.4. After synthesis
of the semiconductor, the next step is to characterize the properties. These
functional properties and characterization methods include crystallographic and
phase analysis by film XRD, morphology studies by FESEM and Eg
determination by UV-Vis Spectroscopy.
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4.3.1 Structural properties TiO,

The XRD analysis of the prepared samples was done using X-Ray
Diffractometer (Philips PW 1730), Cu-Ka X-rays of wavelength (A)=1.54187
A and data was taken for the 20 range of 9.7° to 79.9° with a step of 0.05°.
Crystallographic and phase analysis of photoanodes were done by X'Pert
HighScore Plus and drawn it using Origin software. The x-ray diffraction
investigation has been carried out for the prepared thin films by the
hydrothermal method that is deposited on FTO conductive glass slides. X'Pert
HighScore Plus software was used to match the peaks of synthesized
TiO,/FTO with the stander values JCPDS card. For example, Figure 4.10

shows the matching of sample BT.

Date: 21/0%/2022 Time: 01:53:23 2 File: B-Tio2 User: 120
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Figure 4.10. The matched result of XRD pattern of sample BT using X'Pert

HighScore Plus software.

The main peaks of the glass slides FTO that attributed to SnO, (JCPDS
card number 46-1088) are (110), (101), (200), (211), (310) and (301) at 26 =
26.65°, 33.7°, 38°, 51.65°, 61.6° and 65.7° which corresponds to [38]. Sample
(AT) shows a white film was formed on the FTO substrate at a high HCI

concentration. This white film is fragile, non-adhesive and can be simply
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erased. For this reason, sample (AT) cannot be used for the DSSC application
so it was excluded. Figure 4.11 shows the crystalline phases of synthesized
TiO, on FTO substrate with different HCI concentration and etching time.
From this Figure it was observed that all TiO, samples appear in the rutile
phase where the rutile phase is grown in an acidic solvent [58]. The peaks of
TiO, NRs are attributed to JCPDS card number 01-076-0649. The rutile phase
of TiO, was a tetragonal crystalline system with a,b = 4.593 and c= 2.959 and
a,B,y = 90°.

The peaks of sample BT are (110), (101), (111), (211), (002) and (112)
located at 20 = 27.55°, 36.29°, 41.46°, 54. 47°, 62.95° and 70.08° which
corresponds to [172]. Sample DT has same peaks of sample BT except the two
peaks (110) and (111) which were absent while the peak (210) has been
appeared at 20 = 44.05° when decrease the acid concentration. At a low acid
concentration, the peak (112) of sample CT vanishes. TiO, nanostructure was
grown in the same direction as FTO film, which means the FTO film plays an
important role as a seed layer to grow TiO,. The result can be confirmed
because at the synthesis procedure the TiO, NRs just adhere on the FTO
surface while no film is formed on the other side of the substrate bare glass. At

next the etching time will not change the structure properties [176].

The following peaks intensity (101) and (002) decrease with increased of
etching time. These peaks may determine the length of TiO, NRs because the
height of TiO, NRs is directly proportional to the intensity of the previous
peaks. This suggests that TiO, NRs grow in the [101] and [001] direction with
the growth axis vertical to the FTO substrate [175] . This result can be
confirmed by FESEM images. The grain size of TiO, nanostructures is listed in
Table 4.2. The grain size of main peaks (101) and (003) of TiO, nanostructures

are reduced with decrees the HCI concentration whereas has same behavior
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with increasing the etching time. These behaviors will be explained in FESEM

section.

Intensity (A.U.)

20 (Degree)

Figure 4.11. XRD pattern of all synthesized sample of TiO, NRs.

Table 4.2. The structural analysis of TiO, NRs.

26° d-spacing FWHM Particle size
Sample hkl

Degree (nm) (rad) nm

27.540 3.415 0.295 110 27.708

36.298 2.608 0.197 101 42.481
BT 41.470 2.293 0.590 111 14.388

54.469 1.771 0.394 211 22.700

62.910 1.551 0.246 002 37.857
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70.082 1.408 0.344 112 28.174
36.097 2.622 0.316 101 26.441
44.199 2.157 0256 | 210 33.493
CT |[54.483 1.771 0600 | 211 14.882
62.795 1.554 0.336 | 002 27.700
64.613 0.295 0543 | 301 17.310
36.073 2.624 0.226 101 36.919
44.199 2.157 0232 | 210 36.958
54.429 1.772 0600 | 211 14.879
DT
62.839 1.553 0274 | 002 34.025
64.462 1.517 0492 | 301 19.077
69.823 1.413 0.447 112 21.653
36.103 2.622 0.296 101 28.228
44.199 2.157 0239 | 210 35.875
ET
62.811 1.554 0279 | 002 33.326
64.096 1.525 0504 | 301 18.585
69.875 1.412 0.477 112 20.299
36.101 2.622 0.256 101 32.639
o | 44199 2.157 0250 | 210 34.283
62.747 1.555 0327 | 002 28.420
64.156 1.524 0551 | 301 17.007
69.913 1.411 0.509 112 19.036
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4.3.2 Structural properties MWCNT-ZnO/TiO,

The X-ray diffraction investigation has been carried out for the synthesized
ZnO via hydrothermal method deposited on TiO, NR with different MWCNT
concentrations. The MWCNT was added to the ZnO seed layers. The structure
properties of MWCNT-ZnO/TiO, are shown on Figure 4.12. The XRD spectra
of the MWCNT-ZnO/TiO, NRs indicate that structure of TiO, NRs unchanged
because the ZnO was grown on the surface of the TiO, NRs. The ZnO seed
layer was grown in TiO, (002) direction which led to taking ZnO same

direction.

