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PLASMONIC TiO> COMPOSITES FOR

DYE-SENSITIZED SOLAR CELLS APPLICATIONS
ABSTRACT

Dye-sensitized solar cells (DSSCs) have attracted considerable attention of scientists
because of their low cost, flexible design, ease of fabrication and low toxicity, since first
reported by Gritzel in 1991. In order to prevent the charge recombination at the
TiOz/dye/electrolyte interface, engineering of an alternative functional photoanodes still to
be challenged. Recently, cooperation between surface plasmon resonance and
photosensitizer electrodes led to achieve different properties of dye sensitized solar cells
(DSSC). Particularly, plasmonic nanoclusters have ability to concentrate the incident light
in their optical field as well as enhancement the efficiency of photovoltaic devices based on
strong light scattering and local field improvements. For example, noble metal nano-particles
(i.e., Au and Ag) have been utilized for surface modification of TiO> to improve the power

conversion efficiency (PCE) of a DSSC.

In this study, plasmonic TiO> photoanodes were synthesized by multi-stage methods using
solvothermal and silanization procedures, respectively. The physical and chemical
properties of the plasmonic photoanodes were characterized using SEM, XRD, XPS, BET,
UV-vis, and EIS as well. Based on the specific surface area, pore size distribution, and
enhanced localized surface plasmon resonance properties of the synthesized photoanodes,
the designed DSSCs showed remarkable power conversion efficiency (i.e., 7.62%) compare

to the control groups (i.e., bare TiO2 and P25 paste).

Keywords: Dye sensitized solar cells, light harvesting, surface plasmon, photoanodes



PLAZMONIK TiO; KOMPOZIT MALZEMELER

VE BOYA DUYARLI GUNES PILLERINDE KULLANIMI
oz
Boyaya duyarl giines pilleri (DSSC'ler), 1991'de Gritzel tarafindan ilk rapor edildiginden
beri diigiik maliyetli, esnek tasarimlari, tiretim kolayliklar1 ve diisiik toksisiteleri nedeniyle
bilim adamlarmin  dikkatini  ¢ekmistir.  TiOo/boya/elektrolit — arayliziinde  yiik
rekombinasyonunu 6nlemek icin, alternatif bir fonksiyonel fotoanodun gelistirilmesi igin
caligmalar hala devam etmektedir. Son zamanlarda, ylizey plazmon rezonansi ve foto-
hassaslastiric1 elektrotlar1 arasindaki igbirligi, boyaya duyarli giines pillerinin farkl
ozelliklerinin elde edilmesini saglamistir. Ozellikle, plazmonik nanoparcaciklar, gelen 15131
optik alanlarina yogunlagtirma yeteneginin yani sira, gii¢lii 151k sagilimi ve yerel alan
tyilestirmelerine dayanan fotovoltaik cihazlarin verimliligini arttirma kabiliyetine sahiptir.
Ornegin, bir boya duyarl giines pilinin gii¢ doniisiim verimliligini (PCE) gelistirmek icin
TiO2'nin yiizey modifikasyonuyla asil metal nanopargaciklar (yani Altin ve Giimiis)

kullanilmistir.

Bu tez ¢alismasinda, plazmonik TiO: fotoanotlari, sirasiyla solvotermal ve silanizasyon
prosediirleri kullanilarak ¢ok asamali metotlarla sentezlenmistir. Plazmonik fotoanotlarin
fiziksel ve kimyasal ozellikleri, SEM, XRD, XPS, BET, UV-vis ve EIS kullanilarak
karakterize edilmistir. Ozel yiizey alani, gdzenek ebadi dagilimi ve gelistirilmis lokalize
yiizey plazmon rezonans 6zelliklerine dayanarak, sentezlenen fotoanotlarin tasarlanan boya
duyarli giines pillerinin kontrol gruplarina kiyasla (yani, katkisiz TiO2 ve P25 macunu)
karsilastinlldiginda dikkate deger bir gilic donilisim (%7,62) verimliligi gosterdigi not

edilmistir.

Anahtar Kelimeler: Boya duyarli gilines pilleri, 151k verimliligi, ylizey plazmonu,

fotoanotlar

Vi
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CHAPTER 1

INTRODUCTION

At present, through looking for after a superior life and better advancements, the quality of
human life relies upon a prepared and reliable supply of energy [1]. In modern society,
humans consume energy for many different purposes in fact. Together with the growing
world population, the expansion in global output and prosperity is also coming with a huge
energy need. As the world economy grows rapidly and industrialization of developing
countries continues, energy consumption in the world is increasing very rapidly [2]. This
demand in energy has economic impact, as well. So that the economic growth is directly

related with the usable energy sources.
1.1 Energy Demand and Energy Consumption

The progress in living standards by the changing economic status all over the world causes
energy demand to increase by around a third over driven especially by India, China and Asia.
It is easy to understand the various viewpoints of energy progress with the help of the BP:
Energy Outlook. The Figure 1.1 considers the different parts of the change: the sectors
wherein energy is utilized; the regions wherein it is devoured and created; and the

consumption and generation of diff erent fuels [3].

Figure 1.1. shows a scenario that; in spite of significant development in prosperity and
consumption throughout the following 20 years, a significant extent of the total still

consumes moderately low levels of energy. [3].
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Figure 1.1 Primary Energy Demand [3]

The priorities in energy policy in Turkey is determined according to the share of Turkey's
main energy policy in general will be on oil and gas. As it can be seen in the Figure 1.2, are
the largest energy items at the final consumption of petroleum products in Turkey. It
followed by natural gas and other fuels, respectively. In brief, with the help of the report of
Institute for Energy Markets and Policy- EPPEN we can argue what really drives Turkey's
energy demand [4,5].

Wind
1%

Geothermal

Biofuel 0% Geo. Thermo

Wood+Animal
and Plant
Waste

4% ymported
Electric
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Figure 1.2 Consumption According to Types of Energy [4]

1.1.1 Environmentally Energy Sources

Various types of energy are used in our life including nonrenewable and renewable sources.
The modern life of human, critical energy supply primarily relies upon in the form of fossil

fuels (coal, oil and natural gas), hydroelectric and nuclear energy, and biomass. Fossil fuels



are thoroughly overwhelming, contributing around 80 % of the world’s expanding energy

need [3,6].

Humans began to turn towards utilization of fossil fuels, for example, renewable forms of
ancient biomass because its storage and transportation being easily and having higher energy
density than elective sources [7]. This sort of fuel was formed by the decomposition of living
organisms covered in the ground millions of years ago. But as it can be clearly seen with the
unbalanced changing of the climate, the life quality of future generations decreases because

of various issues arise from fossil-powered energy conversion. [8-11]

Therefore, the people canalize toward sustainable energy and find new energy sources to
meet their growing needs. The generation, investment and use of renewable energy source
is growing all around the world [12]. From the ancient ages, humanity carried out various
renewable energy forms from sunlight, wind, rain, tides, and geothermal heat. It was the
main need for the habitat of planet due to it is most plentiful or inexhaustible sustainable
power source. Solar energy is a foundation of life because not only humans, the plants and

animals also primarily need it to grow and increase the popularity [7,13].

In this regard, in addition to being a renewable energy source, solar energy has been
considered to be the most promising and long-lasting source due to its superiority such as
the absence of environmental pollution, its local application and lack of complex technology,
which is an important problem for the living and living creatures on the world. [14]. The
technical capability of solar energy conversion is huge and ready-to-use. And clean source

of energy is a powerful candidate for the energy problem that we are trying to solve.

The transformation of solar energy directly into electrical energy is the most appropriate way
to the energy cycle of nature. With this regard, energy storage systems such as photovoltaics
are essential and useful for storing the energy produced from renewable power sources [15]
[12]. With solar cells, electrical energy can be produced near end users, which eliminates

transport losses and costs and minimal environmental pollution [16,17].
1.1.2 Solar Spectrum and Solar Irradiation

As the largest energy source, the sun sends about 3.9 x10** J of energy to the earth's surface
every year [18-20]. This amount can also be called solar constant and is equal to 1.08 x10'8

kW/hour. This amount of energy is about 10000 times the energy that the world needs as the



primary [21]. The atmosphere reduces the incoming radiation by about 20% by reflection
and by about 16% by damping. and thus, the highest solar energy achievable at sea level is
reduced to around 1000 W/m? [22,23]. This energy is a small part of the world, even more

than the current human energy consumption.

The solar energy is homogeneous on the outside of the sun. While passing through the
atmosphere, the solar radiation is constricted by scattering from the light absorption of the
air molecules due to the kilometers among sun and the earth. So that this results the solar
radiation spectrum on the earth's surface. The effect of atmosphere on solar radiation

spectrum relation can be given by followed equation:
Airmass=1/cos 0
where 0 is the angle between vertical direction and incident radiation [24, 25].

The energy of the sun is determined according to the hours of sunshine, daylight of the sun,
the time of day, season, weather conditions and latitude. For example, between 20° and 30°
latitude, there is a total yearly solar irradiation on horizontal surface distribution called solar
belt, which starts at approximately 700 kWh/m? from the north of Europe to the equator and
continues up to 2500 kWh/m?[26].
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Figure 1.3 Solar Radiation Spectrum [27,28]

Figure 1.3 shows that even the solar spectrum has very broad range from 100nm to 1mm,
the highest intensity of the incoming radiation is in the visible wavelengths (400-700nm) for
air mass (AM) 0. The wavelength is from blue to red light, which corresponds to 47% of the

total solar radiation received [27,28].



1.1.3 Solar Energy Conversion

Solar energy can be used for heating, use or electricity generation. With using solar energy,
we take less fuel (coal, oil, natural gas) together. Less fuel consumption, cleaner and
healthier environmental management [13,29]. Solar energy must be captured, transformed
and stored in a practical way in order to provide a truly common primary energy source

[30,31].

Solar energy is transformed into another type of energy with a suitable technology according
to the area to be used. The energy types we need most today are heat and electric energy.
Therefore, the majority of the work done today is aimed at obtaining heat and electric energy
from solar energy. The photovoltaic system is only one of them, but it is separated from the
others due to its structure and its function [32]. The energy of solar photons can be converted
directly into electrical energy by means of photovoltaic solar cells, this is the key step for

capture this energy.

