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PRODUCTION OF DYE SENSITIZED SOLAR CELL AND OPTIMIZATION
OF PRODUCTION PARAMETERS

SUMMARY

Basically, a solar cell is a kind of device that converts light energy into electrical
energy through energization of electrons. They are broadly classified in three
generations. First-generation solar cells are well-known, silicon-based photovoltaic
cells that mainly dominates the solar cell market. This group contains monocrystalline
and polycrystalline solar cells. While first generation solar cells have high efficiency,
they have some disadvantages such as high manufacturing costs and requirement for
well controlled production facilities. Against disadvantages of first generation solar
cell, second generation solar cells were developed which are also considered as thin
film solar cells. Thin film solar cells have cheaper manufacturing techniques. On the
other hand they have lower efficiency than silicon-based solar cells have. Thin film
solar cells include modified transition metals such as amorphous silicon (a-Si), Cd—
Te, Ga—As and CIGS. It is important to note that, even though these two group of solar
cells have some advantageous sides, the raw materials used in manufacturing process
of solar cells have high cost or hazardous to environment and human health. Hence
further studies on environmentally friendly, cheaper and high efficiency solar cells
resulted with third generation solar cells. This group is also called as excitonic solar
cells. The excitonic solar cells have different kinds of operation principals and they
can also be grouped into nanocrystalline, dye-sensitized solar cells (DSCs) and
organic/polymer solar cells. Of these, DSCs have commercial application but it is not
in mature state yet.

DSCs show great promise as an inexpensive alternative to conventional p—n junction
solar cells. Highly efficient photovoltaic conversions, combined with ease of
manufacturing and low production costs, make the DSC technology an attractive
approach for large-scale solar energy conversion. These cells are expected to be the
next generation of solar cells because of the lower loads to environment during
manufacturing. Solidification of DSC was one of the crucial research items. While
photovoltaic applications have been dominated by solid-state junction devices, usually
made from crystalline or amorphous silicon and profiting from the experience and
material availability resulting from the semiconductor industry, there is an increasing
awareness of the possible advantages of devices based on mesoscopic inorganic or
organic semiconductors commonly referred to as “bulk® junctions because of their
interconnected three-dimensional structure.

DSCs are basically formed from nanocrystalline inorganic oxides, ionic liquids, and
organic hole conductor or conducting polymer devices. Energy harvesting is
accomplished by the optical absorption and charge separation processes after the
association of a sensitizer as a light absorbing material with a wide-band-gap
semiconductor of mesoporous or nanocrystalline morphology. They do not require
energy-intensive high temperature and high-vacuum processes, and can be compatible
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with flexible substrates, and a variety of presentations and appearances which might
facilitate market entry, both for domestic devices and in architectural or decorative
applications.

It is one of the expected results that the liquid electrolyte may inhibit the stability of
DSCs, which led many studies for producing solid state DSCs. On the other hand in
order to produce solid state Dye-Sensitized Solar cell (ssDSC) in commercial scale, it
is clear that high temperature processing is another obstacle. Thereby, a few studies
appeared on low temperature processed-ssDSCs so far. Especially, after coating of
TiO2 paste sintering process is still followed to obtain mesoscopic porous structure.

Commercialization step is looking for some intriguing properties such as flexibility,
ease of integration, stability and cost effectiveness. Hence, manufacturing flexible
ssDSCs can be realized by meeting the need of using flexible, transparent and
conductive electrodes in ssDSCs’ structure. In that point, polymeric based transparent
materials having durability against high temperature suggested as electrode.
Polyethylene terephthalate (PET) and Polyethylene naphthalate (PEN) are current
candidates for the electrode of commercial ssDSCs due to durability against
temperature up to 150 °C. Thus, in this thesis study, manufacturing ssDSCs at low
temperatures (less than 150 °C) was set forth as the main research question. Production
of fully printable solid state dye sensitized solar cell (ssDSC) was aimed to produce
with moderate efficiency. Besides that, a facile way was investigated producing ssDSC
for industrial mass production.

In this regard, doctor blade and screen printing technologies were compared to produce
ssDSCs. Screen printing is a well-known application from local textile industry for
coloration of textile goods, which is basically a kind of application of stenciling. Many
experiments were ran with the stencils by defined shapes. Prepared ink was transferred
through the holes onto conductive glass to be able to form mesoporous metal oxide
layers.