Therefore, ZnO NRs were grown in the (002) plane. Furthermore, there is
no distinct MWCNT peak, indicating no phase separation. Perhaps that the
MWCNT is well integrated into the ZnO seed layer and the crystal structure for
all investigated compositions. Another reason, the small amount of MWCNT
perhaps cannot be detected. However, the MWCNT concentration led to shaft
the ZnO peak position [103]. This is due to the growth of ZnO nanostructure
onto MWCNT. The XRD analysis shows the grain size of ZnO NRs are

increased with increasing of the MWCNT concentration.

This is another evidence of the growth of ZnO nanostructure onto
MWCNT which leads to an increase in the grain size of ZnO. The grain size of
MWCNT-ZnO/TiO, nano structures are listed in Table 4.3.

78



Chapter Four

Z(002)

Intensity (A.U.)

Results and Discussions

>

iPg

20 (Degree)

Figure 4.12. XRD pattern of synthesized MWCNT-ZnO/TiO..

Table 4.3. The structural analysis of MWCNT- ZnO/TiO..

20° d-spacing | FWHM Particle size
Sample hkl
Degree (A) (rad) (nm)
ETZ1 34.981 2.5629 0.394 002 21.141
ETZ2 34.959 2.5645 0.386 002 21.577
ETZ3 34.945 2.5655 0.377 002 22.092
ETZ4 34.916 2.5676 0.337 002 24.712

4.3.3 Morphological and composition properties of TiO, NRs.

The morphology and particle size distribution of TiO, NRs were assessed
by SEM analysis technical. Figure 4.13 shows the SEM Images of TiO,
samples synthesized using hydrothermal methods on FTO substrate with
different HCI concentration and etching time. These images show that TiO,

NRs grown on the FTO surface. TiO, NRs were evenly distributed over FTO
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substrate. On the other hand, the EDX results shows the contents of the optical
electrode of all synthesized samples are clear from the impurities as shown in
Figure 4.14.

- X e e Sy y A ‘ » AFS 5
SEM MAG: 5.00 kx WD: 4.98 mm | MIRA3 TESCAN| SEM MAG: 5.00 kx WD: 4.95 mm | MIRA3 TESCAN
Det: SE SEM HV: 15.0 kV 10 pm Det: SE SEM HV: 15.0 kV 10 pm
Date(m/dly): 12/28/21 SUT - FESEM Date(m/dly): 01/12/22 SUT - FESEM

s

SEM MAG: 5.00 kx WD: 5.23 mm | | | 11 MIRA3 TESCAN SEM MAG: 5.00 kx WD: 4.92 mm | MIRA3 TESCAN
Det: SE SEM HV: 15.0 kV 10 pm Det: SE SEM HV: 15.0 kV 10 ym
Date(m/dly): 01/12/22 SUT - FESEM Date(m/dly): 01/12/22 SUT - FESEM

SEM MAG: 5.00 kx WD: 4A9-9 mm ] Mlli;\G TESCAN
Det: SE SEM HV: 15.0 kV 10 pm
Date(m/dly): 01/12/22 SUT - FESEM

Figure 4.13. The SEM Images of TiO, samples with (5Kx) magnification 1.
BT, 2. CT, 3. DT, 4. ET and 5. FT.
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Figure 4.14. EDX results of TiO,/FTO.

Figure 4.15 shows the cross-section and SEM Images of sample BT. The
diameter of TiO, is very low and close together. Consequently, large clumps
were formed of TiO, NRs. The NRs are tetragonal in shape with square top
facets, the expected growth habit for the tetragonal crystal structure. The
average diameter and length are 170 nm and 4.0 pum, respectively were
exhibited in Figure 4.20 and listed in Table 4.4.
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SEM MAG: 35.0 kx WD: 5.94 mm 111l MIRA3 TESCAN SEM MAG: 135 kx WD: 5.94 mm | MIRA3 TESCAN
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Det: SE SEMHV: 15.0kV | 1pm Det: SE SEMHV: 15.0kV | 200 nm
Date(m/dly): 12/28/21 SUT - FESEM Date(m/dly): 12/28/21 SUT - FESEM

Figure 4.15. The cross-section and FESEM Images of sample BT.

The cross-section and FESEM images of sample CT and DT are shown in
Figures 4.16 and 4.17, respectively. From these Figures, it was obtained that
the distance between TiO, NRs increased with decreased HCI concentration.
Furthermore, the lengths of TiO, NRs decreased and the average diameter are

increased.
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Figure 4.16. The cross-section and FESEM Images of sample CT.
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Figure 4.17. The cross-section and FESEM Images of sample DT.
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The lengths and the average diameter of TiO, NRs are changed with
different HCI volume. So, to discuss the effect of HCI concentration on the
structure and morphological properties of TiO, NRs, it is necessary to study the
chemical reaction between HCI, H,O and Ti(OBu).

The formation of rutile crystal nucleus in Ti(OCH,CH,CH,CHy), strongly

acidic precursor solution can be described by the following process:

First, single polymer [TiO(OH,)s]* forms by the hydrolysis of
Ti(OCH,CH,CH,CHy),.

Then the single polymer [TiO(OH,)s]** combine through dehydrating each

other to form straight chain polymer by the edge connection.