1.2 Solar Cells

1.2.1 History of Solar Cells

Electrical energy from solar energy is possible with photovoltaic systems [11,12]. The
photovoltaic effect was first discovered by French physicist Alexandre Edmond Becquerél
in 1839. Becquerél observed and reported the formation of current with light drop on silver
bars immersed in electrolyte solution [33]. In the past, photovoltaic batteries consisted of
metal / semiconductor interfaces. Their yields were very low. This was due to the relatively
large dark current that reduced the photovoltaic effect. Later, semiconductor / semiconductor
interfaces were found to yield better yields. [33-37]. In the 1960-1970 years, the aviation
industry has been a pioneer in the development of photovoltaic cells [38]. Efforts have been
accelerated to be more economical with the energy crisis and environmental awareness that
emerged in the 1970s [40]. In the Figure 1.4 The chart of best research-cell efficiencies by
National Renewable Energy Laboratory (NREL) can be found [39].
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Figure 1.4 Best Research Cell Efficiencies [39]

1.2.2 Types of Solar Cells

Thanks to the growing knowledge and developing technology, more efficient and cheaper

solar systems can be made. It is possible to divide solar cells into 3 basic groups [24].

e Wafer-based Solar Cells:
e Thin film Solar Cells:

e Emerging Solar Cell Technologies:
1.2.2.1 Wafer Based Solar Cells

Wafer-based Solar Cells are silicon-based single and multiple crystal structures that have
been used for many years. The distinguishing properties of these cells are about their crystal
structures. Single order and regular placement of the atoms in the structure of silicon
increases the yield values. During production, a multi-crystalline structure can be obtained
depending on the cooling and slicing parameters. The cost of these batteries is low, but their
efficiency is lower [41] Based on the data of the NREL, in these solar cells, 24% efficiency

is obtained in laboratory conditions and 15% in commercial modules [39].



Another gathering of crystalline solar cells are the III-V group semiconductor materials
based on the elements with three valence electrons like aluminum (Al), gallium (Ga) or
indium (In) and elements with five valence electrons like phosphorus (P), arsenic (As) and
antimony (Sb) [24]. The alloys of these elements such as GaAs, InP, InAs, InSb have much
higher absorption coefficients than Si because of they are direct bandgap semiconductors.
Figure 1.5 shows the available band gap and lattice constant for the III-V elements such as

N, P, As, and Sb alloys [42].
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Figure 1.5 Band gap and lattice constant for various III-V and group alloys [42]

The III-V PV technology is expensive and is used for very specific purposes such as space
work and optical systems where performance is more important than cost [38]. The solar
concentrator systems can be preferred to reduce the cost. With this system, the irradiance of
a large area is concentrated onto the small wafer. GalnP, GalnAs, Ge, GaAlAs, GalnAsP are

most known concentrator systems.
1.2.2.2 Thin Film Solar Cells

The most important reason for starting the production of thin film solar cells is that they are
more advantageous in terms of cost. Amorphous silicon can absorb light more than crystal
silicon. They can therefore be produced in thinner layers. These thin layers can be sliced and
used in the cells inside the panels [43]. As of 2014, the efficiency of thin-film solar cells
reached 23.3% [39] Thin film solar cells can be divided into two main categories as thin film

Si alloys and chalcogenide solar cells.

Thin Film Si Alloys are generally known as microcrystalline silicon, hydrogenated

amorphous silicon (a-Si: H) and hydrogenated nanocrystalline silicon (nc-Si: H) structures,



has some of the valance electrons in the silicon lattice that are passivated by hydrogen.
Similarly, hydrogenated amorphous germanium (a-Ge: H) and hydrogenated nanocrystalline

germanium (nc-Ge: H) also a challenge to make alloys like Si.

Chalcogenide Solar Cells, the term chalcogenides refer to the chemical compounds
consisting of chalcogen anion from the group VI (oxygen (O), sulphur (S), selenium (Se),
tellurium (Te), and the radioactive polonium (Po)) with electropositive elements. CdTe, a
highly crystalline material, is the most well-known example of this group and yields 16% in
laboratory type small cells and 7% in commercial type modules [38] Chalcogenides have a
sub-class of a tetragonal systems as chalcopyrites that mostly consist of copper iron
disulfide, (CuFeS2). The most common chalcopyrite used for solar cells are copper indium
diselenide (CulnSe;, CIS), copper gallium diselenide (CuGaSe;, CGS), copper indium
gallium arsenide (CulnGaAs (CIGYS)) [27,44]

And also some of laboratories are producing new types of solar cells which can be named as
kesterites for example: copper zinc tin sulfide (Cu2ZnSn(S,Se)s (CZTS)), copper zinc tin
selenide (CuzZnSnSes4 (CZTSe)) or ones using a mixture of sulphur and selenium like

Cu2ZnSn(SSe)4 (CZTSS) or Cu(InGa)(Se,S). (CIGSS) [24].
1.2.2.3 Emerging Solar Cell Technologies

Organic solar cells are produced by the development of low-cost, conductive, organic and
polymer photovoltaic materials that can be easily produced and processed in large areas.
Organic materials used in solar cells contain conductive polymers, dyes, pigments and liquid

crystals [11,15,32,45-51].

Hybrid Organic- Inorganic Solar Cells, junction is formed from both organic and inorganic

materials.

Perovskite Solar Cells: Perovskite is a crystal structure described with a chemical formula
ABX3, where “A” and “B” are two different cations with varied sizes and “X” is an anion
which halogen or oxygen atom [52-56]. Perovskite films are suitable for thin, semi-
transparent, light and flexible devices due to their adjustable bandgaps, high absorption
coefficients, long charge carrier diffusion lengths. Naturally, electronic designers and
researchers agree that these features will open up more space for solar cells. It has still

challenges with efficiencies increasing to 22% [57].



Dye Sensitized Solar Cells: In the simplest sense, dye-sensitive solar cells are third-
generation photovoltaic batteries that convert light into electrical energy with organic dye
molecules. The photo-active dye of DSSC can produce electricity once it becomes light
sensitive [58]. This dye captures photons from natural or artificial light, making the electrons
stimulated by the energy coming from here. Then the electrons which stimulated by dye are
sent to semiconductor Titanium Dioxide (TiO2) film, which is a white synthetic pigment and
applied to the cell [59] .DSSCs have achieved efficiencies of up to 12.3% and may benefit
of Ability to operate in low radiation conditions, High temperature operation, High
efficiency with low energy requirements, Environmentally friendly structure, Adaptability
to continuous / on-site production conditions and They are structurally strong and lighter
[60]. Chemists who synthesize advanced dye through organic synthesis studies, continue to

increase the efficiency of solar cells every day.

Quantum Dot Solar Cells: Quantum dot solar cells, have basically the same structure as
DSSCs, but with dye molecules replaced by use semiconducting inorganic nanocrystals, also
known as quantum dots (QDs), to absorb light. Quantum dots, which are semiconductor
metal compounds, can be obtained from the II-VI, III-V group. Due to their quantum
confinement effects, they have a higher bandgap. In contrast to bulk materials, their bandgap
can be tuned by just controlling the size of the crystal [61,62].That is make it possible to
change the color of the glow, which is a unique feature for its use in engineering applications.
They also produce lower production costs per watt because their production is cheaper than
conventional materials [63]. Highest achieved efficiency is 5.4% with the Cd based quantum

dot sensitized solar cells [44].

1.3 Dye Sensitized Solar Cells

1.3.1 Introduction: Dye Sensitized Solar Cells

When we look at the solar cell industry, we unfortunately see that silicon solar cells need to
be produced from very pure material to prevent regeneration problem. Because of that issue,
the costs are quite high and this type of solar cells can not find a wide range of applications.
Therefore, there is an urgent need for cheaper materials and easy-to-produce photovoltaic
systems and materials. One of the strongest candidates for such solar cells is the photo-

electrochemical solar cells. [33, 53]
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In 1991, Prof.Dr. Michael Gritzel and Brian O'Regan produced a photoelectrochemical
battery system by sensitizing the nano-crystalline TiO; film with Ruthenium bipyridyl
complex dyes and it achieved 7% efficiency [40] .Nowadays, this efficiency up until % 11
[64-66].

After the publication of Gritzel [67], such cells began to be called cheap solar cells. The
most important parameters that make the system cheaper are that the materials used do not
require much purity so that the cost of clean room technology used in the production of
silicon based solar cells is eliminated [68,69].Additionally, with the use of natural dye
extracts, devices provide natural, non-toxic developments with high absorbance level of UV,

visible and NIR.
1.3.2 Components of Dye Sensitized Solar Cells

As the sandwich structure can be seen in the Figure 1.6, the DSSC device consists of [64]
conductive glass sheet: transparent conducting (ITO or FTO), semiconducting electrode
(anode): n-type TiOz and p-type NiO, dye-sensitizer: light harvesting and electronic
transition, redox electrolyte solution: I' / I3” or Co-II / Co-III complexes, counter electrode

(cathode): carbon or Pt coated catalyst.

Dye {nolecules (sensitizer) Electrolyte

I \ Transparent Conducting Electrode I

I Counter Electrode

N /

Figure 1.6 Sandwich Structure of Dye Sensitized Solar Cell [64]

Transparent Substrate for Both the Conducting Electrode and Counter Electrode: The
working electrode forms the negative end of the dye sensitized solar cells. This section
contains the transparent conductive oxide thin film coated conductive glass (TCO) and
semiconductor layer (TiO2) coated with the of PVD (physical vapor deposition) technique.
Indium doped tin oxide (ITO) or fluorine doped tin oxide (FTO) is used as TCO glass [70].
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The main task of the conductive glass in the solar cell is to provide electrical conductivity
and optical transparency. Optically, its transparent and low resistance for visible and near
infrared lights enables TCO glass to be used in many opto-electronic applications. They are
also resistant to high temperatures. TiO: is generally used as a semiconductor layer in dye
sensitized solar cells. Although it is possible to use materials such as ZnO, SnO; and Nb2Os
as a semiconductor layer [71,72], TiO; is abundant in the market, relatively cheap, non-toxic,
chemically and mechanically stable that makes preferable it [73]. TiO, has three basic
functions in dye sensitive solar cells. First, to create a surface area for adsorption (holding)
of the dye; the second is to accept the electron from the dye, and thirdly to transmit the

incoming electron to the conductive glass surface.