Sensitization of metal oxide layers was performed by photoactive perovskite
structures. Methyl ammonium lead iodide was synthesized successfully via reaction
of methyl amine, hydroiodic acid. Then, lead iodide was also obtained by reaction of
lead nitrate and potassium iodide. As a counter electrode, carbon-based materials was
deposited on Zirconia layer acting as a spacer layer. Subsequently, characterization
and analysis of ssDSCs produced in this thesis study was performed by using AM1,5G
solar simulator. Formation of monolithic ssDSC using screen printing technology was
resulted in solar cells in lab scale showed higher efficiency compared to the one
produced via doctor blading.

Last of all, ssDSC structure and its components was manufactured successfully by
using screen printing and doctor blade techniques enabling large area deposition.
Hence, it can be considered as an important step to realize DSCs production in
industrial scale.
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BOYA UYARIMLI GUNES PILLERININ URETiMi VE URETIM
PARAMETRELERININ OPTIMIZASYONU

OZET

Enerji gereksinimine duyulan ihtiya¢ her gecen giin giderek artmaktadir. Bu ihtiyacin
kargilanmast i¢in kullanilan kaynaklarin tiiketimi neticesinde ortaya ¢ikan karbon
salimiminin ¢evreye zararlt oldugu bilinmektedir. Cevreye daha az yiik getiren ve
ekonomik acidan daha uygun olan yenilenebilir enerji kaynaklarinin kullanimi 6n
plana ¢ikmistir. Bu kaynaklarin kullanimi iilkemiz i¢in de 6ncelikli alanlardan biridir.
Temiz ve ucuz yenilenebilir enerji kaynagi olan gilines enerjisinin kullanimi i¢in hali
hazirda kullanilan silikon bazli giines pillerinin liretim teknolojisi ve maliyeti dikkate
alindiginda insanoglu daha rantabl ¢éziimler arayisina girmistir. Diinyanin toplam
enerji ihtiyaci 2010 itibariyle 5x10%J seviyelerini yakaladigi tahmin edilmekte ve bu
degerin Oniimiizdeki 20 y1l boyunca yillik %2 artis gosterecegi One siiriilmektedir.
Uluslararasi Enerji Ajansi’nin 2010 yil1 verilerine gore giinliik 85 milyon varil petrol,
3milyon ton komiir tiiketilmektedir. Bu miktarda tiiketim baz alindiginda fosil
kaynaklarin 40-60 yil arasinda ekonomik omriiniin kaldig1 hesaplanmaktadir. Diger
yandan insan sagligi, cevre ve iklim {izerinde her gegen giin bir bagka zarar1 kesfedilen
sera gazlarmin fosil yakit tilketiminden kaynaklanmasi yenilenebilir enerjiye yonelimi
zorunlu kilmaktadir. Yenilenebilir enerji sirketler ve iilkeler i¢in 6nemli bir sektor ve
rekabet kalemidir ve yakin gelecekte 6neminin daha da artacagi beklenmektedir.

Ulkemiz agisindan bakildiginda ise enerji faturasmin toplamda 60 milyar dolart
buldugu gozlenmektedir. Artan sinai iiretim sebebiyle bu rakam her yil yaklasik %9
bliyiime kaydetmektedir. 2023 itibariyle enerjinin  %30’unun yenilenebilir
kaynaklarindan eldesi hedeflenmistir. Bu agidan giines enerjisi olduke¢a kritik bir
kaynak olarak karsimiza ¢ikmaktadir. Bunun yani sira fotovoltaik teknolojileri pazari
1997°den beri yillik %33 civarinda biiyimektedir ve en 1yi senaryolara gore 2100
yilinda enerji {iretiminin yarisinin giines enerjisi teknolojilerinden karsilanacagi
ongoriilmektedir. Giines enerjisi fosil yakit darbogazindaki lilkemiz a¢isindan ciddi
bir alternatiftir. Cilinkii Akdeniz havzasinda bulunan iilkemizin Ozellikle giiney
bolgelerinde havanin yilin 300 giinii giinesli, ortalama sicakligin 19°C civarinda
olmasi sebebiyle fotovoltaik enerji liretimi i¢in biiyiik avantaja sahiptir.

