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ABSTRACT

Dye-sensitized solar cells (DSSCs) have gained a lot of interest, because of their high
photoconversion efficiency and less cost. In this work DSSCs were fabricated with Silver
(Ag) nanoparticles (NPs) decorated titanium dioxide nanotubes (TiINTSs). TINTs with two
type morphologies, open and grassy were synthesized by a two-step anodization method
by utilizing of Ti sheet and then depositing Ag NPs on TiNTs by pulse current deposition
(PCD) method. Pulse current deposition (PCD) manufactures homogeneous nanoparticles
with adjustable size distribution by changing pulse parameters. Moreover, PCD approach
has never been employed for decorating Ag nanoparticles on TiNTs by tuning pulse current
as photoanode in DSSCs. This research work is the first attempt to apply PCD method by
tuning pulse current for increasing plasmon effect in DSSCs. Ti was first anodized in two
steps at 50 V for 2 h at 20 °C in a two-electrode cell geometry for the synthesis of TiNTs
with open and grassy morphologies and then deposition of Ag NPs of different sizes on
TiNTs was done using PCD at pulse currents of 10, 15 and 25 mA/cm?. Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), X-Ray Diffraction
(XRD), Raman, and Photoluminescence spectroscopy (PL) were utilized to study the
morphology, elemental composition, structure, and optical characteristics of the prepared
samples, respecvtively. The samples were then utilized as a photoanode in a back-side-
illuminated dye-sensitized solar cell. The effect of Ag particle size and deposition on the
TiNTSs as photoanode in DSSCs was studied. The results showed that Ag NPs decorated
onto TiNTs with open tube tops, at a pulse current of 15 mA/cm? exhibited the maximum
photoconversion efficiency (1) of 4.46% and a short-circuit current density of 9.66
mA/cm?. These results suggest that TiNTs with open tube tops decorated with optimum
amount of Ag NPs as a photoanode increases the efficiency of DSSCs. This method can be
utilized to create various metal-loaded nanotube array materials for energy harvesting

applications.

Keywords: Dye-sensitized solar cells, Silver nanoparticles, TiO2 nanotubes, Pulse current
deposition.
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CHAPTER 1: INTRODUCTION

Experts expect that the globe will require 30 TW of energy resources by 2050 to

sustain economic growth as shown in figure 1.1.

For a long time, mankind has relied on several conventional sources of energy
including fossil fuels, oil, biomass, agricultural stalk, and many others. For many years,
the usage of these fuels has resulted in several environmental concerns such as water
pollution, air pollution, and wildlife extinction. The long-term use of these traditional
energy sources has resulted in global warming, acid rain, and soil eruption. Due to limited
reserves of conventional sources of energy and their various concerns regarding
environment, we have opted non-conventional energy sources which are sustainable and

clean energy sources [1].

Projected World Energy Demand
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Figure 1.1: Projected world energy demand [1]

1.1 Non-conventional energy sources

Tidal, wind, biomass energy, hydropower, solar and geothermal energy are all the

renewable sources of energy that can be used multiple times.



1.1.1 Tidal Energy

Tidal Energy is a new and evolving technology that is not yet economically viable
and is still in the research and development phase. Tidal energy is endless source of
renewable energy. It is useful because it is less prone to climate change than the other
sources, which are all sensitive to unpredictable climate variations [2]. The world's
potentially harvestable tidal energy supply from coastal regions is estimated to be 1
terawatt (TW). Tidal current technologies show better promise than tidal range
technologies. Energy can be generated at any hour of the day or night. Furthermore,

weather has little influence on tidal range [3].
1.1.2  Wind Energy

It is a type of solar energy produced when the sun heats the earth's surface
unevenly. During the day, air over the land is hotter than the air over the ocean, so heated
air began to expand and ascend, causing cold air rush to take the place of expanded air,
generating wind [4]. Only around 2% of solar energy is converted to wind, and
approximately 35% of that energy is lost within 1000 meters. Wind power has a total
capacity of 1.26x109MW, sufficient to meet the world's energy demand. Wind’s kinetic
energy is turned into its mechanical energy, which a turbine uses to generate electricity.
Modern wind turbines typically have three blades and can generate power up to several

megawatts at quite high wind speeds [5].
1.1.3 Bioenergy

Bioenergy can play a crucial part in attaining sustainable development [6].
Bioenergy is derived from biomass. Biomass is organic matter that is created directly or
indirectly through photosynthesis using CO. and water from the environment in the
presence of sunshine. Solar energy is stored as chemical energy, which can be transformed
into electricity, heat, and transportation fuels. Biomass may comprise wood from
plantation forests, leftovers from the forest, agriculture and timber industries, vegetable
oil, animal fats, and organic waste from industry, animal husbandry, and human

settlements [7]. There are numerous ways to turn raw biomass into usable goods. Several



conversion processes exist or are being developed to extract usable energy from biomass.
In a coal-fired power plant, co-firing is the most cost-effective method. Dedicated biomass
combustion units are in commercial use at both electricity and combined heat and power
production (CHP) plants. Anaerobic digestion is also used in the energy generation sector
and has proven to be the most suitable alternative. Further improvements will result in a

cleaner, more reliable system linked to electricity, heat, and higher-quality fuel generation

[8].
1.1.4 Hydropower

Hydropower is generated by moving water. It turns the kinetic and mechanical
energy of water into electricity. It looks to be a type of solar energy, as the sun drives the
hydrologic cycle, which facilitates rain. The hydrologic cycle brings atmospheric water to
the earth's surface in the form of rain. Some of the water evaporates, but most of it seeps
into the soil and becomes surface runoff. Rain and melting snow eventually reach ponds,
lakes, reservoirs, and oceans and can be used to generate energy [9]. With over 150
countries producing hydroelectric electricity, hydropower is the world's greatest
renewable resource and plays an essential role in many parts of the world. Norway,
Bhutan, Paraguay, and numerous African countries are among the top ten countries in the
world that rely nearly entirely on hydroelectric power for commercial purposes. Around
700GW of hydro capacity is estimated to be operational globally, generating
2600TWh/year (around 19% of global energy production) [10].

1.1.5 Geothermal

Geothermal energy, sometimes referred to as Earth heat, is a clean and sustainable
resource. Geothermal energy is a very versatile renewable energy source, having been
used for thousands of years to wash, bathe, cook, and maintain health. Direct use of hot
water has a long history and is becoming more popular as new applications arise. In late
2013, twenty-four countries used geothermal energy to generate electricity, while 78
countries used it for heating. The total installed geothermal capacity in the world was

10.7GWe, and it is still expanding every day [11]. Some geothermal energy applications



rely on temperatures near the earth's surface, while others 5 require drilling kilometers

underground. The three major applications of geothermal energy are as follows: [12]:
Direct Use: which uses hot water from adjacent reservoirs or springs.

*Power generation: Power plants require high-temperature steam and water,
ranging from 300 to 700 degrees Fahrenheit. As a result, geothermal power plants are built

in areas where reservoirs are one or two miles below the surface.

*Geothermal heat pumps: used to control building temperature by utilizing

steady soil or water level near the earth's surface.
1.1.6 Solar Energy

It is very familiar form of renewable sources of energy, and it may be used in three
ways: electric, thermal, and chemical. Despite the excess of solar energy, people only
utilize a fraction of this immense resource. Solar energy accounts for only 0.015 percent
of total global power output, and solar heat accounts for only 0.3% of global space and
water heating. The most prevalent applications of solar energy include biomass production

through natural processes, combustion, and gasification [13].

Many scientists feel that the sun is the only contender capable of providing a
complete answer to the energy dilemma. Energy of the sun is an infinite energy source
that is free to use [14]. The most significant advantage of this energy is that it has no cost
and abundant when compared to the prices of different fossil fuels and oils during the last
ten years [15]. Furthermore, solar energy need significantly less workforce than that

required in conventional energy production technology.

Despite its immense benefits, this energy has a few drawbacks. Sun does not
radiate solar energy at night. Second, solar energy does not exit continuously. To harvest
electrical energy from a solar device, there must be plenty of sunshine accessible. Aside
from regular oscillations in the strength of radiations, solar energy is hampered from
reaching the ground during adverse weather situations. For example, the quantity of
sunlight that reaches the surface of earth depends on place, timing, and weather conditions



e.g., it collapses in the winters as opposed to the summers. To address these drawbacks,
sun’s energy should be preserved at night, also extremely effective solar cells and panels

should produce.

Even though solar energy is cost-free, there is an initial investment in the
technology required to harvest this solar energy by constructing solar cells, modules and
panels [16]. During operation, these small sized solar cells make no noise. On the other
side, large power pumping equipments used for harvesting solar energy, causes terrible
noise pollution and are hence extremely disruptive for the environment [17]. Recently,
because of the diminishing supply of renewable sources of energy, expense of solar energy
devices became very important in the last ten years, and it is expected that these solar

energy devices will become more inexpensive in the future [18].
1.2 Solar Cells

Solar cells use photon absorption from the Sun to produce the electron-hole pairs
required to generate a current. These cells are significant because they generate electricity

from renewable sources, in this case the Sun.

Solar cell physics depends on the PV influence, which is the creation, trapping,
recombination, and transport of charge carriers within semiconductor and between
electrodes [19].

1.2.1 Working mechanism

A basic solar cell as shown in Figure 1.2, also known as a photovoltaic cell, deals
with light energy of the sun and turns this energy into an electric current. The operation
of these photovoltaic cells depends on three things:

(1) Absorption of sunlight to produce electron and hole pairs
(2) These electrons and holes pairs are separated, and

(3) The accumulation of these electron and holes at the various electrodes to
determine the difference of potential across the p-n junction. This production of potential



differential at the cell's p-n junction because of the visible radiation is used to do work
[20].
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Figure 1.2: Basic Photovoltaic Cell [21]
1.2.2 Classifications:

Solar cells are classified according to the materials they are made of. Because of

their distinct features, these materials are categorized into three generations:
+1% Generation
«2" Generation
+3' Generation
1.2.3 1% Generation

Only known substance that could be utilized to construct solar cells in the
beginning was Si. Si is half doped with Group-3 elements and half with Group-5 elements
to form a p-n junction as shown in Figure 1.3. As a result, such solar cells are well
commercialized. However, such solar cells have low efficiency in comparison to their
production costs and are costly to manufacture. These type of cells can attain photo-

conversion efficiency of maximum 25% [20].