Nanostructured Semiconducting Photoelectrode (Anode): As well known that, in the
classical types of solar cells bulky semiconductor materials for example, Si, GaAs or CdS
was preferred. In any case, when presented to light they have photocorrosion issue with poor
stability problem. However, for DSSCs, because of their photocorrosion resistance, using of
sensitized wide bandgap semiconductors, for example, TiO2, or ZnO brought better stability
of the device [50]. The material commonly used as a semiconductor matrix is titanium
dioxide. The most important reason for this is that TiO: is a semiconductor which has a wide
bandgap, cheap, comfortable and has no health hazards [74]. The main task of TiO2 in the
cell is to move the electron from the dye material to the conductive glass. The broadband
range prevents the stimulation of TiO2 and electron delivery under the visible light spectrum
in which the dyes is active. On the basis of the binding of dyes molecules to the TiO, surface,
TiOs> is required to have a large surface area and to bind more dye. The TiO; anode is the
heart of the solar cell with dye and it is the main study of this thesis. TiO2 nanocomposite

information will be given in Chapter 2 in detail.

Photosensitizer: Dye is an organic semiconductor component that is the electron source of
the battery. When the wavelength of light reachs on the band gap, it passes to the electron
conduction band in the valence band of the dye and leaves the dye to reach the TiO» surface.
The stimulated dye is reduced again by redox reactions in the electrolyte and thus continues
its operation. Among the first sensitizers, the polypeptide compounds of Ru (II) were used
extensively. E.g. Ru(dcb)(bpy)2, Ru(dcbH»)(bpy)2(PFe)2, Os(dcbH»)(bpy)2-(PFs)2. In recent
years, natural dyes derived from plants such as Natural dye- shiso leaf pigments, black rice,
rosella, natural anthocyanins, henna etc. used as an alternative to ruthenium complexes have

been tested in solar cells [75]. Approximately 45% of the light reaching the earth from the
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sun is visible (VIS), 47% is composed of infrared (IR) and 8% is composed of ultraviolet
(UV) light spectrum [76]. Ruthenium-based dye is often preferred because it is well-

stimulated by visible and especially near-infrared (NIR) spectra of sunlight [77].
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Figure 1.7 Some Ruthenium Based Dyes [78]

As shown in the Figure 1.7 [78], generally, the structure of Ruthenium complexes are
ML2(X)2. The N3 dye molecule consists of 2 bipridyl and 2 carboxylic acids and 2
isothiocyanides, the ruthenium metal in the center [74]. An ideal dye molecule must be stable

enough to withstand approximately 20 years (under the sun).

Redox electrolyte: The electrolytes are prepared by dissolving I> in acetonitrile and KI, Nal,
R4NI or Lil. The electrolyte is a conductive liquid containing different ions in which
oxidation and reduction occurs [79]. The electrolyte, usually composed of acetonitrile
solutions containing the tri-iodide / iodide redox pair, allows the dye to re-gain the lost
electron and complete the electrical circuit [80]. Redox pairs are quickly reduced and

oxidized for efficient and rapid transfer of electrons [81].

The reactions in the electrolyte are shown in the equations (7.7) and (1.2) [82].

I3+ 2e- - 3I (1.1

3> I3+ 2e (1.2)

Platin Coated Electrode (Cathode): In DSSCs, the counter electrode forms the positive end

of the electrical circuit. In this part of the DSSC, there is a layer of platinum (Pt), graphite



13

or polymers that act as catalysts on the conductive glass [83,84]. The task of platinum is to
catalyze the reaction on the electrode. Reduction of tri-iodide takes place in this part. The
platinum reduces the excess voltage required for triiodide reduction, allowing the reaction
to occur very quickly [85]. In addition, platinum has a high level of reflectivity. Because of

these properties, platinum is frequently preferred in DSSCs [86].
1.3.3 Working Principle of Dye Sensitized Solar Cells

The most generic solar cell needs the absorbing dye (to create an electron-hole pair), an
electron donor (to fill the hole absence in the HOMO (highest occupied molecular orbital)),
and an electron acceptor (to take the extra electron from the LUMO (lowest unoccupied
molecular orbital)). These main energy levels of the components that make up the dye
sensitized solar cell can be seen in Figure 1.8, and are selected to be suitable for the desired

direction of electron transfer and it is a key to the performance of a device [87,88].

< L Xxo—Lumo

HOMO

— Contact Acceptor Dye Donor Contact +
Figure 1.8 Energy Levels in DSSCs [87]

The working mechanism starts by the absorbing light by dye molecules impregnated onto
nanocrystalline TiO. Because the bandgap energy of the semiconductors used in solar cells
(3.2 eV for TiO) is very high and covers the ultraviolet zone (A = 390nm) of the light spectra,
the visible light cannot be absorbed by the semiconductor. Therefore, the absorption of
visible light occurs in dye molecules [89]. Ruthenium-based metal-organic dyes are
generally stimulated by light with a near-infrared wavelength (A=720 nm, 1.72eV) [90,91].
The working principle of dye sensitized solar cells is represented by equations and shown in

the Figure 1.9 below [60,72,69,92].
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Figure 1.9 Working Mechanism of DSSC [74]
The dye absorbs light and becomes excited.
S (ground)+ hv = S*(excited) (excitation process) (1.3)

The excited dye molecule injects an electron into the conductivity band (CB) of the TiO,.
The injected electrons move through the nanocrystalline network in the TiO> film to reach

the transparent electrode and from there to the external circuit.

S* (excited) = S* + €7(Ti02) (injection process) (1.4)
And energy is generated;

S* =+ e(1io2) = S (ground) (energy generation) (1.5)

The electrons separated from the dye reach the counter electrode and complete the circuit by

reducing the tri-iodide (I3") ions in the solution with the help of the catalyst coating.

I3- + 2ept) = 31" (recapture reaction) (1.6)
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The dye molecules which are excited with a pozitive (+) charge are reduced to neutral state

by the iodide (I') ions in the electrolyte.
St+3/21 > S (ground)+ 1/2I3" (regeneration of dye) 1.7

In electrolyte, ion transfers are carried out by diffusion of ions depending on the
concentration gradient. When an electron is removed from the dye molecule and recovered
at the counter electrode, the net charge is always zero and does not change chemically. (from
semiconductor-electrolyte interface to counter electrode and from counter electrode-
electrolyte interface to semiconductor). When an electron is removed from the dye molecule
and recovered at the counter electrode, the net charge is always zero and there is no chemical

change.

At the end of these electron transfer processes photo-current occurs. These redox reactions

need to be repeated to obtain continuous flow in the dye sensitized solar cell [93,94].
1.3.4 Parameters of DSSC

The efficiency of the solar cell is determined by the voltage (V) current (I) curve. This graph
shows the characteristics of the cell and the cell parameters that determine the efficiency in
solar cells. These important electrical parameters are I-V curve, n, Voc, Isc, FF and IPCE
[69].The current-voltage characteristic of the solar cell can be defined according to the

Schottky equation [101].

First of all, fill factor (FF) is an important parameter affecting efficiency. As explained in
Equation 1.8 and 1.9, Fill Factor is equal to the maximum power received (theoretically) to

the maximum power [24].

_ Vmp.Imp
FF = /Voc. Isc (1.8)

Pmp = Vmp. Imp 1.9

The fill factor indicates the internal resistance of the cell. For dye sensitized solar cells, it is
desired to have a fill factor of 0.60-0.70. The power of the solar cell is directly related to the
power of the incoming light [69]. The standard case corresponds to AM 1.5, 1000 W/m? and
is considered the standard of measurement. The ratio of the output power obtained from the

circuit to the light intensity on the cell gives the efficiency. In order to be able to calculate
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the efficiency, it is necessary to know the open circuit voltage, the short circuit current, the

filling factor and the light intensity per cm? of the cell (Equation 1.10) [102-104].
n= Voc.Isc. FF/Pin (1.10)

Short circuit current Isc is the maximum value that current can take when zero voltage passes
through the circuit. The short-circuit current depends on the optical properties of the cell, the
photon capture capability and the spectrum of the incident light. The open circuit voltage
Voc is the voltage at which the net current on the circuit is zero. The most important factor

affecting the open circuit voltage is the reduction and oxidation reactions [105].

IPCE measurements are another important parameter in determining cell performance. The
main purpose of this measurement is to determine which wavelength of light falling on the

cell becomes more efficient. [IPCE is calculated in Equation 1.11 as follows [106].

IPCE (A) = IS¢/, o (1.11)
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CHAPTER 2

PLASMONIC TiO2 COMPOSITE FOR ENHANCING LIGHT
ABSORBTION IN DSSC

In dye sensitized solar cells, an alternative functional photoanode material needs to be
developed to prevent charge recombination at the TiO2 / dye / electrolyte interface. As
described in the Nanostructured Semiconducting Photoelectrode part in Chapter 1,
semiconductor materials are generally preferred and works are underway to improve them.
This section focus on TiO», which is one of the materials used as photoanodes, and give

information about plasmonic nanocomposites with their use of DSSCs.
2.1 General Principles of Semiconductor Materials

The number of electrons contributing to electrical conductivity in a material depends on the
electron states, or corresponding energy values, as well as the behavior of electrons[107]
[108]. The electrons in an atom have an isolated electron array and specific energy levels
independently of each other and tend to fill the lowest energy state [24,109]. The electrical
properties of the materials basically depend on these electronic band structures. There are
four different band structures in O K [24]. The top energy level, which is filled with electrons
at 0 K, is called the Fermi energy level [110].

Such semiconductors are called n-type semiconductors and their fermi level is near the edge
of the conductivity band. Differently, if the Fermi level is close to the valence band they
called p-type semiconductors are. The majority of these two types of semiconductors are
different from their charge carriers. In the n-type semiconductor, the majority charge carriers

are electrons while the p-type spaces are holes as seen in Figure 2.1 [108, 113].
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Figure 2.1 Classification of Solids According to Their Electronic Structure [112]

When we look at the mechanism of n-type semiconductor, it is seen that the number of

valence electrons of additive atom is more than the number of electrons added. In this case,

the additive atom is released from the bonding of an electron and forms an additional level

just below the conductivity band. When the band structure of TiO> is examined, it is seen

that TiOz is also a semiconductor with n- type [112,114].

The semiconductors were used as working electrodes in many different areas, especially in

the DSSC application, in early studies of them. Figure 2.2 shows the band positions of

different semiconductors [115].
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Figure 2.2 The band positions of some semiconductors. CB: red color, VB: green color [115].
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Oxide semiconductors, as a subtitle of semiconductors, exhibit considerable resistance to
photocorrosion in the case of band gap stimulation and are therefore widely preferred in
photoelectrochemical systems [116]. In dye sensitized solar cells, it is necessary to use a
wide-band (Eg> 3) oxide semiconductors to provide transparency in the visible region.
Although some semiconductors used in organic dye based nanocrystalline solar cells such
as ZnO, Sn0O,, CdS, CdSe, WO3, Fe;03, Nb2Os, TaxOs [106,117,118], TiO> remains the

most popular semiconductor that used in this field.