Finally, the straight chain polymers connect through points to form rutile

crystal nucleus.

On the other hand, titanium (1) butoxide react with water as a fallowing
[177]:

C15H3604Ti + 2H20 — T|02 + 4 (C4H100) ............. (41)
Where C,H10 is (2-Butanol)

Basing on the heterogeneous nucleation of crystalline phase in solution,
TiO, NRs nanocrystal particles coated onto FTO followed by heat treatment
can be served as the seeds of heterogeneous nucleation. The NRs can be
formed via the deposition and reorganization of TiO, seeds during the dynamic
chemical dissolution and deposition processes. In addition, a strong
hydrochloric acid plays a significant role when TiO, growth units deposit on
TiO, crystal seeds, and it can promote TiO, crystal to grow into rods instead of
particles [175]. It can be concluded that the high HCI concentration, water

content is not enough to produce TiO; to produce seed layer coated on FTO.
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Therefore, the non-adhesion of TiO, NRs on FTO in sample (AT) was
caused by the missing of the seed layers. In contrast, when HCI decrease and
the H,O volume is increased therefore TiO, seed layers are formed onto the
FTO substrate. This leads to grow of TiO, NRs onto the FTO surface as in
sample (BT). Finally, when the water concentration increase, it may lead to
increase the seed layer diameter. This fact may explain the inverse proportion
between HCI concentration and TiO, NRs diameter [178].

Although good TiO, NRs were obtained, But the FESEM images show the
presence of lumps and agglomerate between TiO, NRs. These conglomerates
may lead to reduce the surface area of the photo-electrode. Therefore, the
etching strategies are expected to improve the photo-electrode performance
[179]. Figures 4.18 and 4.19 present TiO, NRs after etching time (48 and 72) h
at room temperature. The etching time leads to a decrease in the TiO, diameter
and length. The etching process removes the agglomerated particles on the top
of the sample (DT). Where the top of the etched sample (ET) appeared as a

brush compared with the untreated surface sample (DT).
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SEM MAG: 35.0 kx WD: 9.50 mm 111 I MIRA3 TESCAN|  SEM MAG: 135 kx WD: 9.50 mm || MIRA3 TESCAN|
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Date(m/dly): 01/12/22 SUT - FESEM Date(m/dly): 01/12/22 SUT - FESEM

Figure 4.18. The cross-section and FESEM Images of sample ET.
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Figure 4.19. The cross-section and FESEM Images of sample FT.

Figure 4.20 display the histogram chart of the diameter distribution of the
TiO, NRs. The diameter distribution of TiO, NRs is obtained from the FESEM
result using ImagJ software. The diameter distribution of TiO, NRs is strongly
affected by HCI concentration. Diameter distribution of TiO, NRs was

discussed in previous.
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Figure 4.20. The histogram chart of the diameter distribution of TiO, NRs.

Table 4.4. Lengths of TiO, NRs and the average diameter.

Sample high (um) | Average diameter (nm)
BT 4 170
CT 1.68 27.3
DT 3.85 22
ET 3.8 19.2
FT 1.43 18.9

4.3.4 Morphological and composition properties MWCNT-ZnO/TiO,
Sample ET of TiO, NRs was selected to the next stage duo to the

exhibited unique properties. Sample ET was Distinguished from the
other sample because it has a perfect length and diameter. So sample
ET was nominated to obtain high efficiency of DSSC. ZnO seed layer
was prepared on sample ET of TiO, NRs using spin-coater device.
MWCNT are incorporated into ZnO seed layer with difference

concentration.
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Figure 4.21 shows the ZnO seed layer was agglutinated on TiO,
NRs surface. MWCNT wires cannot be displayed in Figure 4.21, due
to a lower content of carbon nanotubes in zinc acetate-MWCNT
precursor  solution (0.5%, 1% and 1.5%, respectively) [180].
Furthermore, the MWCNTs dropped into the interspaces between TiO,
NRs.

@ .'.'.‘
s )
At o il
SEMMAC: 700K WD:£91mm bl MIRA3 TESCAN

Det: SE SEMHV: 150KV | 500 nm
Date(midly): 01/12/22 SUT «FESEM Date(m/dly): 0112122 ; SUT - FESEM

SEM MAG: 135 kx WD: 9.37 mm 111l MIRA3 TESCAN
Det: SE SEM HV: 15.0kV | 200 nm

Figure 4.21. FESEM image of ZnO seed layer on TiO, NRs.

Figure 4.22 carried out the EDX analysis to identify the elemental
composition of the prepared optical electrode (MWCNT-ZnO/TiO,).
EDX results shows the contents of the optical electrode of after
prepared the ZnO seed layer are clear from the impurities. EDX results
appear a small amount of the ZnO compared with other contents
because the ZnO seed layer is a thin layer on the TiO, NRs. Moreover,
MWCNT cannot be indicated by EDX due to the small amount where
maximum concentration of the MWCNT 15 % of zinc-acetate

concentration. In addition, carbon is present in the substrate structure.
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Figure 4.22. EDX result of ZnO seed layer on TiO, NRs.