Figure 1.3: Multi-Crystalline Silicon Solar Cell panel [16]
1.2.4 2" Generation

Thin film as shown in Figure 1.4, are commonly associated with this generation.
The second generation consists primarily of thin films produced through chemical and

physical vapor deposition processes.

This leads to significantly cheaper production costs than their predecessors. As a
result, such solar cells are less expensive yet have lower efficiency. The stated efficiencies
for second generation solar cells typically range between 12 and 20%. Amorphous Silicon,

Cadmium Sulfide and Cadmium Telluride are among the materials employed [20].

Figure 1.4: Thin-Film Cell [16]



1.2.5 3" Generation

Solar cells of this generation can be processed in a solution. As a result, the
fabrication routes for such sorts of solar cells are both chemical and physical. Because the
third generation, Figure 1.5 involves nanomaterials, the fabrication routes must be
carefully addressed. As a result, the cheap production costs are maintained while having
substantially higher efficiency.

The efficiencies are equivalent to single crystal silicon cells, ranging from 12 to
23%. As a result, research on this generation is still ongoing, even though very little
commercialization has occurred. Furthermore, this generation also includes dye sensitized

solar cells (DSSC), organic solar cells, perovskite solar cells and quantum dots [22].

Figure 1.5: Organic solar cell [23]

To address the global need for renewable energy, new projects targeted at
gathering incident photons more efficiently are needed. 1% generation (1 G) of solar cells
devices are expensive to manufacture and install, but 2" generation (2 G) of solar devices
use lower cost thin films of polycrystalline semiconductors.

Moreover, their efficiencies must be improved for practical use. Recently, the
emphasis is on the 3™ generation (3 G) which can deliver cost-effective, high-efficiency
cells in the near future (Fig. 2) [24].



1.3 Research proposal

This study hypothesized that Silver (Ag) nanoparticles (NPs) placed on TiO>
nanotubes (TiNTSs) as photoanodes in DSSCs have higher efficiency than TiNTs due to
surface plasmon resonance (SPR). It is discovered that open ended tubes with ordered
morphology promotes homogeneous coverage of AgNPs, whereas defective structures
promote agglomerates of AgNPs. Also, the open ended tube with ordered morphology is
very effective to increase the impact of surface plasmon of Ag nanoparticles than the tubes

having coverage of nanograss for the enhanced photo-conversion efficiencies of DSSCs.
1.4 Objectives

The objectives of this research are:

e To prepare the open and grassy TiNTs by anodization method.

e To deposit Ag nanoparticles on open and grassy TiNTs by pulse current

deposition (PCD) method at different pulse currents.
e To characterize the prepared nanotubes by SEM, EDX, XRD, Raman and PL.

e To perform the solar cell testing of all the prepared nanotubes.



CHAPTER 2: LITERATURE REVIEW

2.1  Dye-Sensitized Solar Cells (DSSCs)

DSSCs, being extensively researched due to the secure, inexpensive, and
dependable supply of energy [25]. DSSCs are promising alternatives to existing
technologies due to their ease of manufacture, cost effectiveness, bifacial construction,

different colour possibilities, flexibility, and maximum efficiency.

DSSCs are the solar devices that combine organic dyes (photosensitizers) and
semiconductors for the production of electricity from sun-light. O Regan and Gratzel first
convert the solar energy into light energy using DSSCs in 1991 [26]. Since then, research
in this sector has expanded at a rapid pace, covering a wide range of vital aspects of this
technology. DSSCs are widely recognized as cheap solar device because of its low-cost
materials and easy construction technique.DSSCs are made up of a TiO, semiconductor
and a dye. Furthermore, carbon based materials could be employed in place of platinum
catalyst, lowering material costs even further. As a result, DSSCs are simple to
manufacture because they are not sensitive and may be manufactured at room temperature.
Moreover, DSSCs perform even more good in low-light circumstances, such as in twilight,
dusky or cloudy weather. [27].
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Figure 2.1: Schematic illustration of a DSSC [17]
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2.1.1 Components of DSSC

Figure 2.1 depicts a schematic illustration of DSSCs. The system is made up of four

major components:
2.1.2 Dyes/Sensitizers

On a metal oxide photoanode, dye molecules are chemically adsorbed. After
absorbing photons of the incident light, the electron travels from HOMO to LOMO and is
injected into metal oxide. Dye molecules in the DSSC produce photon-induced electrons
and inject light. The quantity of dye coated on the photoanode governs the amount of dye
molecules accessible for light harvesting in DSSCs, which means that the quantity of dye
coated on the photoanode governs the amount of dye molecules accessible for light

harvesting in DSSCs.
2.1.3 Electrolyte in DSSCs

Electrolyte is a DSSC component that is essential for the regeneration of oxidized
dye as well as electron transport. A redox pair (I./1.3), appropriate organic solvents (to
guarantee that solutes dissolve completely and are evenly dispersed), and additives (to
improve durability or viscosity) are typically found in liquid electrolytes. A variety of
redox combinations have been studied for faster dye regeneration and enhanced electron
transportation performance. The (I/1-3) redox pair is mostly used and researched because
of its low cost and ease of manufacture. As a result, it is commonly employed as standard
electrolyte in DSSCs [28].

2.1.4 Counter electrodes

This is the DSSC construction component that completes the electrical circuit. The
counter electrode surface takes electrons to decrease the oxidized redox mediator back to
its non-oxidized condition. Pt-coated counter electrode is utilized for this purpose;
nevertheless, the main disadvantage of Pt-coated counter electrode is its expensive cost.

To cut expenses, many new counter electrodes have been constructed, including metal-
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based, carbonaceous, inorganic based, and organic compound based counter electrodes
[21].

2.1.5 The nanostructured metal oxide photoanode

In the first DSSC described in 1991 by Gréatzel used TiO. as the photoanode
material, and the photoanode layer is typically 5-20 m thick of nanomaterials [29]. This
layer has a huge interior surface area that dye molecules can use to load dye to harvest sun
energy. This component is essential for dye adsorption and electron transfer. Much effort
has been expended on photoanode research in to increase the overall function of DSSCs.
The first is to improve the light capturing capabilities of the photoanode, followed the
surface alterations to improve dye loading ability and reduce recombination. Despite
several attempts, the recombination issues with the TiO. based photoanode remain
unresolved. The disadvantages of using TiO2> mesoporous nanoparticles as photoanodes
hinder DSSC development for several reasons, including: The first is poor electron
movement, which leads to a high recombination rate and hence decreased efficiency; the
second is an expensive method of producing nanomaterials for further dye absorption per
unit volume increase; and finally, a traditional technique for the preparation of anatase TiO>
normally necessitates high-temperature post treatments like annealing, is commonly
utilized to remove impurities and increase photoanode porousness and/or crystallization of
TiO2 [30].

2.1.6 Principle of DSSCs

Whenever solar light reaches the cell, dye molecules on the outer layer of TiO; are
activated, and the electrons then move towards the TiO. conduction band. The injected
electrons move towards the anode and then do productive work at external circuit. To
complete the cycle, the redox-couple electrolyte at counter electrode collects these
electrons, which are then collected by dye molecules. The effectiveness of the DSSC can

be measured using photo-conversion efficiency (1), Equation .1.

n=2cdse FF 5 100% ......(1)

in
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Where Vo represents the open-circuit voltage (V), Jsc represents the short-circuit
current density (mA cm), FF represents the fill factor, and Pin represents incident light
power. Under typical irradiation settings (100 mW/cm™, Air Mass 1.5), total photo-
conversion efficiency of DSSCs is measured [31].

2.1.7 Performance Factors of DSSCs

DSSCs' performance is severely hampered by their much poorer efficiency and
stability. A variety of factors effects the performance of DSSCs. The following are the
three most crucial aspects:

* Inadequate light absorption
* Inadequate photovoltage output and
* Low fill factors.

The dye sensitizers utilized in DSSCs have a narrow spectrum response, which
explains why light absorption is inefficient [17]. Charge recombination accounts for the
low values of fill factor, whereas series resistances losses account for low photovoltage.

Although several common dyes, such as

N719 dye have been observed to exhibit significant efficiency ranging from 11 to
12 percent for titania based DSSCs. However, there are several issues with these dyes, such
as optimizing absorption spectra for high conversion efficiencies. These dyes have current
densities that varies from 15 to 20 mA/cm? because of their limited absorption range, which
cannot be exceeded at wavelengths beyond 800nm [17].

To reach current densities more than 25 mA/cm? and significantly improve the
efficiency and stability of DSSCs, a concerted effort to synthesize novel dyes with a
broader spectrum response is necessary. Some work has already been done to synthesize
novel dyes with higher molar coefficients and a wider spectrum response, to improve the
light harvesting and stability, such as ruthenium-based K-19. These new dyes are

anticipated to be very beneficial in the pursuit of DSSCs efficiency greater than 12%.
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Some researchers claim that by lowering the rate of recombination at the contact
site of metal oxide and electrolyte, it is possible to boost efficiency by up to 50%. A few
recommended techniques to increase the Vo are addition of barrier layer (which can aid in
interfacial recombination) and the exploration of novel electrolytes using Co-adsorbents
[32].

High fill factor readings suggest that the DSSCs are operating well. Series
resistance losses are the most common cause of fill factor limits. As a result, altering the
contact site between the two electrodes and the wires that connects electrodes, is considered
to affect the amount of series resistance. In addition to these three regulating parameters,
the shape of the semiconductor layer and the fabrication conditions can affects the
conversion efficiency of DSSCs. The surface area of the semiconductors should be high.
The efficiency of DSSCs is also determined by particle size; higher particle sizes can
improve red-light absorption in some situations, and this absorption of red light occurs
because of the light scattering. Wang et.al. outlined creation of multiple layer TiO>
nanostructures for constructing the DSSC which balances opposite impacts of light
scattering and surface area, the cell's performance was increased as a result of their

recommended morphology [33].