2.2 Mesoporous TiO: Nano-particles

Titanium dioxide (TiO2) is formed by the reaction of the Oxygen atom in the column VI
with a titanium atom, which is a transition metal and contained in the IV-B group in the
periodic table [119]. Another name of TiO; in the literature is Titania. The basic bond
strength is covalent bond. Although it is known as a rare element, it is one of the most
common elements in earth. This prevalence is one of the most important factor when broad

production areas are considered.

TiOz is highly preferred as a colorant because of its high refractive index. Thanks to its
physical and chemical properties, titanium dioxide is used in many industrial applications
and scientific research such as dye, plastic, paper, ink, rubber, synthetic fibers, food,
electronics, pharmaceuticals and cosmetics, and is one of the most important advanced
technology ceramic materials [120,121] The use of titanium dioxide is highly resistant to
chemicals, it has no toxic properties, its cost is low; so that with this features its usage are is

increasing.

Additionally, TiO; is used as heterogeneous catalyst, hydrogen and electric energy
producing solar cells, photocatalysis, gas sensor, corrosion protection coatings, optical
coatings of ceramics and electrical devices. At the same time, it plays an important role in
biological bone transplantation because of its biological compatibility [122]. TiO> is also
used in water separation, anti-bacterial coatings and self-cleaning surfaces because of its

photocatalytic properties when exposed to UV light [123].

2.2.1 Crystal Structure of TiO2

The most used scientific and technological aspects of TiO>; has mainly three different crystal
structures named anatase, rutile and brookite [124]. In these three types of structures, one

titanium is made up of two oxygen elements, but only the crystal structures are different
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[93,125].While the rutile and anatase phases are tetragonal, the brookite is orthorhombic
[126,127]. The anatase and rutile structure contain 12 and 6 atoms per unit cell, respectively.
The distances between the two structures are different between neighboring atoms. While
the distance between Ti-Ti is shorter than the rutile structure in the anatase structure, the

distance between Ti-O is longer than the rutile structure [128].
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Figure 2.3 Crystal Sturctures of TiO, [129].
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As seen in both anatase and rutile crystal form, the basic building block TiOs contains a
central Tis* ion surrounded by 6 O, atoms in slightly bent octahedral chains (Figure 2.3)
[127]. In the anatase structure, octahedrons have been significantly distorted compared to
those in the rutile structure [126]. And these differences cause different densities between

anatase and brookite and change the electronic band structures [130].
2.2.2 Photocatalytic Properties of TiO2

Photocatalysis can be defined as the acceleration of photoreaction in the presence of a
catalyst. Photocatalytic reactions are carried out by absorbing the energy of photons from a
light source. Titanium dioxide, which is widely used in many applications due to its
electrical and optical properties, is a preffered material with photocatalytic properties
[131]. When the particles of titanium dioxide interact with the UV and absorb a photon,
they are oxidized from the valence band to an electron conduction band and thus create a
gap in the valence band [132]. The excited semiconductors are unstable, but TiO> remains
stable even in the excited state [133]. This is one of the reasons that makes TiO; a perfect
photocatalyst [134]. In photocatalytic reactions, the bandgap energy determines the
wavelength of light which is effective for stimulating the material, while the maximum
point of the valence band determines the oxidation power of the photocatalyst [135].Figure

2.4, gives information about the photocatalytic applications of TiO> [134].
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Band gap energies of rutile, anatase and brookite crystal forms using UV-Vis spectrometer
were determined as 3.02, 3.20 and 3.11 eV, respectively [116,125]. For anatase and rutile,
these values correspond to the wavelength of 388 nm and 413 nm, respectively, for the
ultraviolet light used [136]. This difference is thought to be a negative shift in the anatase

structure of the transmission band [125].

The crystal structure of titanium dioxide nano-particles is mainly depending on the method
of preparation. Anatase form is pyramidal and stable at low temperatures. The crystals of the

rutile form are needle-shaped and occur at temperatures higher than 973 K [137,138].

While the density of the compound in the anatase structure is 3.89 g/cm?, the density of the
rutile compound is 4.26 g/cm?®. Because of the distance between the titanium ions in rutile
structure is more than the distance between the titanium ions in the anatase structure, the

rutile structure has a thermodynamically more stable structure than the anatase [93,139].

Rutile and anatase phases are generally used as photocatalyst. However, TiO: in the anatase
phase showed a superior photocatalytic effect [140]. Due to the degradations in the crystal
structure, the conductivity band electrons in the rutile TiO2 have less reduction power than
the anatase TiO2 and therefore the amount of rutile phase adsorbed on the surface is also low
[141,142]. “The activity of the rutile phase is therefore low since photocatalytic activity is
directly related to crystalline regularity. In addition, the TiO; Rutile structure surface area is
25% less than the Anatase structure surface area. And Rutile absorbs less than 35% less dye.
So that even if the open circuit potentials in rutile form are similar, circuit currents are
reduced by 30% compared to anatase form [143-145]”. As a result, this is one of the factors

that make the photocatalytic activity of the anatase phase higher than the rutile phase [139].
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Figure 2.5 Comparison of Recombination Processes within Anatase and Rutile Phases [146].
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The recombination times of electron-hole pairs which have a significant effect on
photocatalytic reactions are very short as shown in Figure 2.5. However, this period is longer
in TiO2 photocatalyst [121,147,148] However, in the rutile phase, the short recombination
time for electrons and cavities affects the photocatalytic activity negatively. This
phenomenon is due to the fact that the rutile phase has a direct bandgap and the anatase phase

has an indirect bandgap [146,149].

The studies carried out in recent years reveal that photon-sensitive dye molecules with
increasing surface area are better adsorbed and high efficiency is obtained, especially with

the use of nano-sized titanium dioxide particles [150-153].
2.2.3 Synthetic Methods for TiO2

Many different methods are used for the synthesis of TiO2. These methods can be listed as
follows[137,154-156]: sol-gel methods, micelle and inverse micelle methods, sol method,
hydrothermal method, solvothermal method, direct oxidation methods, chemical vapor
deposition method, physical vapor deposition method, electrodeposition, sonochemical

method, microwave assisted method, anodization, spray pyrolysis,templating.

Sol-Gel Method: In a typical sol-gel technique, the colloidal suspension or sol is obtained
from the hydrolysis or polymerization reaction of the starting material. These starting

materials are generally inorganic metal salts or organic metal compounds [157].

The TiO2 nanomaterials can be obtained by the sol-gel technique by hydrolysis of a Titanium
as a precursor. This process proceeds in the form of the acid-catalyzed Titanium(IV)
alkoxide followed by the hydrolysis steps followed by the condensation reaction. The metal
alkoxide is then subjected to hydrolysis to form the colloidal sol, then subjected to

condensation reaction to form the gel.

Basically, the sol-gel technique consists of hydrolysis and polycondensation reactions to

form metal oxide gel, as indicated below. M; Si, Ti, Zr, Al, R, are alkyl groups.

The relative speed of hydrolysis and condensation reacts to the structure and properties of
metal oxide. Factors affecting the sol-gel process are based on the reactivity of the metal
alkoxide, the pH of the reaction medium, the water / alkoxide ratio and the reaction
temperature [158]. There are various case study about TiO2 synthesis by solgel method. For

example, Al doped TiO> with TiCls precursor [159], Cr doped TiO> with Ti -isopropoxide
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precursor [160], metal doped TiO, [161], and TiO> nano-particle synthesis[162,163].
Additionally, 14 nm of TiO: nano-particles were prepared using a sol-gel process of
isopropoxide [164]. In the review of Lai et al 2018, they mostly focused on Sol- Gel method
and found Anathase (50 nm), Rutile (20 nm) TiO> nano-particles. Oghaz et al performed a
study by the Sol- Gel method (La-Nb codoped TiO2 Pechini method) and found undoped
TiO2 (30- 40 nm) and Doped TiO> (20 nm). It is possible to find other works in the literature
[154,157,165,166], due to the this production method is mostly preffered.

Sol Method: The sol method is a kind of nonhydrolytic sol-gel process which generally
involves the reaction of the titanium halide with a variety of different oxygen donor
molecules. As an example, Chang et al prepared Zr-doped anatase TiO> nanorods in
anhydrous TOPO under dry inert gas protection, with the reactions being completed within
5 minutes [167]. There are many works done with nonhydrolic solution-based preparations

of TiO2 was also prepared [168-172].

Hydrothermal Method: In the hydrothermal method, the reaction is carried out in an aqueous
solution in controlled temperature or pressure in a Teflon coated stainless steel autoclave
[157,173]. Hydrothermal method has been widely used to prepare TiO2 nanotube. Kasuga et
al. in 1998 talked about this method and many examples can be given [174,175]. For
example, Wang et al. prepared Fe(Ill)-doped TiO» nano-particles with a hydrothermal
method and found that anatase, brookite, and a trace of hematite coexisted [154,
156,166,176]. Similarly, Xie et al used One step hydrothermal method, (SnO2/TiO>
composite) with Titanium tertrabutoxide precursor and obtained 5nm of particles [177]. One
year before, self-assembly of cellulose nanocrystal (CNC) to prepare anatase TiO>
nanocatalyst by controlling the hydrolysis of the sol-gel precursor and the followed

hydrothermal treatment [178].

Solvothermal Method: Solvothermal method is very similar to the hydrothermal method, but
the reaction is not carried out in aqueous media, organic solvents are used. However, the
reaction is carried out at higher temperatures than the hydrothermal method. The size and
shape distribution of the TiO2 nano-particles in the solvothermal method can be better
controlled [157]. Ramaknishnan et al modified solvothermal method with TTIP and Ethanol,
and they obtained the average particle size of TiO2 as 5 nm [179]. Many Works also done
and still challenged about solvothermal synthesis [180,181].
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Additionally there are many other methods such as Spray Pyrolysis [184], Anodization
[155], Direct oxidation [185], Chemical Vapor Deposition (CVD) [186-188], Micelle &
Reverse Micelle Method [60,116,182,183] and Templating [155,189] are widely used to

produce Titania with nano structure.

2.3 Plasmon Enhanced Nano-particles

The surface plasmons are collective oscillations of conductive electrons in the noble metal
film or nano-particle surfaces that are induced by light or electron at the interface of two
different media with dielectric constants (i.e., metal and dielectric) [190-194]. Surface
plasmons act as a particle and have the ability to control and change the direction of visible
light in nanometer range [195,196]. The interface properties, the angle of incidence and the

wavelength of the light are very important for the stimulation of plasmons [197-199].