ZnO NRs were growth on the ZnO seed layer using hydrothermal
methods at 363K for 2 h. The EDX analysis is carried out to identify
the elemental composition of the prepared optical electrode, and the
EDX spectrum has been shown in Figure 4.23 The optical electrode is
clearly shown in the EDX spectrum and no other impurities were
found. Zn concentration was increased compared with Figure 4.22.
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Figure 4.23. EDX result of MWCNT-ZnO/TiO, NRs FTO.
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SEM image of MWCNT-ZnO/TiO,/FTO sample is depicted in
Figure 4.24, revealing the typical ZnO NRs. It was observed that the
morphology of ZnO is a rods shape and the crest of the ZnO NR has a
hexagonal shape. It can also be shown that the NRs have an average
diameter of 94.9 nm and an average length of 1.98 pum in all four
samples. Moreover, the ZnO NRs were uniform distributed on the tops
of TiO, NRs which lead to increasing the thickness of the optical

electrode as presented in Figure 4.25.

L T |
4 ﬁ’l SEMMAG: 350kx | WD:1675mm ||| ([ (( |
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Date(m/dly): 01/12/22 SUT - FESEM Date(m/dly): 01112122 SUT-FESEM
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Figure 4.25. Cross section of MWCNT-ZnO/TiO,/FTO.
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Figure 4.26 depict the histogram chart of NRs diameter
distribution. The minimum, maximum, and mean diameter of the ZnO

in all four samples are (25.1, 213.9 and 94.9) nm respectively.
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Figure 4.26. The histogram chart of ZnO NRs diameter distribution.

4.3.5 Optical properties of TiO, NRs

The optical properties of synthesized TiO, NRs on FTO substrate are
shown in Figure 4.27 using a hydrothermal method with different HCI
concentration. It was reported that the absorbance of TiO, films decreases with
increasing the HCI concentration and the etching time. The absorbance of TiO,
depends on the film thickness and particle size. Where the absorbance of
material increases with increasing the film thickness [182,183]. The presence
of absorption spectrum for prepared TiO, films is well agreement with the
Mahadik report [184]. The findings in this work showed that TiO, NRs
absorbance decreases with increasing the incident photons wavelength.
Wherefore, the absorbance spectra of TiO, can be classified into three regions:
The first one at A<390 nm is called the high absorption region [56,185]. The
second one is the optical window of the optical electrode, located at A > 400
nm. The optical electrode must be high transparency in the optical window.
Finally, the absorption edge was placed between (390 < A< 420) nm [185]. The
threshold of charge transition between VB and CB corresponds to the
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absorption edge of semiconductors. The optical band of the films can be
estimated using Tauc equation, according to inter-band absorption theory
[186,187].
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Figure 4.27. Absorbance spectrum of TiO, NRs/FTO.

Figures 4.28 and 4.29 show the physical relation of (ahv)® with photon
energy (hv). These curves data were calculated and plotted depending on TiO,
NRs film transmittance spectrum. For example, it can be extracted by the start
of TiO, NRs optical transition near the band edge, which is equal to the value
of intercept of fitted line. This figure shows the comparison of Eg values of
TiO, NRs films with different HCI concentration and etching time. TiO, NRs
Eg obtained to be 3.07 eV increased to 3.127 eV with decreasing the HCI
concentration while the etching led to increase the optical band gap from 3.13
eV to 3.156 eV as listed in Table 4.5. As reported in XRD and FESEM results,
the HCI concentration and the etching led to decrease the particle size of TiO,
NRs. Eg is inversely proportional to the particle size [188], so there is
systematic blue shift in the absorption edge with the decrease in particle size
due to quantum size effect of TiO, NPs [189,190]. These results confirmed the
XRD and FESEM results. Also, it was agreeing with values reported by other

researchers in literature.
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Figure 4.28. Direct band gap plot of TiO, films with difference HCI
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Figures 4.29. Direct band gap plot of TiO, with different etching time.
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Table 4.5. Optical energy gap of TiO, NRs films.

Sample Optical energy gap (eV)
BT 3.078
CT 3.143
DT 3.127
ET 3.146
FT 3.156

4.3.6 Optical properties of MWCNT-ZnO/TiO,

The absorbance spectra of TiO,/FTO (sample ET) and ZnO/TiO,/FTO with
different MWCNT weighting percentage 0, 0.5, 1, 1.5 % is shown in Figure
4.30. The figure displays TiO, sheets absorption bands which exhibited
obvious changes after ZnO coating. The absorbance on the optical electrode
increased with increasing of the MWCNT weighting percentage. In addition, it
seems that by increasing the MWCNT content in the optical electrode films the
threshold absorption wavelength increased.
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Figure 4.30. UV-vis absorbance spectra of MWCNT-ZnO/TiO..

97



Chapter Four Results and Discussions

MWCNT-ZnO/TiO, films Eg values were calculated by Tuac’ relation.
The previous reports indicated that the direct transitions are possible for these
samples [191-193]. Figure 4.31 shows (ahv)? versus hv plots. It is clearly
observed that the ZnO growth on TiO, NRs leads to increase the optical
electrode Eg. The increase in band gap may be attributed to the formation of
new energy levels due to incorporation of ZnO NRs onto TiO, NRs which can
be explained by the band theory [194]. A spectral shift in the band gap of the
ZnO/TiO, NRs can be caused by the presence of native defects. Where Zn is
more electronegative 0.14 eV versus ~0.07 eV which is higher for ZnO than
rutile TiO, [195]. This difference in electronegative may lead to the above
native defects and oxygen vacancies extended defects levels which shift CB
upward and VB downward resulting in a bandgap expansion [193]. It is
obvious that the optical electrode Eg reduces with MWCNT content increases.
The decrease in energy gap is due to increasing the disorder degree in the
MWCNT matrix [57]. The obtained values of the energy gap are tabulated in
Table 4.6. In another way, it can be studied the effectiveness of insetted the
MWCNT into ZnO seed layer on defect tail.
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Figures 4.31. Direct band gap plot of MWCNT-ZnO/TiO, films.
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Table 4.6. Optical energy gap of MWCNT-ZnO/TiO, films.