Another feature of the film's form is its thickness. The photoanode’s thickness
significantly affects the performance of DSSCs. Giannouli et al. did a study using Rose
Bengal and Rhodamine B sensitizers. The initial goal of the research was to identify that
how ZnO film thickness affects the efficiency of DSSCs. The findings revealed that there
is an ideal thickness for best efficiency. Beyond this optimum thickness, either too little or

too much thickness can lower conversion efficiency [34].
2.2  TiO2 Based DSSCs

Wide bandgap semiconductors are commonly employed as photoanode materials
in DSSCs because they are more stable under light. ZnO, TiO2, SnO2, Nb2Os, and Fe;03
are some of the widely investigated wide bandgap photoanode materials. Despite having
better movement of electrons and similar band location like TiO2, ZnO is not the suitable

material for commercial applications due to its instability in acidic dyes. Although SnO>
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has higher values of mobility but because of its quick recombination and low Vg,
treatments of surfaces are necessary for SnOz to be utilize in DSSCs. Nb2Os has lower
electron mobility, lower surface area and chemical instability hence it is an inappropriate
material to be used as photoanode in DSSC. Fe>Oz has higher recombination rate, lower
photocurrent density and narrower absorption spectrum which also makes it unsuitable to

be used as photoanode in DSSCs.

TiO2 is mostly used among the various materials due to its superior features. TiO2’s
C.B (Conduction band) exits lower to the LUMO (lowest unoccupied molecular orbital)
state of majority of regularly utilized dyes, allowing the quicker electron transport. It has
less toxicity and greater chemical stability. Also, it possesses a large refractive index that
IS necessary for light diffusion into the complete mesoporous layer. The large dielectric
constant of TiO> helps in reducing quick recombination of electrons and holes pairs at the

TiO2/dye interface site by electrostatic shielding.

Common TiO's phases, such as anatase, rutile, and brookite have been studied as
photoanodes in DSSCs. Anatase TiO- is mostly used because of its indirect bandgap that
do not allow direct transfer of electrons from C.B to V.B. This TiO. phase has longer
lifetime for photogenerated carriers than rutile and brookite. Moreover, in anatase the
recombination of charge carriers is significantly lower because of its smaller photocarrier

effective mass which aids in rapid migration of charge carriers.

Venkatraman Madurai et.al. prepared TiO2 nanoparticles (NPs) utilizing the
microwave and solvothermal approach for DSSCs and attained a maximum efficiency of
7.44% [35]. R.S. Dubeya et.al. prepared TiO2 NPs by solvothermal and sol-gel method for
DSSCs and achieved efficiency of 2.17% [36]. Huei-Siou Chen et.al. prepared anatase
TiO2 NPs for DSSC and achieved maximum photo-conversion efficiency of 6.61% [37].

However, the grain boundaries of TiO> NPs may cause electron recombination,
resulting in a decrease in photocurrent and absorption of light in the near-infrared region
[38].
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2.3 TiO2 Nanotubes

TiO2 nanotubes (TiNTs) have been proposed as a beneficial photoelectrode option
for DSSCs as an alternative to TiO2 NPs. TiNTs exhibit improved light scattering inside
the tubes which results in more absorption of light, rapid electron transport, less charge
carrier recombination, and easy geometry when compared to NPs. Furthermore, the tubes
gives a relatively high contact surface area to deposit the metal oxide NPs and adsorb dye

molecules [38].

Many researchers are trying to create such extraordinary nanostructured materials
for utilizing them in different fields including biosensors, photocatalysts, photovoltaic,
self-cleaning, water splitting, photodegradation, and adsorbents [39]. These one directional
and low-dimensional titanium oxide materials have also been investigated for improved

efficiencies of cheap solar cells, namely DSSCs [40].

Uchida et.al. reported a DSSC with TiNTs as the photoanode with 100 nm long
TiNT having diameter of 8 to 10 nm and overall cell’s active area of 25 mm?. These TiNTs
were generated using hydrothermal technique which demonstrated efficiency of 2.9% [41].
Later, anodic TiNTs with 500 nm and 2.5 um tube lengths were synthesized and have PCEs
of 1.6% and 3.3%, respectively [42]. Senadeera et.al. employed TiNTs as photoanodes in
DSSCs and achieved a maximum photo-conversion efficiency of 8.31%.[43]. Naeimeh
et.al. attained a PCE of 8% using a free-standing one-dimensional TiNTs as a
photoelectrode in DSSC. [44]. Chao-Nan Chen et al. used liquid phase deposition and

anodization to create TiNTs with a maximum conversion efficiency of 2.85%. [45].

Structure and crystalline nature of TINTS are two essential criteria in its application.
To enhance these criterias, these tubes have been prepared using different approaches like
sol-gel [46], seed growth method [47], photoelectrochemical etching [48], hydrothermal
[49], electrochemical lithography [50], template-assisted fabrication [51], atomic layer

deposition [52], anodization [53], etc.
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Among the above nanotube manufacturing processes, electrochemical anodization
is the simplest and cheap method because it demands no special experimental system and

gives good control on the morphology of tubes and pore size [54].

But the large band gap of TiO2 in TiNTs results in poor absorption of light in the
visible light spectrum, limiting its usability for different fields such as water splitting,
pollutant degradation and solar cells. The fast recombination rate of charge carriers is

another barrier to its use for these purposes [55].
2.4  Ag nanoparticles (NPs) deposited TiNTs

Significant attempts have made for band gap reduction and decrease the rate of
recombination of charge carriers in TiO for the modification of TiNTs. lon doping of metal
or nonmetal [56], sensitization of dye [42], coupling of narrow band gap semiconductor
[57], and modification of noble-metal nanoparticles (NPs) [58] have all been part of these
efforts [55]. Among these attempts, the alteration of TiO2 with nanoparticles of noble
metals like Ag or Au have gained attention. They are anticipated to capable of extending
TiO2's visible light absorption and lowering the recombination rates of charge carriers
because of influence of surface plasmonic resonance (SPR) caused by electron oscillations
at surface. Among noble metals Ag is the most promising options for different applications,
because it is cheap and can be easily prepared than other ones [59]. Untill now, plasmonic
effect of Ag is mostly used in the field of photocatalysts [60, 61], biosensors [62, 63],
water-splitting [64, 65] and for enhanced vascular biocompatibility [66, 67]. Ag modified
TiO2 composite have also been employed as photoanode in DSSCs [68-78]

Kawamura et al fabricated TiNTs by hydrothermal method and adsorbed Ag NPs
on TiNTs by the photodeposition and achieved efficiency of 7.20%, that is greater as
compare to bare TiNTs (2.83%) [79]. Won-Yeop Rho et al. fabricated TiNTs by
anodization method and deposited Ag nanoparticles on them by photodeposition synthesis
method. They obtained photoconversion efficiency of 6.14% which is greater than pure
TiNTSs (4.64%) [80]. Nyein Nyein et.al. synthesized Ag NP covered titania nanotubes and
achieved efficiency 3.7% which was greater than the 3% recorded for bare nanotubes [59].
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Several attempts have been used to decorate Ag NPs on the TiO: like photo-
deposition [79, 80], calcination reduction [81, 82], and electrochemical deposition [83, 84].
But, no one is capable of preventing agglomeration of Ag nanoparticles and maintaining
homogenous morphology [85]. Pulse current deposition (PCD) is a practical approach for
controlling the density and element’s size and achieving uniform coverage on a conductive
substrate. PCD is superior than direct current plating in terms of obtaining highly-fine
grained structures, more homogenous surfaces, and enhanced characteristics such as
strength and hardness [85]. By changing the current-on time (ton) and current-off time (to),
pulse cycles, and current density via pulse control can result in highly-fine structures and
a uniform surfaces. As a result, PCD can produce Ag that is equally spread having size in
nano range. On the other side, direct current (DC) electro-deposition produces non-
homogeneous Ag with a rough surface, making it unsuitable for manufacturing Ag
nanoparticles. Furthermore, the pulse current deposition approach may easily increase the

plasmon effect.

Xinning Luan et al, synthesized Ag NPs deposited on TiNTs using pulse current
deposition by tuning pulse deposition time and used this composite in DSSCs and obtained
efficiency of 3.82% greater than DSSCs with a photoanode made out of bare TiNTs
(2.61%) [85]. However, this method has never been used for depositing Ag nanoparticles
on TiNTSs using pulse current deposition by tuning pulse current as photoanode in DSSC.
This research work is the first attempt to use pulse current deposition method by tuning
pulse current for increasing the plasmon effect in DSSCs. In this work, we investigated the
pulse current deposition process further to disperse Ag NPs on TiNTs. We synthesized
TiNTs with two types of morphology open and grassy by anodization of Ti sheet and then
deposit Ag NPs of different sizes on TiNTs by PCD at pulse currents of 10, 15 and 25
mA/cm?. The impact of Ag particle size and deposition on the TiNTs as photoanode in
DSSCs was investigated. The experimental results showed that AgNPs/TiNTs composite
with open tube top at 15 mA/cm? pulse current have highest photoelectric conversion
efficiency of 4.46% in DSSCs.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Material preparation

The synthesis technique was selected depending on the cost effectiveness, ease of
making, availability of in-house resources, and the reproducibility feature. Hence
anodization technique was used to synthesize TiO2 nanotubes (TiNTs) and for the further
modification of nanotubes, Ag nanoparticles (NPs) were coated on them using pulse

current deposition (PCD) approach.
3.2  Materials

Ti metal sheets of 25 pum thickness and purity of 99.6% were purchased by
shop.solaronix.com. Solvents including acetone, ethanol, and ethylene glycol were
acquired from Sigma Aldrich. NHsF, AgNOs and NaNOsz were purchased from Uni-Chem
chemical reagents and Alfa Aesar respectively. DI-water was utilized in all studies.