Giines pilleri genellikle 3 kategoride (3 nesil) incelenmektedir. Birinci nesil glines
pilleri fosfor ve bor katkili kristalin silisyum veya germanyum igeren bir p-n eklemi
yapisindadir. Pazar pay1 daralsa da bu piller halen en yaygin olan pillerdir. Elektronik
endiistrisinin yan {riinleri giines pili olarak kullanilmaktadir. Kurulum ve iiretim
maliyeti yiiksek saflikta silisyum gerektirmesinden yiiksektir. Ulkemiz her ne kadar
birinci nesil silisyum teknolojilerinde geri kalsa da 2020 yilina kadar Si igeren ve Si
icermeyen giines pili teknolojilerinin ayni1 pazar ylizdesine sahip olacagi; 2030 yilinda
Si bazli giines pillerinin pazarin %20°nin altina inecegi 6ngoriilmektedir. Bu sebepten
Si igcermeyen yliksek performans ve yliksek performans/maliyet oranl iiriinler iizerine
caligmalar yogunlagsmalidir. Bu beklentiler 15181nda yerkiirede toplam kaynagi ¢cok az
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olan indiyum, galyum, telurid gibi bilesenleri olan giines pillerinin yerine; daha kolay
ve ekonomik yollarla ulasilabilen iiriinlere yogunlasilmas1 énem arz etmektedir. Ikinci
nesil giines pilleri denilen bu tip piller sandvig¢ yapili ince film morfolojisinde olup
birinci nesle nispeten daha az aktif malzeme gerektirmektedir. Kadmiyum tellurid
(CdTe), bakir indiyum galyum diselenid (CIGS) ve amorf silisyum (a-Si) tabanli
giines pilleri yaygin olarak kullanilan ikinci nesil giines pillerinden birkagidir.

Kadmiyum telliirid esasli ince film giines pilleri watt bagina maliyet agisindan kristalin
silisyum en yakin ikinci nesil giines pilleridir. Ancak kadmiyumun ¢ok zehirli olmasi
ve telliir kaynaklarinin azlig1 bu pillerin liretiminde en biiyiik sorundur. Yine de 2013
verilerine gore ince film giines pillerinin yarisindan fazlasini olusturmaktadir. Bakir
indiyum galyum diselenid (CIGS) tabanli giines pilleri ikinci nesil ince film giines
pilleri arasinda en yiiksek verimlilige sahip olamidir [6], [7]. CIGS giines pillerinin
absorpsiyon katsayisi silisyum olanlara gore daha fazla oldugu igin ayni kalinlikta
silisyuma giire daha fazla 151k emilimi yapar. Bu da daha ince ve daha hafif giines
pillerinin {iretilmesine olanak saglar. Yukarda bahsedilen birinci ve ikinci nesil giines
pillerinin dezavantajlarin1 g6z Oniine alarak {i¢iincii nesil eksitonik giines pilleri
gelistirilmistir.  Eksitonik  glines pilleri silisyum  bazli  glines pillerinin
dezavantajlarinin bir¢ogunu ortadan kaldirmistir. Genel olarak iiclincli nesil giines
pilleri de kendi aralarinda 3 farkli grupta degerlendirilmektedir:

. Nanokristalin tabanl giines pilleri
. Boya Uyarimli Giines Pilleri (BUGP)
. Organik / Polimer tabanl giines pilleri

Bahsedilen {igiincii nesil giines pilleri icerisinde BUGP yeni ticarilesmeye baslamas,
iiretimi kolay ve hatir1 sayilir enerji verimliligi saglayan sinifi temsil etmektedir. Bu
anlamda BUGP nin avantajlart:

Agik laboratuvar kosullarinda tiretilebilmesi, temiz oda gerektirmeyisi
Bilesenlerinin birgcogunun iilkemiz kaynaklarindan saglanmasi

Bilesenlerinin islenmesi lizerine laboratuvarlarimizin tecriibesi

Performans acisindan miitevazi olsa da performans/maliyet oraninda yiliksek
degerler gostermesi

olarak o6zetlenebilir.

Bu anlamda SMW alt1 yatirimlara yonelik paneller, ev tipi, kapali ortam pilleri,
elektronik cihaz pilleri, cam {izerine isleme gibi alanlarda tercih edilecegi
ongoriilmektedir.

BUGP iizerine arastirmalar 1960 sonlarina gitse de 6nemli ilerleme Gratzel ve ekibinin
genis aralikta emilim yapan boyarmaddelerin nanokristalin TiO2 kompleksinin
senteziyle gergeklestirilmistir. Bu sayede ilk kez inorganik bazli gilines pillerinin
verimi basit bir mekanizma ve ucuz malzemeler kullanarak miimkiin hale gelmistir.
Hava kiitle katsayis1 1.5AM 1s1masi altinda verimlilik %10 seviyeleri yakalanmastir.