Sample | Optical energy gap (eV)
ET 3.146
ETZ1 3.189
ETZ2 3.18
ETZ3 3.168
ETZ4 3.159

The defect tail is known as the Urbach tail, and the energy associated with
this defect tail is referred to as Urbach energy (Ey) [196]. The Urbach tail (Ey)
of the composites is determined from the linear slope of the curves Lna vs the

photon energy (hv), and by using the equation [193,197,198].
a = a,EXP(=) )
Ey
Where a , Ey and E are the absorption coefficient, Urbach energy, and
photon energy respectively [199,200].

Urbach energy (Ey) was calculated for the MWCNT-ZnO/TiO, samples by
plotting In a vs. photon energy as shown in Figure 4.32. The inverse of the

slope of the line below the band gap of the material provided the value of Eu.
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Figures 4.32. Plots of In(a) vs. Photon energy (hv) of MWCNT-ZnO/TiO,

samples.

MWCNT-ZnO/TiO, Urbach energy is inversely proportional with
the optical energy gap as listed in Table 4.7. The insetted of the
MWCNT inside ZnO NPs leads to create sub-band state inside Eg.
Therefore, the magnitude of defect energy increases then sub-band
state increased. These behaviors play an important role to decreases the
band gap energy. This clearly supports our argument that sub-band
states formed between the valence and CBs result in the narrowing of
the band gap.

Table 4.7. Urbach energy (Ey) of MWCNT-ZnO/TiO, samples.

Sample Eu (meV)
ET 444
ETZ1 381
ETZ2 385
ETZ3 389
ETZ4 394
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4.4. Fourier Transform Infrared Spectroscopy

FTIR Analysis provides information on molecular structure and
oxygen functional groups formed on MWCNTs surface. The
comparative spectra for MWCNTs and F-MWCNTs are shown in
Figure 4.33, where typical FTIR spectra of them can be clarify briefly.
There are three bands at 749, 879 and 1149 cm™ associated with the
vibration of the carbon skeleton (C-C) of CNT. Also, two bands at
1396 and 1446 cm™ are associated with the vibration of (C=C-C)
Aromatic ring stretch. The two bands at 1637 and 1670 cm™ are
corresponding to vibration of (C=C), originated from the surface of
tubes (12). While f-MWNT revealed a different surface chemistry of
MWCNTSs. It can be observed the weak peak around 3170 cm™, which
can be assigned to stretching vibrations of O-H stretch groups [201].
Moreover, another weak peak around 1728 cm™ which can be
assigned to stretching vibrations of N-H bend groups Compared with
the IR spectra of MWCNTSs, the two bands around 1637, 1670 cm™ are
lower in the composite than those of pure MWCNTs. The result
suggested that the surface of MWCNTs has been covered almost of
surface-active sites by O and NHs. Furthermore, the peak observed at
about 3560 cm™ in Figure 4.33.b is assigned to NH; formation.
Furthermore, the use of nitric acid in the process causes a purity
improvement. Number of functional groups should decrease after
purification with a stronger power of nitric acid. The washeing with
distilled water several times leads to decrease the 400 -600 cm™. Also
reducing the intensity of peak elucidates presence large number of

asymetrical hexagonal carbon.
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Figure 4.33. FTIR spectra of (A) MWCNT, (B) -MWCNT.
4.5 Performance of DSSCs

DSSCs performance has been obtained using a solar cell system
under simulated AM 1.5 sunlight at 100 mW/cm® light intensity. The
solar cell performance system consists of a Xenon lamp used as a light
source and Keithley 2450 to measure |-V curve. The active area of
photoanode was appointed to be 0.16 cm? for all samples. Furthermore,

all J-V results were obtained at room temperature.
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4.5.1 J-V characterization of TiO, with different Pt concentrations

J-V characterization of TiO, with different Pt CEs was measured
initially to select the optimum results of CE. Also, these results are
important for reducing production costs by reducing the required
amount of expensive platinum. Moreover, higher transmittances
recorded for the photo fabricated Pt CEs make them suitable for use in
bifacial DSSCs. Bifacial DSSCs can be deployed as building windows

and integrated electronic devices.
A. Single layer front illumination

The fabricated solar cells J-V results with different Pt precursor
concentrations (single layer) are shown in Figure 4.34. This figure
illustrates that the increase in the Pt precursor concentration leads to an
increase of the solar cell efficiency 1.666, 2.067, 2.96 and, 2.96 for
Pt2.5, Pt5, Ptl0 and, Ptl5, respectively. V,. of all samples remained
constant at 0.7 V hence it depends on e transition in the photoelectrode
CB, HOMO and LUMO level of dye and Fermi potential of electrolyte
[107,202].  Whereas, the major contribution of efficiencies
enhancement was obtained from the photocurrent. The fabricated solar
cells I, was increased with increasing Pt precursor concentrations
3.555, 4.413, 6.011, 6.224 mA for Pt2.5, Pt5, Ptl0 and, Pt15,
respectively as listed in Table 4.8. Meanwhile, higher Js. is obviously
due to the higher catalytic ability for I3 reduction for Pt thin film,
resulting from increasing the surface area with an increase Pt precursor
concentration [203]. As well as platinum is properly dispersed on the
surface of FTO.
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Figure 4.34. J-V curves of the DSSCs based on TiO, NR PEs with single layer

Pt CEs for front illumination.