3.3 Material synthesis
3.3.1 Synthesis of TiNTs by anodization method

TiNTs were prepared using a two-step anodization method. Schematic illustration
of an electrochemical system and the production of TINTs on Ti sheet is shown in Figure.
3.1. Each Ti metal sheet was first cleaned with emery paper and then sonicated in three
solvents: DI-water, ethanol, and acetone, respectively for the period of 15 min each. The
anodization electrolyte was composed of 0.5 wt% NH4F, 3 wt% DI-water, and ethylene-
glycol. First-step anodization of Ti sheet was done by two electrodes (Ti sheet and
stainless-steel sheet) cell geometry that dip in the electrolyte at a potential of 50 V for 2 h
at 20 °C. The grass layer of titania oxide which was formed during the first step of
anodization was cleaned up through sonication in DI-water for 15 to 20 min, yielding a
polished and patterned Ti surface. The pretreated sample was then anodized in the second
step for two hours under the same conditions identical to the first step. Samples were
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carefully cleaned with DI water after the second step of anodization and sonicated for a

few seconds in ethanol to obtain the open-ended ordered morphology of nanotubes [86].
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Figure 3.1: Schematic illustration of an electrochemical system and the production of
TiNTs on Ti sheet [86].

3.3.2 Synthesis of AQNPs/TiNTs by PCD

In a typical procedure, silver nanoparticles (AgNPs) were coated onto the open
channel titania nanotubes by utilizing a two-electrode technique with an anodized TiNTs
as cathode and a rod of graphite as anode by Pulse Current Deposition (PCD) method. The
electrolyte used for PCD was a 1:1 combination of 0.01 molar AgNO3z and 0.1 molar
NaNO3 solutions by volume. Schematic diagram of PCD set-up and AgNPs deposition on
TiNTs is shown in Figure 3.2. AgNPs were deposited onto TiNTs for 100 cycles at pulse
currents of 10, 15, and 25 mA/cm? with current on-time/off-time of 1s/3s, respectively. All
PCD tests were performed at room temperature using an AMEL potentiostat (2051 model)
and a programmed function generator (568 type, AMEL). The AgNPs/TiNTs composites
were then placed in oven for 30 min at 100 °C before being vacuum annealed at 450 °C for
2 h. Schematic illustration of AgNPs/TiNTSs fabrication process is representated in Figure
3.3.
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Figure 3.2: Schematic illustration of PCD set-up and AgNPs deposition on TiNTSs.
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Figure 3.3: Schematic illustration of AgQNPs/TiNTs fabrication process
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3.4  DSSC Fabrication of TINTs and AgNPs/TiNTs composite

In this study, the sealing technique was used to fabricate DSSC. Schematic
diagrams of DSSCs using bare TiNTs and AgNPs/TiNTs are shown in Figure 3.4 (a, b).
To evaluate the photovolatic performance, the TiNTs and AgNPs/TiNTs samples were
dipped in 0.3 mM solution of N3-dye in ethanol/isopropanol (1:1) ratio for 1 day. Dye
sensitized TiNTs and AgNPs/TiNTs photoanodes were sandwich by using a molten state
sealant having thickness of 25 um (Solaronix, Meltonix) with Pt coated FTO glass as
counter electrodeThe iodide/triiodide electrolyte (lodolyte AN5O0, Solaronix) was
introduced between the sandwich electrodes via vacuum back filling through a hole in the
Pt electrode [87]. Cell’s active area was 0.2 cm?, the DSSCs were then shined in back

illumination mode because the Ti metal was used as substrate beneath the TiO» oxide.
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Figure 3.4: Schematic representations of DSSCs using (a)bare TiNTs (b)AgNPs/TiNTs
[87].

35 Anodization

Anodization is an electrochemical technique that thickens the layer of natural oxide
on the metal component, schematic illustration showing anodizing cell is represented in

Figure 3.5.

It is frequently used to improve corrosion resistance, surface hardness, and paint or
other coating adhesion. The method is commonly used on aluminium, although it can also

be used to other metals such as titanium [88].
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Figure 3.5: Schematic diagram of anodizing cell [88]

3.5.1 Steps of anodization process
Steps of anodization process as shown in Figure 3.6 and are given below

1. Cleaning:
To eliminate any dirt, grease, or other pollutants, the metal surface is thoroughly

cleaned. This is usually accomplished through procedures like alkaline cleaning or acid

etching.
2. Etching:
Etching is a vital procedure conducted before anodization of metal to increase final

treatment quality. Etching removes any surface impurities or oxides from the component,

resulting in a clean and uniform surface that can be anodized more easily.

3. Desmutting:
Desmuting is the process of removing excess alloyed metals from the surface of

metals after they have been etched. It can be performed in any mineral inorganic acid, such

as hydrochloric, sulfuric, nitric, and so on.
23



4. Anodization:

Immersion in Electrolyte: For anodization, the prepared metal is immersed in an

electrolyte bath containing Fluoride ions.

Application of current: A direct current (DC) is passed through the metal, which

serves as the anode, with a cathode (typically constructed of lead or aluminium) completing

the circuit.

Oxide layer Formation: lons of oxygen are released at the anode and interacts with

the metal surface to generate a thick, porous oxide layer. By altering the voltage and time
of the anodization method, the amount of thickness of this porous oxide layer can be

adjusted.
5. Coloring (Optional):

To create a desired colour, the porous anodic oxide layer can be coloured. This is
frequently accomplished by dipping the anodized component in a solution having organic

or inorganic colours.
6. Sealing:

To close the holes in the oxide layer and improve corrosion resistance, the anodized
part is frequently sealed. This can be accomplished using hot water sealing or other sealing
methods [89].

| — — | |
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Figure 3.6: Anodization process [89]
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3.6 Pulse Current Deposition (PCD)

Pulse current deposition is a type of electrodeposition that employs alternating
current with periodic interruptions or pulses as shown in Figure 3.7. This approach is used
to improve certain attributes of the deposited metal layer, such as adhesion, thickness, or
microstructure control. Compare to typical direct current (DC) approaches, pulse current

offers greater control over the deposition process [90].
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Figure 3.7: Set-up of PCD [90]
3.6.1 Steps of PCD
1. Preparation:

Substrate preparation: The substrate (material to be coated) is properly cleansed to
remove any impurities, ensuring that the deposited layer adheres well.

Electrolyte selection: Based on the metal to be deposited and the desired coating

qualities, an appropriate electrolyte solution is selected.
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2. Setup:

Electrochemical cell: The substrate and counter electrode are dip in electrolyte

solution. The positive terminal (anode) is connected to the substrate, while the negative
terminal (cathode) is connected to the counter electrode. [91].

Pulse generator: To control the pulsating current applied to the system, a pulse

generator is used. The pulse frequency, duty cycle, and peak current of the generator can

all be adjusted.
3. Pulse current deposition:

Pulse on-time: In the electrolyte the ions of metals are reduced and deposited onto

the substrate during the "on™ time of each pulse.

Pulse off-time: The "off" time of each pulse allows for relaxation of the deposited
layer, ion diffusion, and other electrochemical activities.

4. Parameters optimization:

Pulse frequency: The frequency at which pulses are applied, measured in hertz

(Hz).
Duty cycle: The pulse-on time to total pulse period ratio, presented as a percentage.
Peak current: The maximum current during pulse-on time.

5. Monitoring and Control:

Process Monitoring: During the procedure, parameters like deposition rate,
thickness, and surface morphology are measured.

Feedback Control: Some systems may have feedback control mechanisms that

allow pulse settings to be adjusted in real time based on monitoring results.

6. Post Treatment (Optional):
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Annealing or Heat Treatment: Post-treatment processes such as annealing may be

used depending on the application to improve the properties of the deposited layer [92].
3.7  DSSCs Fabrication Techniques

Two DSSCs fabrication techniques are commonly used

* Sealed

* Microfluidic Structure

3.7.1 Sealed

A sandwich-like cell as shown in Figure 3.8, is created in this technique by using a
metal oxide working electrode and a hole-drilled counter electrode in a manner that both
remain face-to-face. As a sealant, a 30 um thick Surlyn thermoplastic is employed and
modified such that the interior dimensions match with the active area of cell’s working
electrode. The final sealed DSSC is created by combining heat with holes in the counter

electrode for electrolyte entry [93].
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Figure 3.8: Schematic representation of the stepwise procedure of DSSC fabrication [7]
3.7.2  Microfluidic
The microfluidic structure is a reusable clamping device used in the manufacture

of DSSCs that ensures the sealing to prevent electrolyte leakage as shown in Figure 3.9.
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Two polymethylmethacrylate (PMMA) exterior clamping structures with holes for screw
tightening are employed in this construction procedure to hold all the components in place.
A membrane made of PDMS pre-polymer and curing agent is inserted between a
photoanode and a counter electrode. Photoanode and counter electrodes are mounted on
PMMA structures in such a way that electrolyte can flow between the electrodes via
housing openings. Copper foils are used to connect the photoanode and counter electrode
[94].

O-ring PDMS
interconnection
top holed
glass/FTOslide
with Pt
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FTO/glass slide
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Figure 3.9: Schematic representation of microfluidic DSSC [8]
3.8  Characterization Techniques
The results attained by using various characterization techniques:
e X-rays Diffraction (XRD)
e Scanning Electron Microscopy (SEM)

e Raman Spectroscopy

28



e Photoluminescence (PL) Spectroscopy
e Diffuse Reflectance Spectroscopy (DRS)
e DSSCs Characterization

3.9  X-rays Diffraction (XRD)

It is a strong method that analyzes the diffraction pattern formed when X-rays
incident on a sample to discover the crystallographic structure of a material. This approach
is mostly used in materials science, chemistry, geology, and other scientific disciplines

[95]. X-ray diffractometer is shown Figure 3.10.