When plasmonic nanostructures interact with light, they have the ability of absorbing (and
thus also plasmon formation) as well as scattering light. The light-scattering characteristic
of the nano-particle depends on the shape, size and the structure of the nano-particle.
Plasmonic nano-particles are used in solar cells due to their high intensity of light, absorption
capability in wide spectrum [200], adjustable color and intensity of scattering, and lack of

photo cleavage [201] when exposed to high energy rays [202].

2.3.1 LSPR & Sensing Principle with Nano-particle Plasmon

Surface Plasmons can be classified under basic titles as surface plasmon polaritons and
localized surface plasmon [203]. Localized surface plasmons are electrically oscillating
electrons in nano-sized metallic structures on a focused dielectric material (such as nano-
particles, gaps) [204]. Light in nano-sized metallic structures on a dielectric surface causes
polarization on the surface and when they are stimulated, and they form plasmas localized
on metal structures. One of the most important features of these structures is that they exhibit

more intense resonance behavior due to the more localized electric field [205].

The electromagnetic wave with load density reaches its maximum value at the interface. And
as it moves away from the interface, it is exponentially absorbed into the environments [206].
As shown in the Figure 2.6, the light from the surface causes an oscillation of electrons [207].
This leads to the formation of positive and negative regions on the surface and the formation

of a zone in which the electric field changes periodically. The orange arrows indicate the
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change in the electric field intensity relative to the distance. Plasmons cause the electric field

to be strengthened on the surface[208,209].

Plasmonic
nanoparticle

Figure 2.6 Schematic Drawing of Surface Plasmons [207]

The resonance angle depends on the changes in the refractive index of the dielectric medium
to be attached to the metal surface and the dielectric permeability of the media. Changes in
the surface can be determined by the shifts in the resonance angle [210]. For the observation
of the plasmon resonance, a prism is placed on the surface and the reflected power is
measured against the angle of incidence of light. At a certain angle for a given wavelength,
the plasmon is stimulated and the plasmons spread across the surface to reduce the intensity
of the reflected light. When the wavelength of the incoming light matches the natural
vibration frequency of the electrons, the intensity of the reflected light decreases. In order
for plasmonic resonance to occur, the wave vector component which parallel to the dielectric

surface of the incoming light must be equal to the plasmon wave vector component [211].
2.3.2 Plasmonic Response of Metal Nano-particles

The LSPR wavelength of an excited plasma is influenced by the nano-particle size and shape
which allows the combined scattering and absorbance properties of the nano-particle to be
adapted to the desired wavelengths [212,213]. Plasmonic effects can occur in many different
materials with sufficient charge carrier density. In noble metals, plasmonic effects are very
clear due to the high conductive band electron density in the material. The more electrons or
charge carriers in the oscillation, the greater the electrostatic restoration force and therefore

teh high resonance frequency.

For different metals, the wavelength of the resonating photons is different. In other words,

ultraviolet (UV) and visible region (VIS) photons exhibit resonance behavior when they
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interact with metal nanostructures. Such noble metals are of great interest since most of the
sunlight are composed of UV-vis photons and have free conduction electrons. In the Table
2.1, it can be seen various metals and the frequency range. For the solar energy applicaitons,

optical frequencies (400-700 nm) are mostly preffered [210].

Table 2.1 LSPR Frequencies of various metals [210]

Various Metals with free electrons LSPR frequencies
Pb, In, Hg, Sn, Cd uv
Cu, Ag, Au VIS

Silver and gold have been used extensively on plasmonic effects due to their high-quality
plasmonic resonance. The superior optical properties of silver, for example, the greater
dependence of the dielectric function on energy means less absorption losses [214]. As
another metal, gold is more chemically and physically stable and resistant to oxidation, so it
is often used [215]. Other materials may also exhibit plasmonic resonances such as
aluminum and high doped semiconductors, metal oxides [216], but noble metals are
commonly used for visible and NIR resonances.86 However, LSPR wavelength depend on
the size, shape and crystal structure of the nanocrystalline and the surrounding environment

[207,217,218].

Plasmonic nanostructures with unique properties such as strengthening the electromagnetic
field, scattering the electromagnetic radiation or converting photon energy to heat have
preffered in many applications. These applications for plasmonic metals; Surface Enhanced
Raman Spectroscopy (SERS) [219], molecular detection in biological systems [220], single
molecule spectroscopy [221-224] and solar cells[225,226].

In many applicaitons, plasmonic nano-particles are used to increase light absorption in PV
devices [210] organic solar cells [227], perovskite solar cells [228-230] and DSSCs [231]
have been shown to improve the performance of gold or silver nano-particles added to the
electrode. Especially in DSSCs, these metal plasmons are used to improve the light
absorption of the dye molecules and are integrated into the photoanode to increase the optical
absorption or charge transfer of the sensitizer [232-235].This integrated system acts as an
antenna for sunlight catching in the DSSC due to the strong local area development of metal
nano-particles. The electromagnetic field on the metal surface can propagate 10-100 pm

depending on the type of metal, film thickness and surface roughness, and forms an
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electromagnetic field in the 200-300 nm range [236-238]. The Non-propagating surface
plasmons are formed around an Au nano-particles and Ag nano-particles in an
electromagnetic field of the several nm, unlike the thin film [237,239]. In this way, dense
electric fields are formed which are localized on the surface of the plasmonic metal particle.
When noble metal nano-particles are incorporated into a semiconductor material such as
TiO2 [240-242], The semiconductor band gap energy and the light illumination source
overlap the wavelengths of the surface plasmon resonance; and thus it is possible to use the
visible light spectrum of solar radiation [243]. Photons that are not initially absorbed by the
dye may be dispersed by metal nano-particles during irradiation. Thus, the photons can pass
through the photoactive layer and be absorbed by the dye. As the most important advantage
of the system is to increase the efficiency of a cell by increasing the photon absorption. As
aimed in this thesis, it is preferable to integrate metallic nanostructures into the cell layer

and utilize their resonance with incoming light to increase light absorption in DSSCs [244].
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CHAPTER 3

EXPERIMENTAL

3.1 Nano-particle Synthesis

Plasmonic TiO; photoanodes were synthesized by multi-stage methods using solvothermal
and silanization procedures, respectively. Figure 3.1 represents the schematic pathway for

the synthesis of plasmonic TiO2 photoanodes.

TiO, Nano-particles Au Decorated onto TiO, Ag Shell Form

Figure 3.1 Representation of the experimental procedure

3.1.1 Synthesis of Mesoporous TiO2 Nano-particles

The synthesis of bare TiO> nano-particles was carried out according to the previous reported
procedure by Ahmed et al [245]. Typically, 330 ul of TTIP (Titanium(IV) isopropoxide,
Ti[OCH(CH3)2], Sigma Aldrich) was mixed with 10 mL of anhydrous Acetone (Sigma
Aldrich). The as-prepared solution was stirred at room temperature for 10 min and then
transferred into a Teflon-lined stainless-steel reactor under heating at 180°C for 12 hr. Then,
the reaction medium was cooled to ambient temperature and TiO> nanoparticles precipitated

by centrifugation and washed with acetone (2 times) and deionized water, respectively.
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3.1.2 APTES attchment onto TiO2 nanoparticles

For the silanization and attachment of the primary amine groups (-NH2) onto bare TiO>
nanoparticles, isopropanol (15 mL), APTES (2 mL), and TEA (0.3 mL) were added onto the
particles and sonicated at room temperature for 10 min. The mixture was transferred into a
T-shape glass reactor and heated in a water-bath at 80°C for 24 hr. The primary amine
attached TiO2 nanoparticles (-NH2-TiO2, APTES-TiOz) were washed with isopropanol and

ethanol and dispersed in water for further usage [246].
3.1.2.1 Synthesis of Au@TiQ; Particles

The presence of primary amine groups (-NH»-TiOz) enables TiO; to adsorb Au nanoparticles

on its surface (Figure 3.2).

Au nanoparticles were prepared by Turkevich method using sodium citrate reduction of the
chloroauric acid solution. Typically, 123 mg of TSC (Trisodium citrate dihydrate,
HOC(COONa)(CH2COONa)>:2H>0) was prepared in 8 mL of deionized water as stock
solution. Then, 69. 2 mg of HAuCl4 (Gold(III) chloride hydrate, Sigma Aldrich) and 89.1
mL of deionized water were heated to boiling and prepared citrate solution was added. After
15 min of boiling, the solution was cooled to room temperature. The as-prepared
APTES1@TiO: nanoparticles solution was added and stirred for 24 hours at room
temperature. The resulting particles were finally precipitated by centrifugation and washed
with deionized water (2x). This solution named as Au@TiO; and re-dispersed in DDI water

for further usage.

0 '.& . OC,Hs
H,0 :.‘ b2l ( \Sli NH
HAuCl, + § 8;:112 Hzo pr—— ::.‘. >t — o IW 2
* M2 NPs by X
NG 4 5 22%° Au NP attachment OC,Hs

via amine groups
of TiO, nanoparticles

Figure 3.2 Au Attachment Procedure of TiO, Nano-particles
3.1.2.2 Synthesis of Ag@Au@TiO> Nanoparticles

A seed-mediated growth process was employed to synthesize the Ag shell around the

Au@TiO nanoparticles. Typically, 1065 mg of AgNOs (Silver nitrate, Sigma Aldrich), 311
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mL DDI water, and 8875 mg of TSC (Trisodium citrate dihydrate,
HOC(COONa)(CH2COONa)>-2H>0) were mixed and the as-prepared Au@TiO> solution
into the reaction mixture under vigorous stirring. The pH of solution was adjusted to pH:10
using NH3z (Ammonia, 1 M). When solution reach the desired pH level, 1775 pl of HCHO
(Formaldehyde solution 10%) was added dropwise. The reaction was stirred for 2 hours at
room temperature. The resulting particles were finally precipitated by centrifugation using

DDI water and dried at 60°C for further usage.
3.2 Device Fabrication

Our DSSC device structure is shown in Figure 3. The sandwich- type structure consists of a
I'/ I5™ electrolyte solution, TiCls blocking layer, plasmonicTiO2 photoelectrode, N719 dye

sensitizer, and a Pt coated FTO glass are schematically illustrated.

-
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Plasmonic TiO,

@ Nanostructures .
-
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| Py 4
|
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Figure 3.3 Schematic Representation of the Planned DSSC Structure.