Table 4.8. PV properties of DSSCs made of single layer Pt CEs for front

illumination.
‘]SC VOC
Sample ID . n FF

(mA/cm®) V)
Pt2.5 3.555 0.700 1.666 0.669
Pt5 4.413 0.700 2.067 0.669
Pt10 6.011 0.700 2.960 0.703
Pt15 6.224 0.700 2.960 0.679

B. Single layer rear illumination

The transparency of the photo fabricated Pt CE can be determined
using the rear illumination test. Figure 4.35 shows the curves of J-V
results of the fabricated Pt thin film with different H,PtCl, precursor
concentrations. From this Figure it was found that the efficiency of the
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fabricated cell in the rear illumination decreased as compared with the

front illumination which is due to decrease the photocurrent density.

This reduction in photocurrent density can be ascribed to the
incident light radiation from CE to the dye sensitizer where the
electrolyte layer in the cell will behave as a barrier between the
incident light radiation and the dye sensitizer. The electrolyte is known
to reflect incident light away, thereby reducing the amount of light

available for the photoexcitation of the dye molecules.

Moreover, the efficiency of the fabricated solar cell in the rear
illumination was increased with increasing Pt precursor concentrations.
Whereas, the ratio of the rear illumination efficiency to the front
illumination efficiency (mg) was decreased as given in Table 4.9. This
is due to the reduced photocurrent density of the rear illuminated where
the Pt films act as the mirror. The light-reflecting properties of the
metallic Pt layer were increased with an increase in the Pt precursor
concentrations. These results were confirmed Dby the transmittance
properties of the Pt films.
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Figure 4.35. J-V curves of DSSCs based on TiO, NR PEs with single layer Pt
CEs for rear illumination.
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Table 4.9. PV properties of DSSCs made of single layer Pt CEs for rear

illumination.
Sample 1D = : i 1 FF R
(mA/cm”) (V)
Pt2.5 3.341 0.700 1.481 0.633 0.889
Pt5 3.663 0.700 1.716 0.669 0.830
Pt10 5.169 0.700 2.440 0.674 0.824
Pt15 4.817 0.700 2.259 0.670 0.763

C. Double layers front illumination

J-V results of fabricated solar cells with different Pt precursor
concentrations (Double layer) are shown in Figure 4.36. This figure
shows that the increase in the Pt precursor concentration leads to
gradually decrease the solar cell efficiency 2.956, 2.938, 2.891 and
2.816 for DPt2.5, DPt5, DPtl0 and, DPtl5, respectively. Where Vg
remained constant at 0.7 V in each sample. I, of fabricated solar cells
was increased with increasing Pt precursor content (3.555, 4.413,
6.011, 6.224) mA as listed in Table 4.10. The light reflecting properties
of the metallic Pt layer reflects the unabsorbed light to the photoanode
may lead to enhance the Ii. Another reason for the increase in Iy is the
increase of surface area with an increase in Pt precursor content. They
would exhibit higher charge transport ability and better electrocatalytic
activity for I3 to I' reduction [77]. Il has increased as the cell
efficiency decreased. This behavior can be explained by increasing the
surface resistance of the Pt films, which leads to increasing Rs. The
effect of Ry on FF and the solar cell efficiency is very strong, but I is
unaffected by R stance. Moreover, Ry does not affect the solar cell at

V.. since the overall current flow through the solar cell, and therefore
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through R is zero. However, near V., |-V strongly affected by R,
[145,204].
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Figure 4.36. J-V curves of the DSSCs based on TiO, NR PEs with double

layers of Pt CEs for front illumination.

Table 4.10. PV properties of DSSCs made of double layers Pt CEs for front

illumination.
Sample ID e , Vor 1 FF N
(mA/em?) | (V) Q)
DPT 2.5 6.011 0.700 2.956 0.702 | 124.017
DPT5 6.194 0.701 2.934 0.676 129.563
DPT 10 6.440 0.700 2.891 0.641 133.208
DPT 15 6.492 0.701 2.816 0.619 137.789
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D. Double layers rear illumination

Figure 4.37 shows the J-V results of fabricated Pt thin film with
different H,PtCls precursor concentrations. From this Figure, it was
found that the efficiency of the fabricated cell in the rear illumination
decreased as compared with the front illumination which is due to a
decrease in the photocurrent density. In addition, the increase of the
precursor concentrations leads to decrease the ratio of the rear
illumination efficiency to the front illumination efficiency (nR) as
listed in Table 4.11.

These results correspond with the transmittance of the Double
layers Pt films where it was decreased with an increase in the Pt
precursor concentrations. Therefore, the transmitted light intensity was
decreased. Furthermore, transmitted light intensity plays an important
role in which faster electron diffusion can be obtained at higher light
intensities [81]. For this reason, the ratio of the rear illumination

efficiency to the front illumination efficiency (nR) was decreased.
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Figure 4.37. J-V curves of the DSSCs based on TiO, NR PEs with double
layers Pt CEs for rear illumination.
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Table 4.11. PV properties of DSSCs made of double layers Pt CEs for rear

illumination.