Figure 3.10: STOE Stadi MP XRD [95]
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3.9.1 Working principle of XRD

Diffraction happens when X-rays incident on a crystalline material and resulting
scattered waves interfere constructively as shown in Figure 3.11. The resulting diffraction
pattern gives information about the crystal structure, including lattice parameters, crystal
orientation, and phase identification. Schematic illustration of XRD system is represented

in Figure 3.12.
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Figure 3.11: X-ray Scattering [96]
3.9.2 Components of an XRD System

X-ray Source: A revolving anode or sealed X-ray tube that emits monochromatic
X-rays.

Sample Holder: Maintains a specific orientation for a powdered or crystalline

sample.
Detector: It measures the strength of diffracted rays from multiple angles.

Analyzer: Monochromator or crystal that selects a specific X-ray wavelength. [96].
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Figure 3.12: Schematic representation of XRD system [97]
3.9.3 XRD Techniques

Powder XRD (XRPD): A method used to identify different crystalline phases and

crystal structure in powdered samples.

Single Crystal X-ray Diffraction: For single crystals, this technique provides

extensive information about the atom arrangement in the crystal lattice.

Thin Film X-ray Diffraction: Used on thin films to determine thickness and

crystallographic orientation.
3.9.4 Applications of X-ray Diffraction

Materials science: Study of crystal structures, phase identification, and defect

analysis in materials.
Geology: Scientific study of minerals and geological formations.

Pharmaceuticals: Crystal structure characterization in medication development.

Biology: Analysis of protein and DNA crystal structures.

Quality control: Identifying and quantifying phases in industrial processes [97].
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3.10 Scanning Electron Microscopy (SEM)
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Figure 3.13: JEOL JSM 6490A figure and schematic [98]

It is a strong imaging technology which produces highly resolved, 3D images of
the sample’s surfaces by using focused electron’s beam as shown in Figure 3.13. It is

widely used in many scientific and industrial domains for material characterization [98].
3.10.1 Working principle of SEM

It uses the precisely focused electron’s beam to scan the specimen’s surface.
Interaction of the electrons with the substance produces different signals. These signals
then identified and exploited to provide detailed pictures and quantitative data on the
topography and composition of the sample. Schematic representation of Scanning Electron

Microscopy is shown in Figure 3.14.
3.10.2 Components of a Scanning Electron Microscope

Source of Electron: It is usually a tungsten filament or field emission gun, which

emits electrons when heated.

Electron Lenses: Focus and regulate the electron beam.

Specimen Stage: Holds the sample and allows for accurate positioning.

Detectors: Gather various signals emitted from the sample.
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Imaging System: Converts signals into images that are displayed on a monitor.

(b) Incident Beam
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Electrons
Secondary

Auger Electrons
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Figure 3.14: Schematic drawing of Scanning Electron Microscope [99]
3.10.3 Types of Imaging in SEM

Secondary Electron Imaging (SEI): This technique provides detailed topographical

information, focusing on surface features.

Backscattered Electron Imaging (BEI): Provides information about compositional

differences by reflecting the atomic number of the substance.

X-ray Analysis: Elemental analysis based on the sample's characteristic X-rays.

3.10.4 Applications of Scanning Electron Microscopy

Material Science: Study of the properties of substances such as ceramics, metals,

polymers and composites.
Biology: Photographing biological specimens such as cells, tissues, and microbes.
Geology: Study of minerals and other geological samples.

Nanotechnology: Characterization of nanoparticles and nanostructures.
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Forensics: Examining forensic evidence, such as fibers, hairs, and gunshot residues
[99].

3.11 Energy Dispersive X-ray Spectroscopy (EDX or EDS)

Figure 3.15: EDX measurement inside the SEM [100]

It is a method that is utilized to identify element of materials and it is typically
combined with the SEM as shown in Figure 3.15, to offer information about the

composition of samples at the microscale.
3.11.1 Working principle of EDX

EDS depends on high-energy electrons interacting with atoms in a sample. When
the primary beam of electrons incident on sample, inner shell electrons are removed.
Higher energy electrons subsequently fall into these vacancies, generating distinctive X-
rays in the process. These X-ray energies are typical of the elements involved, allowing
identification and quantification [100]. EDX set-up is shown in Figure 3.16

3.11.2 Components of an EDX System
Detector: Determines the X-rays’s energies that emits out of the sample.

Pulse Processor: Converts the electrical signals of the detector into digital signals.
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Multichannel Analyzer (MCA): Sorts and records the X-ray signals according to

their energies.

Software: Analyzes the X-ray spectrum and gives elemental composition

information.

Figure 3.16: EDX Set-up [101]
3.11.3 Key Features of EDX

Elemental Identification: This method provides information about elements of a

sample.

Spatial Resolution: When combined with SEM, it is possible to analyse specific

regions at the microscale.

Surface Sensitivity: Provides information on a material's surface composition.

3.11.4 Applications of EDX

Material Characterization: Identification of elements in different materials such as

minerals, metals, and biological substances.
Geology: Study of the mineral compositions of geological samples.

Metallurgy: Metal alloy quality control and analysis.
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Nanotechnology: Characterization of nanoparticles and nanomaterials.

Biology and Medicine: Investigation of biological samples and tissues [101].

3.12 Raman Spectroscopy

It is a strong analytical chemistry method for studying modes of vibration, modes
of rotation, and other modes of less frequency in a solution. It depends upon the Raman
phenomenon, which was discovered in 1928 by C.V. Raman. Raman spectroscopy can be
used to identify and characterize chemical substances by providing information on
molecular vibrations. [102].

3.12.1 Principle of Raman Spectroscopy

When monochromatic beam of light (typically laser light) interacts with the
material, the scattered beam undergoes a frequency shift due to the interaction with
molecular vibrations. The scattered light has both the incident frequency (Rayleigh
scattering) and frequencies shifted by the molecules having vibrational modes in the
sample (Raman scattering). Schematic illustration of Raman spectrometer is represented in
Figure 3.17.
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Figure 3.17: Schematic illustration of Raman spectrometer [103]
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3.12.2 Parts of a Raman Spectrometer

Light Source: It is monochromatic and collimated light source, typically in the
visible or near-infrared regions.

Sample: Material under investigation.

Monochromator: Separates scattered light into its different wavelengths, allows the
detection of Raman-shifted frequencies.

Detector: Measures the strength of the scattered light from various wavelengths.
Analyzer: Optional, used for the filtration of unwanted wavelengths [103].

3.12.3 Raman Spectroscopy Modes

Stokes Scattering: The most common type of scattering, in which the dispersed
light has less energy (a longer wavelength) than the incident light.

Anti-Stokes Scattering: It occurs when scattered light has more energy (a shorter
wavelength) than incident light. Because of the reduced chance, this is less common.
Raman scatterings are shown in Figure 3.18.
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Figure 3.18: Raman Scatterings [104]
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3.12.4 Applications of Raman Spectroscopy

Chemical Analysis: Identification of chemical compounds in variety of domains,

such as pharmaceuticals, forensics, and environmental analysis.

Material Science: Study of properties of materials, such as polymers, ceramics, and

composites.

Biomedical Applications: Detection and analysis of biological molecules, tissues,

and cells.

Environmental Monitoring: Identification of pollutants as well as monitoring of

environmental samples.

Quality Control: Used in industries such as food and beverage, to identify and

quantify components in a sample [104].
3.13  Photoluminescence Spectroscopy (PL)

PL spectroscopy is a strong analytical method used to investigate emission of light
from a substance after photon absorption. This method is frequently used in a variety of
domains, including materials science, semiconductor physics, and biology. PL
spectroscopy can gives useful information about optical and electrical properties of
materials [105]. PL spectrometer is shown in Figure 3.19. PL emission spectrum is mostly
utilized for the investigation of charge carrier’s trapping, migration, and transport’s

efficiency to determine destiny of electron and hole pairs. Emissions of PL is mostly caused

by the excited electron and hole pair’s recombination.

LV

Figure 3.19: PL Spectrometer [105]
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3.13.1 Principle of PL Spectroscopy

Photoluminescence happens when a material absorbs photons from a light source,
often a laser. Whenever the material receives energy of the external sources, electrons can
get stimulated and transported high energy levels from ground state. However, the
electrons get de-excited since they do not not stable at higher energies states and emits light
at longer wavelengths. This emitted light can be detected and analyzed to learn more about
the material's electrical and optical properties [105]. Experimental setup of PL is shown in
Figure 3.20.

3.13.2 Components of a PL Setup

Light Source: Gives photons to excite the sample. Common sources are lasers or
other intense light sources.

Sample Holder: Holds the sample to be analyzed.

Monochromator: It selects specific wavelengths of emitted light for analysis

Detector: Measures the intensity of the emitted light [106].

r-- - - - - - !
I - |
, Dptical ,
Laser | system | %
L - Sample {Inside
T cryostat)
~ T Optical
system
I I
Computer Optical fibre
input
Spectrometer

Figure 3.20: Experimental setup of PL [106]
3.13.3 Types of Photoluminescence

Fluorescence: The material absorbs photons and rapidly re-emits light.
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Phosphorescence: The material absorbs photons and then re-emits light after a

delay, which is often caused by a longer-lived excited state. Absorption and emission paths

of photons are shown in Figure 3.21
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Figure 3.21: Absorption and emission paths of photon [107]
3.13.4 Applications of PL Spectroscopy

Semiconductor Characterization: Studying the semiconductors and electronic

properties of quantum dots.

Material Science: Analyzing the properties of luminescent materials like phosphors

and nanoparticles.

Biology and Medicine: Using fluorescent dyes and proteins to investigate cellular

processes and biomarkers.

Nanotechnology: Study the optical properties of nanomaterials.

Solar cells: Evaluating the efficiency and performance of photovoltaic materials
[107].

40



3.14 DSSCs characterization (1V)

When a solar cell is shined by light, photo-current is generated due to transition of
electrons from HOMO to LUMO, that generated charge carrier flows through the external

circuit, contributing to the V and | of the curve of solar cell, which is called the
characteristic IV curve as shown in Figure 3.22 [108].
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Figure 3.22: Characteristic curve of solar cell [108]

3.14.1 Solar cells characteristics parameters

The maximum operating voltage is referred to as open-circuit voltage (Voc), and
maximum reverse current is referred as short-circuit current (Isc).