3.2.1 Device Fabrication Process
3.2.1.1 FTO Coated Glass Cleaning

To produce the dye sensitized solar cells, FTO (Fluorine-doped Tin Oxide, Sigma Aldrich)
coated substrate was used as a glass plate. The FTO glass was cut into 9 pieces with the help

of a glass cutter. The dimensions of each sample are 2.5 cm x 1.5 cm (2.2 mm).
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Figure 3.4 a) FTO Cutting and b) Cleaning Processes

FTO coated glasses were firstly washed with detergent and then rinsed with DDI water in
order to eliminate any contaminants. Subsequently, surface cleaning process was started to
increase the conductivity on the surface (Figure 3.4). Samples were sonicated for 5 minutes
in DDI water (at 70°C) with the addition of 1% Hellmanex III (Sigma Aldrich). After the
FTO glasses were dried using filtered compressed gas, the process continued with ultrasonic
cleaner bath in isopropyl alcohol bath for 5 minutes. Then, samples were dump-rinsed twice

in boiling deionized water and cleaned samples was dried using filtered compressed gas.

To determine the conductive side of glassed, resistance value was controlled using
multimeter probes. Finally, samples were placed into the UV Light cabin (254 nm Hg,
OSRAM PURITEC HNS UV-C lamps) and irradiated for 10 minutes.

3.2.1.2 Preparation of Photoanode Paste

Preparation of TiCls Solution: A stock solution that consist of 2 mL of TiCly (Titanium(IV)
Chloride, Sigma Aldrich) and 98 mL of deionized water was prepared at 0°C. 40 mM of the
TiCls solution was blended and sonicated. Cleaned glass samples was dripped into the
prepared solution at 70- 80°C for 30 minutes. After, samples were annealed at 450°C for 30
minutes. Then, samples were dump-rinsed twice in boiling deionized water and once in

ethanol. Finally, cleaned samples was dried using filtered compressed gas.

Preparation of TTIP Solution: 5.116 g of TTIP (Titanium(IV) isopropoxide,
Ti[OCH(CHs3)2]4), 1.821 g of TEA (Triethylamine, (C2Hs)3N) and 1.081 g of HAc (Acetic
acid, CH3CO2H) was mixed with 10 mL of ethanol in separate flasks and stirred at room
temperature for 15 minutes at 400 rpm. After stirring, solutions were mixed in a single flask
and resulting solution was stirred using magnetic stirrer bar at 50°C for 2 hours at a same
rotation speed. The final mixture was aged at room temperature overnight to produce the gel

structure. After aging, the mixture was ready to be coated on conductive glass samples. TiO2
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layers with varying thickness were coated on cleaned FTO substrates. 50 pL of TTIP sol
taken with the aid of adjustable tip ejector and deposited onto glass substrates using a spin

coater (2000 rpm, O rpm/s, 30 s) and annealed at 450°C for 30 minutes (Figure 3.5).

Preparation of P25 Paste: 4.24 g of P25 TiO2 powder (Evonik, Degussa, 21 nm), 9.28g of
two different EC ( with 56.25 wt % Ethyl Cellulose, Sigma Aldrich and with 43.75 wt %
Ethyl Cellulose, Sigma Aldrich) powders with different viscosities were dissolved together
in 18.4 mL of terpineol (Sigma Aldrich) to prepare a homogenous paste according to
previous reported study by Atli et al [248]. Note that, terpineol were used as dispersant, EC

were used as thickener, and P25 were used as precursor source.

Spin coating was carried out with FTO glass with TiO2 drop on it (rotates for 30 seconds at
2000 rpm, 1 time) in the spin coater device. Then, samples were taken out of the spin coater

and was preheated at 450°C for 15 minutes inside the furnace to deposit TiOx.

Figure 3.5 Spin Coating Process.

As a second step, the TTIP solution was coated onto the P25 paste using a spin coater with
3 drop cycles (rotates for 30 seconds at 2000 rpm, 3 times). Subsequently, samples were
taken out of the spin coater and was preheated at 450°C for 5 minutes inside the furnace to

deposit TTIP.

The mixing percent of paste and bare & plasmon is given in the Table 3.1.
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Table 3.1 The mixing percent of paste and bare & plasmon

Label Nanocomposite concentration (wt %)

P 25 paste -

Au@TiO, 0.125

Au@ - 2x 0.25

Au@ - 4x 0.5

Au@ - 8x 1

Ag@ - x 0.125

Ag@ - 2x 0.25

Ag@- 4x 0.5

Ag@ - 8x 1

3.2.1.3 Anchoring of Dye Sensitizer to Oxide Surface

To dye anchoring process, N719 (di-tetrabutylammonium cis-bis(isothiocyanato) bis (2,2'-

bipyridyl-4,4'-dicarboxylato) ruthenium(II), Sigma Aldrich) was carried out as follows.

Figure 3.6 Samples after Dye Loading

A 0.3 mM methanolic dye solution was prepared and the TiO> thin films produced in the
previous step were introduced into the dye sensitizer which was protected from heat and
light for 18 hours to perform a molecular bond as well as physical adsorption into the
mesoporous structure of the substrates. Finally, the dye-anchored samples were rinsed with

ethanol to remove any contaminants (Figure 3.6).
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3.2.1.4 Preparation of Electrolyte

0.6 M of BMII (1-Butyl-3-methylimidazolium iodide, Sigma Aldrich), 0.5M of TBP (4-tert-
Butylpyridine, Sigma Aldrich), 0.1M Lil (Lithium Iodide, Merck), 0.05 M 1, (Iodine, Sigma
Aldrich) and ACN (Acetonitrile, CH3CN Sigma Aldrich) were mixed and stirred for 2 hours
at 400 rpm.

3.2.1.5 Preparation of Counter Electrode

Cleaning process of FTO coated conductive glass samples was also done in counter
electrode. Typically, 5 mM of Chloroplatinic Acid Hydrate (H2PtCls xH>0, Sigma Aldrich)
was dissolved in 2-propanol (Sigma Aldrich) was employed to 20 coating cycles onto FTO
glass with spin coater (rotates for 30 seconds at 2000 rpm, Srpm/s, 20 times). Then, the as-

prepared counter electrodes were annealed on tube furnace for 30 minutes at 450 °C.
3.2.2 Assembly of DSSC

A metal has a circular hole with a radius of approximately 3 cm was placed on the glass
which the TiO, empty side and all the produced components were combined together in a
sandwich-type structure attached with two latches. To form the final structure, the liquid
electrolyte solution of the redox reactions (Figure 3.7.a) was poured between the completed
photoanode film consists of a dye coated TiO» working electrode and a Pt coated FTO

substrate counter electrode (Figure 3.7.b).

Figure 3.7 a) Electrolyte Solution applying b) DSSC Assembling
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3.3 Characterization of the Photoanodes and Devices

3.3.1 Characterization Methods Devices of TiO2

Scanning Electron Microscope (SEM): The morphology, composition and structure of the

samples were studied using a FEI Quanta 200 FEG Scanning Electron Microscope (SEM).

X-Ray Diffraction Spectroscopy (XRD): In this study, the phase composition of Au and Ag
coated mesoporous TiO2 nanoparticles as well as the bare TiO2 was determined by a Rigaku
Miniflex 600 Table Top Powder X-ray diffractometer. Cu Ko radiation (A = 1.54 A) was
used and operated at 40 kV and 15 mA. The diffraction patterns were collected over 20-80
© with a step size of 0.02 °. Results were analyzed using PDXL software by comparing with

the library data [249].

X-Ray Photoelectron Spectroscopy (XPS): To investigate the formation of Au and Ag shell
coating on the TiO2 Nano particles, X-ray photoelectron spectroscopy was used by scanning
a surface area with a diameter of 400 um. Analysis was performed using Thermo-K-Alpha-

Monochromatic high-performance XPS Spectrometer.

Surface Area Measurement (BET): BET analysis were employed to determine the surface
areas of the Au decorated and Ag shell formation of mesoporous TiO2 nanocomposite as

well as the bare TiO» using the Quantachrome Corporation, Autosorb-6 device.

3.3.2 Characterization Methods Devices of DSSC

UV- Visible Spectroscopy: Absorption measurements of the films in the dye immersing
study were performed with Shimadzu Corporation UV-1700 series. The absorbance
properties of UV-visible-infrared regions were determined using reflectance measurements.
Thus, the change in absorbance values of the obtained films in the Ultra Violet and Visible

regions was observed [250].

Electrochemical Impedance Spectroscopy: The Electrochemical Impedance Spectroscopy
(EIS) measurements were performed using a three-electrode configuration in 0.5M H>SOs.
The measurements were done in an Interface 1000E Potenstiostat device at various potentials
from 0.0 to -0.3 V versus RHE in the frequency range of 0.05 to 10° Hz with an amplitude
of 10 mV.
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Current- Voltage Measurements: The performance of a solar cell is determined by its ability

to convert the energy they receive from the sun into electrical energy (Figure 3.8).

|)

I-/I;Redox Electrolyte

Dye
Sensitizer

. Plasmonic
FTO Blocking 0, Nanostructures Pt-Coated FTO
Layer Layer

Figure 3.8 Working Mechanism of Produced DSSC

Thanks to the solar simulator device, measurements were closed to natural sunlight and the
performance of the cell were measured by a Abet Technologies device (Keithley 2400 source

meter under 0.3 sun illumination, AM 1.5 G 100 mW /cm?, Figure 3.9)

Figure 3.9 Current- Voltage Measurement Process
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CHAPTER 4

RESULTS & DISCUSSIONS

4.1 Scanning Electron Microscope Results

The SEM images of the plasmonic TiO2 nanoparticles are given in Figure 4.1. All of the
nanoparticles were obtained with narrow size distribution and clear morphologies. As seen
in Figure 4.1, there is no significant change in both of the mean size distribution and surface
morphology of the TiO2 substrate after Au decoration onto bare TiO2 nanoparticles [240,
244]. Figure 4.1-D represents the SEM photographs of Ag shell formation via seed mediated
growth of Ag onto Au@TiO2 nanoparticles. The mean size of the Ag@Au@TiO:
nanoparticles slightly changed with no change in the spherical morphology of the main

substrate (i.e., bare TiO2).