Jsc Ve
(mA/cm®) | (V)
DPt 2.5 4.716 0.700 2.298 0.696 | 0.778
DPt5 4.747 0.701 2.259 0.679 | 0.770
DPt 10 4.830 0.700 2.168 0.641 | 0.750
DPt 15 4.376 0.701 1.971 0.643 | 0.700

Sample ID 1 FF NR

E. Double layers vs single layer performance.

The Pt thickness on the FTO substrate is significant and dominates
DSSC performance. This viewpoint contradicts with previous reports
illustrating that the thickness of Pt film is insignificant for DSSC
performance. The double layers of the Pt films lead to an increase in
the film thickness. Figure 4.38 shows the solar cell efficiency of the
single and double layers of the DSSCs made of Pt CEs for front
illumination with different precursor concentrations. The increase in
the number of layers which are leads to an increase in the film
thickness. Therefore, the time of the electron transport between CE and
the FTO will be increased [71,205]. In general, the duration for the
electron injection process occurred within a few femtoseconds for a
Ru-complex dye attached to TiO, photoanode. This duration should be
compared with the decay of the dye excited state, S* to the ground
state, S (Mechanism 6 - recombination event). The lifetime of S* was
reported around 20 to 60 ns [81]. Therefore, the increase in electron

transport time leads to increase the recombination process.
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Figure 4.38. The solar cell efficiency of the single and double layers of the
DSSCs made of Pt CEs for front illumination.

4.5.2 J-V characterization of TiO,

The J-V characterization results of synthesized TiO, NRs on FTO substrate
are carried out using the fabricated solar cell performance system. Figure 4.39
shows the J-V results of TiO, films prepared on FTO substrates using a
hydrothermal method with different HCI concentration and the etching time.
These results reported that the conversion efficiency of the highly effected by
the preparation condition parameter where the solar cell efficiency of the
fabricated cell are 2.067, 0.889, 2.959, 3.255 and 1.389 for BT, CT, DT, ET
and FT respectively. While the open-circuit voltage (V. of all samples
remained constant at 0.7 V except sample (CT) recorded at (0.68 V) due to the
fact that the sample (CT) which has a low thickness and high grain size which
lead to increase the recombination process of the electron in TiO, CB with

electrolyte energy level [206]. J is directly proportional to the solar cell
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efficiency of the fabricated cell. Ji. is affected by several factors as dye
molecular structure, amount of dye adsorbed on photoanode, and
electrochemical properties of photoanode in the presence of electrolyte
[207,208]. Therefore, the variation of the Ji was observed from the
modification of TiO, structure where the modification of TiO, electrode
structure increased the internal surface area of the electrode to allow a large
enough amount of dye to be contacted simultaneously by the TiO, electrode
and the electrolyte. As a result, Photo-electron excitation was increased which
led to increasing Js.. Therefore, large surface area for dye absorption is the
basic requirement for photoanode material [209]. These results are
strengthening the SEM results of TiO, NRs where the HCI concentration was
used to control the number of TiO, rods per unit area whereas the etching time
led to increase the porosity of the TiO, NRs. The |-V parameters such as Vo,
Jse, FF, and cell (), Rs and Ry, are estimated from the J-V curves a tabulated in
Table 4.12.
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Figure 4.39. J-V curves of the DSSCs based on TiO, NR PEs.
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Table 4.12. DSSCs parameters of TiO, NR PEs.

Sample N Ve I Vi R Rqn
ID | (MmAem®) | (V) | mAcem®) | (V) i i Q@ | Q)
BT 4413 0.700 3.690 0.560 2.068 0.669 | 251.6 | 9663.8
CT 1.952 0.680 1.646 0.540 0.889 0.670 | 552.2 | 20660.7
DT 6.011 0.700 5.285 0.560 2.960 0.703 | 152.1 | 12411.9
ET 6.381 0.700 5.906 0.551 3.255 0.729 | 163.2 | 13526.9
FT 2.942 0.700 2.481 0.560 1.390 0.675 | 317.2 | 13885.7

Additionally, FF is yet another important parameter that reflects the quality
of solar cells. FF is a measure of the squareness of the curve, which are used to
determine efficiency (n). FF was improved from 0.669 to 0.729 Therefore; the
length of TiO, NRs significantly improved the performance of DSSC including
Jseo Voo, and FF [95,144]. For DSSC, large surface area meant more dye
molecules could be attached on TiO, NRs, which would be tremendously
increased the current density. The improvement of FF indicated that the
recombination between electron and holes, and scattering during electron
transportation were less [210-212]. Finally, increasing the shunt resistance and
decreasing the series resistance as well as reducing the overvoltage for
diffusion and electron transfer will lead to a higher FF value, thus resulting in

greater efficiency and pushing the output power of the solar cell [213,214].

4.5.3 J-V characterization of MWCNT-ZnO/TiO,
J-V characterization of synthesized ZnO-MWCNT/TiO, on FTO

substrates are carried out using the fabricated solar cell performance
system. Figure 4.40 illustrates the J-V curves of ZnO-TiO, NRs

prepared on FTO substrates wusing a hydrothermal method with
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different  MWCNT weighing concentrations. DSSC constructed with
ZnO based photoanode shows remarkably improved J. of 6.562 mA
cm % V, of 700 mV and hence the highest PV conversion efficiency
of 3.938 % to be quite good compared to the bare TiO, NRs 3.255%.
This improvement was result of a moderate enhancement in current
density which can be explained by the increased absorption due to the
increase in the number of dye molecules adsorbed onto the ZnO
surface [214].