This IV curve of solar cell illustrates open-circuit voltage (Voc), fill-factor (FF),
short-circuit current (Isc) and the maximum power (Pmax).

FF graphically represents "squareness™ of IV curve. Another critical characteristic
is the photo-conversion efficiency (PCE) of cells. It is solar cell's Pin/Pmax ratio. The high

PCE reflects the solar cell's strong performance [25].

Normally solar cells’s parameters are determined under AM 1.5 solar irradiance at

25 °C temperature. Efficiency can be derived by following equation:
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Pmax — FF]SC V;)c
P, 2

In this research, A Keithley 2400 source metre connected to a PC was used to
calculate current-voltage (J-V) for DSSCs.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Current-time curve

Figure 4.1 shows the current-time curves obtained during the two-step anodization
of Ti. Both steps displayed similar current-time behavior but with varying current densities.
The first step curve shows a dramatic drop in current at the start of the anodization process
due to the creation of a barrier oxide layer. This drop in current was followed by an increase
in current due to oxide layer pitting by fluoride ions, after which the current was stabilized.
The current density was higher in the second step compared to that in the first one. This
phenomenon can be explained by the following factors: Firstly, the reduction in current
within the first 10 seconds was 1 % less in the second step than that in the first one. This is
because pore nucleation is significantly faster in second step anodization than in first step
anodization because the nanopits of the textured titanium surface generated by first step
anodization and the removal of oxide encourage the nucleation of tubes. [86].
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Figure 4.1: Current-time plots during the first- and second-step anodization of Ti.
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Hence a thinner barrier oxide layer was produced in the second step due to the pre-
existing oxide layer on the Ti prior to treatment; The thickness of the barrier oxide layer
determines the electrode’s resistance and hence, its current density. Secondly, in the second
step, the electric field has a regular distribution because of the highly ordered surface,

which helps in raising the current density [109].

4.2  Morphological and elemental analysis

4.2.1 Scanning Electron Microscopy

The morphologies of the samples were analyzed using scanning electron
microscopy (SEM) TESCAN, MAIA3 Triglav™ with accelerated voltage of 20 KV. The
SEM images of open and grassy TiNTs are shown in Figure 4.1 (a, b). Figure 4.2(a) shows
that the top surface of open TiNTs is ordered and homogeneous. Figure 4.2(b) depicts a
grassy TiNTs array made up of two layers of oxide: a nanograss layer with a disordered
morphology and an ordered nanotubes layer beneath the nanograss layer. Nanograss is
generated by the persistent etching of the tube walls in the fluoride-containing electrolyte
[110].

Figure 4.2: SEM images of open (a) and grassy TiNTs (b).

Top-view images of open TiNTs and AgNPs/TiNTs at 10 (10-AgNPs/TiNTs), 15
(15-AgNPs/TiNTs), and 25 mA/cm? (25-AgNPs/TiNTs) pulse currents with 1s/ 3s on/off
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time in 100 deposition cycles are shown in Figure 4.3(a)-(f). Figure 4.3(a) shows that the
top surface of open TiNTs was relatively ordered and homogeneous, with an average
external diameter of 0.2 um, internal diameter of 0.1 um, wall thickness of 0.1 pm and film
thickness of 6 um. Figure 4.3(b) demonstrates cross-section view of open TiNTs showing
vertical alignment of the tubes. Through the pulse current deposition, AgNPs with different
sizes were dispersed uniformly and well deposited on the top surface as well as wall of the
open TiNTs as shown in Figure 4.3(c)-(f). These particles are spherical in shape with
different sizes at different pulse currents. At 10 mA/cm? pulse current, Figure 4.3(c, d)
AgNPs are well deposited with the mean size of 25 nm. At 15 mA/cm? pulse current, Figure
4.3(e), particle size of AgNPs increased to a value of 162 nm. At 25 mA/cm? pulse current,
Figure 4.3 (f), there is a large agglomeration of AgNPs with mean size of 169 nm. The size
ranges of AgNPs produced at various pulse currents are listed in Table 4.1. These results

showed that the size of AgNPs on open TiNTSs increases with the increase in pulse current.




Figure 4.3: SEM images of open TiNTs (a, b) and AgNPs/open TiNTs obtained at
different pulse currents: (c, d) 10 mA/cm?, (e) 15 mA/cm? , and (f) 25 mA/cm?.

Table 4.1: Effect of pulse current density on size of AgNPs.

Pulse current

Estimated

Sample Composition diameter of Ag
mA/cm? _
particle (nm)
Open TiNTs TiO2 - -
10-AgNPs/open TiNTs Ag/ TiO2 10 12-41
15-AgNPs/open TiNTs Ag/ TiO2 15 41-284
25- AgNPs/open )
Ag/ TiO2 25 132-206

TiNTs

Figure 4.4(a)-(c) shows the top-view images of AgNPs/grassy TiNTs at 10mA/cm?
(10-AgNPs/grassy TiNTs), 15mA/cm? (15-AgNPs/grassy TiNTs), and 25 mA/cm? (25-
AgNPs/grassy TiNTs) pulse currents with 1s/ 3s on/off time in 100 deposition cycles.
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Through the pulse current deposition, AgNPs are dispersed on grassy TiNTs at
different pulse currents. Figure 4.4(a)-(c) shows that Ag NPs have non-homogeneous

dispersion on grassy TiNTs and deposition of Ag NPs increases with increasing pulse

current on grassy TiNTSs.

Figure 4.4: SEM images of AgNPs/grassy TiNTs obtained at different pulse currents: (a)
10 mA/cm?, (b) 15 mA/cm? and (c) 25 mA/cm?.
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4.2.2 Energy Dispersive X-ray Spectroscopy

Energy-Dispersive X-ray Spectroscopy (EDX) was used to analyze the elemental

composition of TINTS.

The EDX spectrums of open and grassy TiNTs are shown in Figure 4.5(a, b) and
the chemical compositions are given in the inset. In the EDX spectrum of both open and
grassy TiNTSs there are peaks of Ti and O which confirms the presence of these elements

in both samples.
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Figure 4.5: EDX patterns of open (a) and grassy TiNTs (b).

The EDX spectrums of bare open TiNTs and open TiNTs decorated with AgNPs
are given in Figure 4.6(a)-(d) with % age compositions in the insets. In the EDX spectrum
of bare TiO2, Figure 4.6(a) there are peaks of Ti and O which confirms the presence of

these elements in the sample.

AT 10 mA/cm? pulse current, Figure 4.6(b) there was an additional peak of Ag with
weight% of 5.5. At 15 mA/cm? pulse current, Figure 4.6(c) weight% of Ag increased to a
value of 12.3.

The weight% of Ag was further increased to 23.8 when the pulse current density
was raised to 25 mA/cm?, Figure 4.6(d). Thus, the EDX results confirmed the presence of
AgNPs at the TiNTs and that the deposition of AgNPs on the TiNTs increased with

increasing pulse currents.
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Figure 4.6: EDX patterns of (a) open TiNTSs, (b) 10-AgNPs/open TiNTs, (c) 15-
AgNPs/open TiNTs, (d) 25-AgNPs/open TiNTSs.

Figure 4.7(a)-(c) shows the EDX spectrums of AgNPs/grassy TiNTs at various
pulse currents, with chemical compositions provided in the inset. Ti and O peaks appear in
the EDX spectrums, indicating the existence of these elements. At 10 mA/cm? pulse
current, Figure 4.7(a) shows an additional peak of Ag with a weight % of 6.8. At a pulse
current of 15 mA/cm?, Figure 4.7(b) shows that the weight % of Ag is 16.1.

At a pulse current of 25 mA/cm?, Figure 4.7(c) shows that the weight % of Ag is
26.7. As aresult, the EDX spectra confirmed the creation and existence of AgNPs on grassy
TiNTSs at various pulse currents. The results confirmed that the deposition of AgNPs on the
TiNTSs increases with increasing pulse currents. Also, the EDX results show that grassy
TiNTs have more deposition of Ag NPs as compared to open TiNTs at different pulse

currents.
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Figure 4.7: EDX patterns of (a) 10-AgNPs/grassy TiNTs, (b) 15-AgNPs/grassy TiNTs,
(c) 25-AgNPs/grassy TiNTs.

4.3  Structural analysis

4.3.1 X-ray diffraction (XRD)

The XRD patterns were acquired on ARL Equinox 3000 using CuKa radiation. The
X-Ray tube voltage was 40 KV with 40 mA current. Figure 4.8 shows the XRD patterns
of open and grassy TiNTs. The samples were vacuum-annealed at 450°C for two hours,
and the pattern clearly showed that the prepared TiNTs exhibited characteristic diffraction
peaks that were well matched with the standard pattern of JCPDS (01-084-1286) of anatase
TiO> crystals [111]. The peaks of Ti are because of the Ti substrate of samples (JCPDS
card No. 44-1294) [55]. XRD patterns also confirm the presence of TiO: in these samples.
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Figure 4.8: XRD patterns of open and grassy TiNTSs.

Figure 4.9 shows the XRD patterns of open TiNTs and TiNTs loaded with AgNPs.
The samples were vacuum annealed at 450°C for two hours before XRD studies. XRD
pattern of TiO2 nanotube arrays exhibited typical diffraction peaks which were well
matched with the standard JCPDS card number (01-084-1286) showing the anatase phase
of TiO2 [111]. Metallic phase (JCPDS card No. 44-1294) [55] of Ti was resulted from the
non-anodized substrate. The anatase phase of TiO2 remained unchanged after the
deposition of Ag NPs on to the TiO2 nanotubes. The XRD spectra of 15-AgNPs/TiNTs and
25-AgNPs/TiNTs showed additional peaks at 20 angles of = 4450 and 64.60
corresponding to the (200) and (220) planes of metallic Ag, respectively (JCPDS card No.
04-0783) [112]. The TiO: anatase peaks at 37.80 (004) and 38.60 (112) overlap with the
Ag (111) peak at 38.10, making it difficult to see clearly. However, no silver peaks were
seen in the sample of 10-AgNPs/TiNTs composite at a pulse current of 10 mA/cm?. This
is most likely because of the low silver content, which is not detectable using XRD

methods. XRD patterns revealed the successful synthesis of Ag nanoparticles on TiNTs.
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Figure 4.9: XRD patterns of open TiNTs and AgNPs/open TiNTs at 10, 15 and 25

mA/cm? pulse currents.