Figure 4.1. SEM images of A-B) TiO; nano-particles, C) Au@TiO; nano-particles,
D) Ag@Au@TiO; nano-particles.
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Figure 4.2 SEM images of Au@TiO2 and Ag@ Au@TiO; nano-particles.
Additionally, Figure 4.2 shows the size distribution of the decorated Au nanoparticles i.e.,
15-20 nm) onto primary amine attached TiO: nanoparticles. Furthermore, the diameter

distribution of the Ag shell onto Au@TiO: nanoparticles was measured using SEM images

as well (i.e., 30 nm, 50 nm, and 100 nm)
4.2 X-Ray Diffraction Results

XRD measurements were made between 20° and 80° for 20 value. In the Figure 4.3, the
peaks from the crystal structures of the particles can be seen very clearly. The most severe
peaks from the XRD graph of the synthesized nanocomposites appears as scattering of
approximately 20 = 25° / 28° (1 0 1) which are shown by green square symbol and shows
the formation of anatase TiO> crystals [250, 251]. It is known that dye-sensitized solar cells
demonstrated better light harvesting efficiencies compared to particles with anatase structure
[126,127]. The crystal structure of the synthesized particles in the higher anatase phase
indicates that more efficiency can be obtained from TiO; particles, which are commonly used

as standard [130].

XRD
10000 4 * = Ag@AuU@TIO,
= Au@TIO,

m— TiO,

50004

Figure 4.3 XRD result of Bare TiO», Au@TiO; and Ag@Au@TiO, nano-particles.
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Au decorated TiO2 nano-particles and Ag shell formation onto Au@TiO» nano-particles were
also analyzed by XRD (Figure 4.3). The crystalline peaks of Au were indicated by yellow
triangle symbols. 20 =37° peak indicated the Au is decorated onto TiO2 [240]. In the silver
doped structure 20 = 44°, and 20 = 64° peaks were observed [244]. This peaks strongly are
in a good agreement with SEM images and represents the formation of Ag shell. As seen in
Figure 4.3., by coating of Ag onto the Au@TiO; nanoparticles, the specific peaks and related
intensities were improved. The increase in the intensity of the plasmonic peaks showed the

successful fabrication of plasmonic TiO> nano-particles.

4.3 X-Ray Photoelectron Spectroscopy Results

XPS was used to investigate the attachment of Au and Ag shell formation onto TiO>

nanoparticles by scanning a surface area with a diameter of 400 um (Figure 4.4)
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Figure 4.4 XPS images of Bare TiO,, Au@TiO; and Ag@Au@TiO; Nano-particles
Ti 2p, O 1s, Au 4f, and Ag 3d bands obtained for plasmonic nano-particles clearly

demonstrated the successful formation of Au@TiO; and Ag@Au@TiO; nanoparticles.

Finally, the presence of Ti 2p band in all of the results can be evaluated as a critic point
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showing the deposition of Au and Ag@ Au onto TiO2 nanoparticles in good agreement with

SEM and XRD results.
4.4 Surface Area Measurement (BET) Results

The surface areas of the synthesized bare TiO2, Au@TiO2 and Ag@Au@TiO; nanoparticles
were evaluated according to the BET model and the obtained results are given in Table 4.1.
From the 7-point BET analysis, the specific surface area of the anatase TiO2 powders was
increased after the attachment of Au nanoparticles. Additionally, the specific surface area of
Ag@Au@TiO; nanoparticles was markedly lower compared to the Au@TiO> with respect
to the Ag shell layer. It could be noted that, high surface is one of the crucial points that will
improved the highly amount dye molecule adsorption, filling of mesopores, as well as

efficient light harvesting efficiency for newly synthesized photoanodes [205,234].

Table 4.1 Area-Volume-Pore Size Summary of Synthesized Materials

Area-Volume-Pore Size Summary- TiO2

Multipoint BET 144.7 m?/g

Surface Area Data BJH Method Cumulative Adsorption Surface Area 192.1 m%*/g

BJH Method Cumulative Desorption Surface Area 209.8 m¥/g

BJH Method Cumulative Adsorption Pore Volume 0.2924 cclg

Pore Volume Data BJH Method Cumulative Desorption Pore Volume 0.2982 cc/g

BJH Method Adsorption Pore Diameter (Mode). 7.78 nm

Pore Size Data BJH Method Desorption Pore Diameter (Mode) 5.67 nm

Area-Volume-Pore Size Summary - Au@TiO:2

Multipoint BET 157.2 m*g

Surface Area Data BJH Method Cumulative Adsorption Surface Area 208.7 m¥g

BJH Method Cumulative Desorption Surface Area 214.8 m*/g

BJH Method Cumulative Adsorption Pore Volume 0.2524 ccl/g

Pore Volume Data BJH Method Cumulative Desorption Pore Volume 0.2530 cc/g

BJH Method Adsorption Pore Diameter (Mode). 5.60 nm
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Pore Size Data BJH Method Desorption Pore Diameter (Mode) 4.92 nm
Area-Volume-Pore Size Summary - Ag@Au@TiO2
Multipoint BET 52.85 m?¥g
Surface Area Data BJH Method Cumulative Adsorption Surface Area 68.80 m?*g
BJH Method Cumulative Desorption Surface Area 73.61 m?¥g
BJH Method Cumulative Adsorption Pore Volume 0.1087 cc/g
Pore Volume Data BJH Method Cumulative Desorption Pore Volume 0.1105 cc/g
BJH Method Adsorption Pore Diameter (Mode). 6.68 nm
Pore Size Data BJH Method Desorption Pore Diameter (Mode) 5.63 nm

Figure 4.5 shows the comparison of the pore size distribution of bare TiO2, Au@TiO; and

Ag@Au@TiO; nanoparticles, respectively. All of the nanoparticles demonstrated sharp

peaks related to the mesopore fraction ranging between 4.8-7 nm. The marked decrease of

the mesopore fraction from 4.8 nm (i.e., Au@TiO;) to 6 nm (Ag@Au@TiOy) should be

explained by the filling of the mesopores of the Au@TiO> nanoparticles after the Ag shell

formed.
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Figure 4.5 BET Pore Volume Results

To visualize the adsorption isotherm, Relative Pressure against Volume graph was plotted

for each sample (Figure 4.6). Isotherm graphs are given information about the porosity in

particular regarding the shape, type and depth of porosity of the existing pores.
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Basically, isotherm indication divided into three regions. First of from O to 0.3 P/PO is
derived from the relative pressure, the second from 0.3 to 0.75 P/P0 and the third of 0.75 —
1.0 is P/PO range. The graphs are consistent with Type 4 isotherm graphs and strongly proves

that the newly synthesized photoanodes bears mesoporous structure.
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Figure 4.6 A)N, Adsorption/ Desorption Isotherm of Synthesized Materials,
B)BET Plot of Synthesized Materials

4.5 Device Characterization Results

Figure 4.7 shows the UV-Visible results of the prepared devices. Considering the spectrum
between 400 and 800 nm, an absorption peak of TiO> can be seen in all samples before dye
doping. Presence of Au and Ag particles is also seen from the pre-dye absorption analysis
results. From the UV-Visible data, the intensity of the absorbance increased as the coating

cycle increased.
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Figure 4.7 Absorption Spectra of All Samples

In the figures 4.8, 4.9 and 4.10, devices before and after dye loading are compared,
respectively. After dye loading, new peaks of absorbance at long wavelengths are formed.
The adsorption of dye molecules resulted in a considerable increase in the absorption of
sunlight in the visible region for all samples. By considering the absorbance value of the
samples before dye adsorption first sample as a reference, light absorption is improved in
the visible and NIR region when the Au and Ag layer was applied (Figure 4.9 and Figure
4.10). As a noticeable conclusion, the formation of Ag shell using a seed mediated growth

leads to the better absorbing quality compared to bare and Au@TiO; added devices (range
up to NIR field).
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Figure 4.8 Absorption Spectra of Before and After Dye Loading of Bare TiO»
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4.6 Current-Voltage Measurements Results

To investigate the photovoltaic performance of plasmonic DSSC, current-voltage (J-V)
properties were obtained. Active area for all of the measurements is given as 0.27 cm?. Jsc,
Voc, FF and I] values and the photovoltaic performance of the cells is summarized in Table

4.2.

Table 4.2 JV Characteristics for Different Sample Ratios

NP Sample | Rs RCT Rr Jsc Voc FF n

(w2grP25 ((0) ((0) ) | mA/em?) | (V) (%)
paste)

Og Bare 29.09 | 324.00 | 241.10 13.41 0.68 0.65 5.91
2.5 mg Au@-x | 19.29 94.66 121.8 17.20 0.64 0.62 6.86
5.0 mg Au@-2x | 22.7 350.6 10.63 18.36 0.65 0.64 7.62
100 mg | Au@-4x | 17.76 637.9 18.11 14.13 0.66 0.65 6.08
200mg | Au@-8x | 16.61 261.8 235.3 14.59 0.63 0.63 5.85
2.5 mg Ag@-x | 23.44 | 513.00 | 600.00 17.18 0.66 0.66 7.41
5.0 mg Ag@-2x | 22.14 | 1005.00 | 1017.00 17.30 0.64 0.61 6.76
100mg | Ag@-4x | 19.15 | 125.30 | 133.10 14.98 0.67 0.63 6.35
200mg | Ag@-8x | 17.66 54.54 136.00 12.97 0.71 0.66 6.07

The highest open-circuit voltage (Voc) was taken as 0.71 V from the cell using 20 mg
Ag@Au@TiO; nanoparticles. The highest value of the short circuit current per cm? (Jsc)
was taken from the cell containing 5 mg Au@TiO nanoparticles as 18.36 mA/cm?. Based
on these values it is clear that the plasmonic particles directly affects the efficiency of the

solar cell (Figure 4.11).
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Figure 4.11 JV Characteristics of all synthesized nano-particles

The presence of plasmonic photoanodes affected directly the Jsc value of the devices as
(Figure 4.11). By increasing the amount of the plasmonic photoanodes, a decrease in the Jsc
value was observed (Figure 4.11). Additionally, the maximum Jsc value was found around
17.30 using Ag-2x particles. Furthermore, from Table 4.3, as the amount of current
increases, the voltage value also increased for both particle types (i.e., Au@TiO, and

Ag@Au@TiO; nanoparticles, Figure 4.12) [253].
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Figure 4.12 JV Characteristics of A) Au@TiO;and B) Ag@Au@TiO; nano-particles
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Figure 4.13 Efficiency curve of Bare TiO,, Au@TiO, and Ag@ Au@TiO; nano-particles

The device efficiency values using different plasmonic nanoparticles are given in Figure
4.13. As seen here, while the efficiency of the cell using only bare TiO2 nanoparticles
reached to 5.91%, DSSCs with Au@TiO; and Ag@Au@TiOz nanoparticles demonstrated
6.86% and 7.41% efficiencies, respectively. These results clearly proved that the addition of
plasmonic nanostructures directly affected the cell efficiency even at low concentrations.
However, by increasing the amount of nanoparticles (i.e., 2x, 5 mg), the efficiency related
to the Ag@Au@TiO; nanoparticles decreased due to the reduced surface area compared to
Au@TiO, nanoparticles. The highest efficiency obtained after the measurement are
established as the seventh sample with 7.62 % that is doped using 5 mg of Au particles
(Figure 4.13). On the other hand, solar cells with 2x amount of plasmonic nanoparticles (i.e.,
5 mg) showed smaller Voc value (0.64 V and 0.63 V for Ag@Au@TiOz and Au@TiO>
nanoparticles, respectively) and maximum resistivity (1017 € and 253 Q for Ag@ Au@TiO>

and Au@TiOz nanoparticles, respectively) for two kinds of photoanodes.