The incorporation of ZnO a nano rods into the TiO, structure
improved the electron transfer and facilitates the charge carrier
separation due to the higher electron mobility of ZnO [51]. Moreover,
the improvement observed with one dimensional structure like NRs are
due to the unhindered direct pathways for fast electron transport to the
collector electrode and further, the decrease in the probability of
electron recombination reactions [215]. In addition, the energy levels
of the ZnO are slightly higher than those of TiO, So, photoelectrons
flow from the CB of ZnO towards the CB of TiO, and holes diffusion
towards the VB of ZnO [216].
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Figure 4.40. J-V curves of the DSSCs based on ZnO-MWCNT/TiO, PEs.

Figure 4.40 was also provided the J-V curves illustrated the
effectiveness of insetted the MWCNT into ZnO seed layer on the
DSSC performance. The solar cell efficiency of the fabricated cell is
3.938, 4.358, 4.047 and 3.203 for ETZ1l, ETZ2, ETZ3 and ETZ4
respectively. At the best conditions, the incorporation of MWCNTs at
0.5 wit% in the ZnO films increases the conversion efficiency by
approximately 10% compared to O wt% DSSCs. The strong
enhancement in Ji of the DSSCs with 0.5 wt% MWCNTSs suggests that
MWCNTs should play an important role in enhancing the conductivity
and the electron transport between the ZnO and TiO, nanostructure.

However, at higher MWCNT contents, the solar conversion
efficiencies decrease, which should be explained by the solar energy
loss from the optical absorption of the carbon materials. This result in a
lower initial photocurrent generated by the dye molecules, hence a

lower current measured in the external circuit [217]. Moreover, the
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reduction in PV performance further increase in the MWCNT content
up to 1% can be explained by a reduction in light transmittance and
photon energy loss of the photoanodes due to optical absorption
properties of MWCNT competing with the dye molecules, resulting in

a decrease in charge collection and cell efficiency [201].

Finally, the insetted of MWCNT materials in the ZnO linking layer
exhibit both positive and negative influence on PV performance of
DSSCs. On the one hand, the excellent electron conductivity of
MWCNT could accelerate electron transfer from TiO, NTs to the FTO
conductive  substrate.  The recombination  between photoinduced
electron and I3 in electrolyte is reduced at the same time. It is the
reason that Ji. value of DSSCs increase as the addition of MWCNT. On
the other hand¢< sunlight is seriously absorbed when it penetrates the
films containing high concentration MWCNT materials as shown in
Figure 4.30 [114,218].

These results are consistent with UV-vis absorbance spectral. The
I-V parameters such as Vg, J, FF, m, Rs, and Ry, are estimated from
the J-V curves listed in Table 4.13.

Table 4.13. DSSCs parameters of ZnO-MWCNT/TiO, PEs.

Sample JSC VOC Jm Vm FF Rs Rsh
n

ID (mA/cm?) | (V) | (mAlecm?) | (V) @ | ©

ETZ1 8.05 0.7 6.562 0.6 3.938 | 0.698 | 95.1 |1193.4

ETZ2 9.284 0.7 7.92 0.55 | 4.356 | 0.671 |102.1|1308.9

ETZ3 8.611 0.7 7.358 0.55 4.047 | 0.671 | 1054 | 635

ETZ4 6.348 0.7 5.608 0.55 3.203 | 0.694 | 1454 | 360.8
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4.6 Conclusion

According to the previous dissection and analysis, the following

conclusions can be summarized

1. The surface morphology of the Pt films highly effected on the DSSC
performance and the increasing of the H,PtClg concentration leads
to decrease the rear illumination efficiency.

2. The acidic medium assistance to provide rutile phase structures with
preferred orientations (101) and (002) of TiO, samples.

3. ZnO NRs were grown on the (002) plane and the variation of the
MWOCNT concentration led to shaft the ZnO peak position.

4. The increase of HCI concentration leads to an increase in the rod
diameter of TiO, NRs and decrease the length as exhibited in SEM
Image. While the etching time leads to a decrease in the diameter
and length of TiO, NRs.

5. The morphology of ZnO was exhibit a rods shape and the crest of
the ZnO NR has a hexagonal shape.

6. Sample ET of the TiO, nanorods has a high surface area where
depending on length to rod diameter which leads to improve the
DSSC performance.

7. The DSSC constructed with ZnO/TiO, based photo-anode shows
remarkably improved efficiency (n) of 20% where improved the
electron transfer.

8. The incorporation of MWCNTSs in the ZnO seed films increases the

energy conversion efficiency 4.358%.
4.7 Future work

1. The most important recommendation for future research is to try to

synthesize semiconductors with greater porosity, for increasing dye loading.
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2. Examination of the different manufacturing methods for the preparation of
the nanostructured TiO, electrodes onto FTO concentrating on the study of
mechanical and electrical properties of the interface between the TiO, film
and FTO.

3. Preparation of ZnO NP paste by controlling the solvent ratio, particle and
aggregate sizes may be fine-tuned and further optimized. These conditions
can be tuned to optimize for different dye and electrolyte combinations.

4. Work on using different natural dyes to improve the performance of DSSC
where the natural sensitizers can be an interesting alternative to these
ruthenium complexes. The modification of these naturally extracted dyes
can be one way of improving the performance and stability of these natural
DSSCs.

5. Co-sensitization by different dyes absorbing in various regions of the solar
spectrum is another way which can be employed to improve the

performance of DSSCs.
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