Figure 4.10 depicts the XRD patterns of AgNPs/grassy TiNTs at various pulse
currents. The pattern clearly reveals that the created TiNTs had typical diffraction peaks
that were well matched with the standard pattern of JCPDS (01-084-1286) of anatase TiO>
crystals. [111]. The metal Ti phase peaks are because of the Ti substrate of samples (JCPDS
card No. 44-1294) [55]. The TiO> diffraction band remained unchanged after the deposition
of Ag NPs on the grassy TiNTs.

The XRD spectra of 15-AgNPs/TiNTs and 25-AgNPs/TiNTs revealed additional
bands at 26 = 64.60, which correspond to the face bands of Ag (220), respectively (JCPDS
card No. 04-0783) [112]. However, no such peak was observed in 10-AgNPs/grassy
TiNTs, this might be due to the low silver amount in grassy TiNTs at 10 mA/cm? pulse
current. The TiO> anatase peaks at 37.80 (004) and 38.60 (112) overlap with the Ag (111)
peak at 38.10, making them difficult to distinguish. Also, the peak of Ti at 20 = 44.50 is
overlapping with the face band of Ag (200). XRD patterns of grassy samples also
confirmed the existence of Ag nanoparticles on grassy TiINTSs.
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Figure 4.10: XRD patterns of AgNPs/grassyTiNTs at 10, 15 and 25 mA/cm? pulse

currents.
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Figure 4.11: Raman spectra of open and grassy TiNTSs.
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Raman spectroscopy was performed to better understand the structure of the
prepared TiNTs. Raman spectra were acquired on a Micro Ramboss Dongwoo optron
spectrometer Figure 4.11 shows the Raman spectra of open and grassy TiNTs. The major
Raman bands in all of the samples are due to the characteristic anatase phase of TiO2, which
is characterized by the bands at 147 cm™, 395 cm™, 517 cm™, and 639 cm™ [59]. However,
the Raman intensity of the bands relevant to grassy TiNTSs is less as compared to open
TiNTSs. This variation in intensity might be due to the grass that effects the resonant Raman

signal of TiOzin grassy TINTSs.
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Figure 4.12: Raman spectra of open TiNTs and AgNPs/open TiNTs at 10, 15 and 25

mA/cm? pulse currents.

Figure 4.12 depicts the Raman spectra of open TiNTs and AgNPs/open TiNTs at
pulse currents of 10, 15, and 25 mA/cm?. The predominant Raman bands in all of the
samples are assigned to the characteristic anatase phase for TiO2, which is characterized
by the bands at 147 cm™, 395 cm™, 517 cm, and 639 cm™ [59]. The Raman spectra of the
AgNPs/TINTs samples did not show any signals associated with Ag nanoparticles, which
can be attributed to the low amount of Ag loaded onto TiO2 nanotubes. However, the

intensity of the bands relevant to TiO, decreases with increasing Ag amount (increasing
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pulse current), implying that there is an interaction between Ag and TiO, after Ag
deposition on open TiNTs, influencing the resonant Raman effect for TiO, [113].
Furthermore, when compared to pure open TiNTSs, the major peak of AgNPs/open TiNTs
samples is slightly shifted, which could be attributed to the interface structure of TiO2 and
Ag [114].

Figure 4.13 shows the Raman spectra of AgNPs/grassy TiNTs at pulse currents of
10, 15, and 25 mA/cm?. The major Raman bands in all of the samples are ascribed to the
characteristic anatase phase of TiO, which is characterized by the bands at 147 cm™, 395
cm?, 517 cm?, and 639 cm™ [59]. The Raman spectra of the AgNPs/grassy TiNTs samples
revealed no signals associated with Ag nanoparticles, which can be attributed to the low
Ag loading onto grassy TiNTs. However, the strength of the bands relevant to TiO>
diminishes with increasing Ag amount (increasing pulse current), indicating that there is
an interaction between Ag and TiO> following Ag deposition on TiNTSs, impacting the
resonant Raman effect for TiO; [113].
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147cm™ —— 25-AgNPs/grassy TiNTs

S

L.

-1

2 395cm* 517cm™ 63%cm

2 g : et R, RPNV
)

£

T T T T T T T T T T T T '
100 200 300 400 500 600 700 800

Raman shift (cm™)

Figure 4.13: Raman spectra of AgNPs/grassy TiNTs at 10, 15 and 25 mA/cm? pulse

currents.
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4.4  Optical properties

4.4.1. Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy was performed to obtain information about
the optical properties of the TiNTs. PL spectra were acquired on a Micro Ramboss
Dongwoo optron spectrometer. Figure 4.14 shows the PL spectra of open and grassy
TiNTSs. In the PL spectra of open TiNTs, there is one prominent emission peak at roughly
380 nm, corresponding to 3.36 eV, which is ascribed to the emission of the band gap
transition. [114]. There are no substantial defect-related emissions in open TiNTs,
indicating the good stoichiometry and crystalline quality of the sample. [115]. The grassy
TiNTs shows a broad photo-luminescence peak in the visible range at 390-450 nm or 2.7—
3.1eV. This peak corresponds to the intra-bandgap defect states in TiO, that emit at visible
wavelengths, while no such peak was observed in open TiNTs [116]. This means that grass
has affected the stoichiometry and crystallographic quality of TiNTs by introducing the

defect states in TiOx.
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Figure 4.14: PL spectra of open and grassy TiNTSs.
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Figure 4.15 shows the PL spectra of open TiNTs and AgNPs/open TiNTSs at pulse
currents of 10, 15, and 25 mA/cm?. There is one main emission peak found in the PL spectra
of the produced samples in Figure 4.15, that is at around 380 nm corresponding to the 3.36
eV, which is predominantly attributed to the emission of the band gap transition [114].
Figure 4.15 shows no significant defect-related emissions, confirming the high
(stoichiometry and) and crystallographic quality of samples [115]. Ag-NP decorating on
open TiNTs has no qualitative effect on the morphology of the PL emission. However, the
PL intensity of the Ag-NPs/open TiNTs samples was found to be substantially lower than
that of the undecorated TiNTSs.

open TiNTs

- 10-AgNPs/open TiNTs
— 15-AgNPs/open TiNTs
——25-AgNPs/open TiNTs

Intensity (a.u.)

I
440 480 520
Wavelength (nm)

! |
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Figure 4.15: PL spectra of open TiNTs and AgNPs/open TiNTs at 10, 15 and 25 mA/cm?

pulse currents.

This decrease in PL intensity shows that Ag-NPs improve the charge separation of
TiNTs because of photogenerated electrons migrating from the open TiNTs conduction
band to the Ag-NPs, leaving holes in the TiO> valence band. This effective charge
separation reduces the likelihood of charge carrier recombination to produce
photoluminescence, making more charges available to contribute to the photo-
electrochemical production process [117]. For the AgNPs/open TiNTs samples, the PL
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intensity decreased with the increasing deposition 0f Ag NPs from 10 to 15mA/cm?

because of the increase in charge separation and hence reduced recombination to produce
photoluminescence. However, the PL intensity of TiINTSs increases with increasing Ag-NPs
deposition at 25 mA/cm?. This increase in PL intensity of 25-AgNPs/TiNTs might be due
to the increased agglomeration of Ag NPs on TiNTs which decreases the electrons
migration from the TiNTs conduction band to the Ag-NPs and hence increases the

recombination.
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Figure 4.16: PL spectra of AgNPs/grassy TiNTs at 10, 15 and 25 mA/cm? pulse currents.

Figure 4.16 shows the PL spectra of AgNPs/grassyTiNTSs at pulse currents of 10,
15, and 25 mA/cm?. The prepared samples shows a broad photo-luminescence peak in the
visible range at 390-450 nm or 2.7-3.1 eV which corresponds to the intra-bandgap defect
states in TiO2 [116]. The PL intensity of the grassy TiNTs increases by increasing the
deposition at 10 and 15 mA/cm? pulse currents. This might be due to the increased
plasmonic feature of Ag NPs that could effectively transfer the photogenerated electrons

to the conduction band of the TiNTs [118] that could relax in the intraband gap defect states

58



in TiO2, thus increasing the PL emission. However, the PL intensity of grassy TiNTs
decreases with increasing Ag NPs deposition at 25 mA/cm?. This decreased in PL intensity
of 25-AgNPs/grassyTiNTs might be due to the increased agglomeration of Ag NPs on
grassy TiNTs and capture of holes by the large number of Ag nanoparticles itself [119].
This reduces the transfer of photo generated electrons to the conduction band of TiO2 and

hence reduces the PL intensity.

45  Electrical properties

45.1. DSSCs measurements

To evaluate the photovoltaic characteristics of pure open TiNTs and AgNPs/open
TiNTs at pulse currents of 10, 15, and 25 mA/cm?, a DSSC was built using each of these

materials, and the assembly was illuminated under A.M. illumination at 100 mW/cm?.
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Figure 4.17: J-V curves of DSSCs fabricated using pure open TiNTs and AgNPs/open
TiNTs at 10, 15 and 25 mA/cm? pulse currents.