The generation of photoelectrons is closely related to the dye molecules. The surface area of
TiO2 determines the amount of adsorption of dye molecules. Therefore, the design and
preparation of TiO2 with a high specific surface area plays an important role in the generation
of photoelectrons. We can compare the results from the literature in two different categories.
The first group is the application of bare TiO> micro/nanoparticles for dye sensitized solar
cell: for example, TiO2 microspheres and uniform TiO>2 submicrospheres were synthesized
for dye sensitized solar cells application with high PCE value [254, 255]. Zhao-Qian Li et.
al. reported the hierarchical TiO> microstructures with the 9.79% PCE value [256]. In
another work, mesoporous TiO> (mp-TiOz) with a compact TiO2 blocking layer (bl-TiO>)

were utilized for enhanced dye sensitized solar cells applications [257]. Yuewu Huang et.
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al. employed the commercial P25 nanoparticles and achieved an efficiency of 10.3% [258].
Additionally, mesoporous TiO, microspheres with P25 were applied with double-layer P25
film and they achieved 5.61% PCE value [259]. Weiguo Zhang et. al. synthesized
mesoporous anatase or rutile phase microspheres for efficient dye sensitized solar cell
applications with 5.9- 6.3 % PCE value [260]. Furthermore, hollow TiO spheres (HSs) and
TiO2 nanorods (NRs), and hierarchical SnO2/TiO2 composite hollow microspheres were

utilized for DSSCs with 9.6 % and 8.70% PCE values, respectively [261, 262].

The second group is the application of metal doped TiO2 nanocomposites for dye sensitized
solar cell: for example, W-TiO; and Cu-doped TiO2 nanostructures were employed for
DSSCs applications and they achieved 7.76% and 6.71% PCE values, respectively [263,
264]. It should be noted that, metal doped TiO2 nanocomposites demonstrated similar results

in the term of PCE values [265, 266]

The most preferred metal nanoparticles are noble materials including Au and Ag. For
example, Au@Si0O;, Ag@Si0O, and Au/TiO2 nanocomposites with different noble metal
morphologies (i.e., sphere, nanorod, and etc.) are the frequent structures for DSSCs
applications [267-270]. Note that, our reported plasmonic TiO2 nanocomposites demonstrate
the same results in the case of photovoltaic performance with plasmonic metal nanoparticles
doped TiO> nanocomposites in the literature. Similar examples are: Au-decorated TiO»
hollow spheres synthesized with 7.3% efficiency, Au@TiO2 hollow spheres with 8.31%
PCE, Au@TNTs with 5.63% PCE, Au@TNTs with 6.94% performance, Ag-doped TNPs
with 5.74% PCES, Ag-doped anatase-TiO2 with 9.45% PCE, Au/Ag/SiO> nanostructures
with 7.51% efficiency, Au/Ag TiO> nanospheres/perovskite with 8.30 % PCE, SiO>@TiO;
Core Shell to TiOz hollow and Au@Ag/TiO2> Hollow nanoparticles with 9.7% PCE values
[271-275].

4.7 Electrochemical Impedance Spectroscopy Results

Characterization of the surface modifications is essential in the energy related studies.
Electrochemical impedance spectroscopy is a powerful method to analyses the complex
electrical resistance of a system and is sensitive to surface phenomena and changes of bulk
properties. This technique is interested in the interaction between the interface, surface, and

reactive media.
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In DSSCs, electrochemical impedance spectroscopy is used to characterize the interface load
transfer process and the reaction performance on the electrode surface. Such measurements
(i.e., EIS) are used to monitor the resistances between the electrolyte and the opposite

electrode.

Electrochemical impedance spectroscopy is usually measured by applying an electrical
potential to an electrochemical cell and measuring the current. If one were to apply a
sinusoidal potential to the cell the response would be the ac current signal. EIS is normally
measured using an excitation signal that makes the cell respond pseudo-linearly. With this
linear system, the current response of the sinusoidal potential will be a sinusoid at the same
frequency but with a shift in phase. The two lines represent the current and voltage of the
electrochemical cell. A value of resistance and capacitance for the coating can be determined
through modeling of the electrochemical data. The modeling procedure uses electrical
circuits built from components such as resistors and capacitors to represent the

electrochemical behavior of the coating and the metal substrate.

The charge transfer resistance between the TiOx/electrolyte interface electrode must be
independent of that of the opposite electrode. Impedance frequencies around 100 kHz are
dominant by the Ohmic Series Resistor (Rs) of the conductive surfaces. By scanning a range
between 0.1 Hz and 1 MHz, the load transfer resistance between the Pt/electrolyte interface

were reported as Rct and its values are summarized in Table 4.4.

For the situation of an electrode in contact with an electrolyte, the so-called Randles circuit
is, comprising the solution resistance Rs, the charge transfers resistance Rct, the double layer
capacitance Cd and the Warburg impedance W. The resistivity values that related with the

frequency are given in Table 4.4 and t, values are calculated as followed equation:

1
T, = (4.1)

o 27 ax

The comparison results of EIS show that the Rct values as expected are higher for the dye
absorbed electrodes compared to the bare TiO: electrodes. As seen here, the surface
modification changes the value of electrical elements in the circuit (Table 4.4). The most
significant increase occurred to the electron transfer resistance. The Au and Ag plasmonic
nanostructures formed a barrier that prevented direct approach of the redox specious to the

electrical surface (Table 4.3).
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Label Rs Rt Rct fmax (Hz) T. (mMs)

Bare 29.09 324 241.1 110.32 1.44
Ag@-x 23.44 513 600 153 1.04
Ag@-2x 22.14 1005 1017 479 3.32
Ag@-4x 19.15 125.3 133.1 308.68 0.52
Ag@-8x 17.66 54.54 136 415.71 0.38
Au@-x 19.29 94.66 121.8 324.62 0.49
Au@-2x 22.7 350.6 10.63 47.72 3.33
Au@-4x 17.76 637.9 18.11 68.79 2.31
Au@-8x 16.61 261.8 235.3 155.06 1.03

Figure 4.14 depicts the resistance of the all prepared devices. The decrease of charge transfer
resistance (Rct) with the increasing of applied bias voltage was achieved. Because of carrier
transfer resistance is defined by the interaction between Platinum ad electrode, lower values
were obtained. In this results the Rr defines the resistivity between TiO> and electrode as
well. From the literature, the carrier transfer resonance (Rct) should be smaller while the Rr
is higher to prevent the recombination problem [253]. Additionally, solution resistance Rs

values ranging between 15-20 ohm are favorable for DSSCs.
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Figure 4.14 Impedance Graph of all Devices

The impedance results of the devices including Au@TiO; and Ag@ Au@TiOz nanoparticles
are given in Figure 4.15. As seen here, the first semi-circle corresponds to the decoration of
plasmonic nanoparticles onto the electrode. By introduction of the plasmonic nanoparticles
into device, the second semi-circle was increased compared to the bare one. Thus, an
obtained which confirms the recognition between

increase in impedance was

TiOz/plasmonic nanoparticles interface. Therefore, by increasing the concentration of



plasmonic TiO2 nanoparticles the semi-circles were increased which highlighted the good

sensitivity of the solar cell.
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Figure 4.15 Impedance graph of A) Au@TiO;and B) Ag@Au@TiO» nanoparticles

Moreover, the life time of an electron and recombination time values for all of the devices
were calculated from impedance parameters and is shown with t, value (Figure 4.14). From
the obtained results, it could be noted that the higher life time demonstrates lower
recombination rate so it effects the performance of solar cells. So, the maximum t, value
was achieved for Ag-2x containing device (i.e., 5 mg Ag@Au@TiOy) and is in a good

agreement with obtained efficiency values for this device.
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Figure 4.16 T, coefficient comparison of all synthesized nano-particles
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CHAPTER 5

CONCLUSION

Producing environmentally friendly materials and protecting nature is an important
responsibility of human beings. For this purpose, in this master thesis, an alternative
technique was employed to produce renewable energy. In this thesis, a photovoltaic

performance of 7.62% was achieved using plasmonic particles doped nanocomposite.

In summary, TiO2 powder sample was produced using two-step synthesis method and two
different doping methods. The morphology and optical properties of the produced gold and
silver plasmonic nanostructures were analyzed by different characterization methods. The
results obtained from XRD, XPS, SEM and BET were well matched with each other, and
the findings obtained from UV-Vis, Solar Simulator and EIS in DSSC characterization
supported the finding of the thesis as well.

e The crystal structures of the produced powders were analyzed by X-ray Diffraction
(XRD). The presence of metal particles in Au and Ag coated nanocomposites was
supported by peaks, while the structure was clearly in anatase form.

e The elements found on the surface of the produced powders were examined by X-ray
Photoelectron Spectroscope (XPS) and plasmon structures were found to support other
structure characterizations.

e The surface morphology was investigated by Scanning Electron Microscope (SEM)
images. With the addition of metal nanoparticles, metal particles on the surface of the
material were more clearly seen.

e The specific surface area, mean pore size, and pore size distribution values of the
plasmonic TiO; nanoparticles were examined according to the Brunauer-Emmett-Teller
(BET) method. No significant change in the mesoporous structure of the plasmonic
nanoparticles were achieved via novel seed mediated growth of the Ag shell.

e UV-Vis results of plasmonic demonstrated TiO> nanoparticles was achieved and
demonstrated the high absorption capability for both of the Ag@ Au@TiO> and Au@TiO»
even in the NIR region.

e From the current voltage measurements, it was determined that the highest PCE value

was obtained (i.e., 7.62%) using Ag@ Au@TiO; containing devices.
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e As a conclusion, an efficient cell performance values were obtained by a some pre/post

treatment layers to overcome the poor efficiency issues.

To sum up of all the findings, it will be inevitable that plasmonic nanocomposite materials
obtained by mixing TiO2 nano-particle with different metal oxides in future will be preferred

due to their superior properties in photocatalytic and energy applications.
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