Figure 4.17 depicts the photocurrent density-voltage (J-V) properties of cells
formed with Ag NPs/open TiNTs and open TiNTs without Ag NPs. The properties of these
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DSSCs are summarized in Table 4.2. Figure 4.17 shows that a photoanode made of open
TiNTs without Ag NPs had the lowest short-circuit current density (Jsc) of 5.04 mA cm,
an open-circuit potential (Voc) of 0.46 V, a fill factor (FF) of 0.39, and a solar energy
conversion efficiency (n) of 2.83%. DSSC produced with 10-AgNPs/TiNTs showed
greater 1 of 3.59%, Jsc of 10.56 mA cm, Voc of 0.63 V, and FF of 0.44 compared to pure

TiNTs-based DSSC. DSSCs fabricated using 15-AgNPs/TiNTs exhibit even better
properties with 1 of 4.46 %, Jsc of 9.66 mA cm, Voc of 0.69 V and FF of 0.62. DSSCs
fabricated using 25-AgNPs/TiNTs exhibit lower properties as compared to 15-
AgNPs/TiNTs with ) of 4.32 %, Jsc of 9.46 mA cm?, Voc of 0.67 V and FF of 0.64.

Table 4.2: Photovoltaic characteristics of dye-sensitized solar cells using pure TiNTs and
AgNPs/TINTSs.

Sample Jsc (MA cm?) Voc (V) FF n, (%)
TiNTs 5.04 0.46 0.39 2.83
10-AgNPs/TiNTs 10.56 0.63 0.44 3.59
15-AgNPs/TiNTs 9.66 0.69 0.62 4.46
25-AgNPs/TINTSs 9.46 0.67 0.64 4.32

This suggests that the optimum amount of AgNPs on open TiNTs can improve
photoconversion efficiency. If the Ag concentration is too low, the photo-generated charge
carriers are not effectively separated due to insufficient contact between them. If the
amount of Ag is too high, there is an increased possibility for the capture of holes by the
large number of Ag nanoparticles, excessive coverage of Ag nanoparticles on surface of
TiNTs increases reflection of incident light and may also decrease photoconversion
efficiency in DSSCs [119]. Figure 4.18 depicts a schematic diagram of the charge
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separation and migration process in the AgNPs/open TiNTs photoanode under visible light

illumination.

Visible light

l l Vislibiellight

Figure 4.18: Schematic diagram for the charge separation and migration process of
AgNPs/open TiNTs composite under visible light irradiation.

he grassy TiNTs coated with AgNPs by PCD method at 10, 15 and 25 mA/cm?
pulse currents for 100 deposition cycles with 1s/3s on/off-time, were employed as
photoanodes in DSSC. The JV-results of these devices are shown in Figure 4.19. Table 4.3
shows photovoltaic characteristics of dye-sensitized solar cells using AgNPs/grassyTiNTs

at 10, 15 and 25 mA/cm? pulse currents.

Figure 4.19 shows that DSSC produced with 10-AgNPs/grassy TiNTs showed 1 of
2.85%, Jsc of 9.54 mA cm, Voc of 0.61, and FF of 0.44. DSSCs fabricated using 15-
AgNPs/grassyTiNTs exhibit even better properties with 1 of 3.62 %, Jsc of 10.35 mA cm’
2, Voc of 0.62 and FF of 0.49. However, by further increasing the deposition of Ag NPs on
grassy TiNTs exhibit lower properties with 1) of 0.05 %, Jsc of 7.09 mA cm, Voc of 0.36
and FF of 0.25.
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Figure 4.19: J-V curves of DSSCs fabricated using AgNPs/grassyTiNTs at 10, 15 and

25 mA/cm? pulse currents.

Table 4.3: Photovoltaic characteristics of dye-sensitized solar cells using
AgNPs/grassyTiNTs at 10, 15 and 25 mA/cm? pulse currents.

Sample Jsc (mA cm?) | Voc (V) FF n, (%)

10-AgNPs/grassy

_ 9.54 0.61 0.44 2.85
TINTs
15-AgNPs/grassy
10.35 0.62 0.49 3.62
TiNTs
25-AgNPs/grassy
7.09 0.36 0.25 0.05

TiNTs
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So, on grassy TiNTSs there is also an optimum amount of AgNPs that can improve
photoconversion efficiency like open TiNTs. The reason for such highly decreased in
photoconversion efficiency of 25-AgNPs/grassy TiNTs might be due to the combine effect
of grass and increased agglomeration of Ag NPs that decreases the charge transfer from
Ag NPs to the conduction band of TiO2 and also increased the reflection of light on grassy
TiNTs [119]. Figure 4.20 depicts a schematic diagram of the charge separation and
migration process in the AgNPs/grassy TiNTs photoanode under visible light illumination.

Visible light

1!

Defect
states

Figure 4.20: Schematic diagram for the charge separation and migration process of
AgNPs/grassyTiNTs composite under visible light irradiation.

To evaluate the pure TiNTs and AgNPs/TiNTs at various pulse currents, a cell was
constructed as previously described and then exposed to A.M. illumination (100 mW cm-
2). A rear-side-illuminated cell was used with a platinized counter electrode and iodine
electrolyte. When light was irradiated into the cell, the dye was excited from the HOMO
to the LUMO, and then the excited electrons were injected into the TiNTS' conduction
band. For the AgNPs/TiNT-based DSSC, the excited electrons from the dye are thought to
be first injected into the Ag NPs and subsequently transported to the conduction band of
the TiNTs.
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In addition to electrons from the dyes, electrons from the surface plasmons of Ag
NPs would be transported to the conduction band of TiNTs, increasing the number of free
electrons in the TiO2 conduction band. Following electron transfer, the oxidized dye
molecules are reduced by the electrolyte redox process. As the electrons are now
transported to the TiNTs, they will go down to the back contact as quickly as possible to

minimize the recombination inside the TiO> as well as with the dye and electrolyte.

The electron transport, however, is limited to the degree of scattering that can occur
within the nanotubes as well as at the interface between the tube arrays and the titanium
back contact. Nonetheless, utilizing a 1D nanotubular crystalline oxide may have
eliminated most of the scattering, although the existence of secondary phases like rutile
TiO, carbon-rich layers, or fluoride-rich layers at the interface between the TiNTs and the
titanium sheet may impact the mobility of electrons. Electron transport from the titanium
to the outside circuit must also be as scatter-free as possible to achieve high photocurrent
generation. Thus, oxidation of the underlying titanium, which may occur during the

annealing process of the TiNTs, may also impact the electron transport [59].

Ag NPs acts as electron collectors for the dyes. As a result, Ag NPs are thought to
help in modifying the electronic properties at the metal-semiconductor interface. Now,
because the Ag NPs have excess electrons on their surfaces, the position of the Fermi level

of Ag NPs may have been moved closer to the conduction band of TiO> [120].

This means that electrons, whether from dyes or Ag NPs, can easily flow to TiNTSs,
resulting in an electron-rich photoanode. These electrons then proceed to the back contact,
where photocurrent is created. Nonetheless, as the electrons move to the back contact,
scattering may have happened, which explains why the photoconversion efficiency of the
DSSC is still not as great as it is expected to be [121].

The results suggest that ordered and open 1D combined TiNTs-AgNPs array with
uniform dispersion of Ag nanoparticles are useful for DSSC due to the combined effect of
effective electron transport and enhanced plasmonic effect. In grassy TiNTs intraband gap
defect states could act as trapping centres as shown in PL results which decreases the

electron transfer and hence decreases the efficiencies of DSSCs as compared to open
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TiNTs. However, it is worth noting that the presence of the optimum amount of Ag NPs
on TiNTs promotes the development of significantly more efficient DSSCs which agrees
with the PL results. In the PL spectra, the optimum amount of Ag NPs on open TiNTs at
15mA/cm? showed lowest PL intensity, reduced recombination, and hence showed highest
photoconversion efficiency in DSSC.
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CHAPTER 5: CONCLUSIONS AND FUTURE RECOMMENDATION

5.1 Conclusion

TiNTs with two type morphologies were successfully produced using two-step
anodization. One has an ordered morphology with open tube tops, while the other has
nanograss on the top surface as shown in SEM images. Both were loaded with AgNPs
using the PCD method at varying pulse currents. By increasing pulse currents of 5 mA/cm?,
average size of 10 nm approximately and average deposition of 10 weight % approximately
of Ag NPs increases as shown in SEM and EDX results. It was discovered that order
morphology promotes the homogeneous deposition of AgNPs on TiNTs. However, TINTS
covered with nonograss do not have homogeneous deposition of Ag NPs as shown in SEM
images. DSSC with a homogeneous distribution of Ag NPs on ordered open nanotubes at
pulse current density of 15 mA/cm? exhibited the highest photoconversion efficiency (1)
of 4.46%. However, DSSC with a non-homogeneous distribution of Ag NPs on grassy
nanotubes at pulse current density of 10 mA/cm? exhibited the lowest photoconversion
efficiency (1) of 2.85%.

These findings suggest that well aligned and nanograss-free arrays, together with
the optimum amount and uniform distribution of AgNPs, can greatly improve current
conversion efficiencies in DSSCs. This is because grass reduces the plasmonic effect and
effective electron transport from Ag NPs to the conduction band of TiO2 due to the intra-
band gap defect states as shown in PL results. Also, the optimal concentration of Ag NPs
on TiNTs can improve photoconversion efficiency because if the Ag concentration is too
low, the photo-generated charge carriers are not effectively separated due to insufficient
contact between them. If the amount of Ag is too high, there is an increased possibility for
the capture of holes by the large number of Ag nanoparticles, excessive coverage of Ag
nanoparticles on surface of TiNTs increases reflection of incident light and may also
decrease photoconversion efficiency in DSSCs. These investigations demonstrate that
porous ordered 1D structures based on TiO: are critical for the great performance of
DSSCs.

66



5.2 Future Recommendations

Various electrolytes, dyes, and photoanode materials have emerged because of the
continuous development of dye-sensitized solar cells. A photoanode with superior
electrical and optical qualities has yet to be considered for future research to make DSSCs
economically viable. The PCD method for generating nanomaterials is widely recognized.
There is a need to investigate the growth and shape of these materials in nanochannels
made of TiO2. Other metal nanoparticles will be deposited on TiNTs for similar
experiments. These investigations are intended to provide better control over the size,
shape, and distribution of metal nanoparticles, resulting in improved properties and

opening new opportunities for future DSSC applications.
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