Boya uyarili giines pillerinin (BUGP) ¢alisma mekanizmasi incelendigi takdirde iic
temel fonksiyon icra edilmektedir. Bunlar boyar maddenin (BM’) fotouyarimi, metal
oksite (MO) elektron transferi, redoks ciftinden aldig1 elektronla BM’nin
rejenerasyonu. Yari iletken film tabakasi elektrolit, boya ve calisan elektrot ile temas
halindedir. Giinesten gelen fotonlarin boya molekiiliine ¢arpmasi neticesinde boya
molekiiliinden bir elektron TiO2 ‘in iletkenlik bandina aktarilir. Elektron TiO2
izerinden iletken elektrotlara sonrasinda ise dis devreye tasmir. Karsi elektrotta
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elektrolitte meydana gelen indirgenme reaksiyonu ile elektron elektrolite tasinir. Son
olarak yine uyarilan BM elektrolitten elektron transfer ederek sakin duruma geger ve
slire¢ tamamlanmis olur. Sistemde yer alan TiO: elektron toplayici ve boyanin ylizey
alanini artiric1 yonde gorev yapar. TiO2 galisan elektrot iizerine kaplanmakta ve TiO>
iizerine ise BM molekiilii tutunmaktadir. BUGP’ nin verimliligini artirmak amaci ile
TiO2 nin spesifik yiizey alani artirilmas1 6nemlidir. Bu sayede BM’ye yiiksek diizeyde
yiizey alani saglamakla gorevlidir. Bunun yani1 sira metal oksit tabaka elde edilen
serbest elektronlar1 ¢alisan elektroda iletim gorevini de iistlenmistir. Yukarida da
aciklandigi iizere glinesten gelen 1inlarin uyariciya ¢arpmasi neticesinde, boyarmadde
uyarilarak son yoriingesindeki elektronlar uyaricinin iletkenlik bandina aktarilir. Daha
sonra ise uyarilan elektron uyaricinin iletkenlik bandindan, metal oksit tabakanin
iletkenlik bandina dogru hareket eder. Metal oksit tabakanin iletkenlik bandina
aktarilan elektronlar burada metal oksit tabakanin sahip oldugu 3 boyutlu yapisi ile
iletken elektrotlara aktarilarak bir dis devreye gegirilir. Elektronun tiim bu hareketi
sirasinda bir potansiyel enerjisi vardir ki bu enerji miktart MO’nun Fermi enerji
seviyesine esittir.

BUGP’nin yapisin incelendigi zaman yap1 da yer alan sivi elektrolitin sizma ya da
buharlagma gibi ¢esitli nedenlerle BUGP yapisin terk etmesi BUGP i¢in bir dezavantaj
olarak degerlendirilmistir. Bu durum ayn1 zamanda BUGP nin ticarilesmesi yolunda
en bliylik problemlerden goriilmiistiir. Bu dogrultuda sivi elektrolit yerine kat1 yiik
tastyict bilesenlerin kullanimi ile kati hal boya uyarimli giines pilleri (khBUGP)
gelistirilmistir.

Bu tez caligmasi kapsaminda her bir bileseninin baski teknigi kullanilarak tiretildigi
khBUGP iiretimi amaglanmistir. Bu dogrultuda iiretilen laboratuvar 06lgekli
khBUGP nin endiistriyel boyutta da liretimi i¢in yontemler arastirilmistir.

Bu dogrultuda yapilan calismalar neticesinde khBUGP basaril1 bir sekilde tiretilmistir.
Uretilen khBUGP’ler hava kiitle katsayis1 1.5AM 1simasi altinda karakterize
edilmistir. ~ Gergeklestirilen karakterizasyonlar ve neticesinde yapilan analizler
gosterdi ki, serigraf baski teknigi kullanilarak elde edilen khBUGP, bigak siyirma
yontemine kiyasla daha yliksek verimlilik degeri gostermistir. khBUGP {iretiminde
kullanilan her iki biriktirme tekniginin genis alanda kaplamaya imkan saglamasi,
khBUGP’nin endiistriyel boyutta iiretimi i¢in 6nemli bir parametredir. Netice olarak
bu tez calismasi kapsaminda khBUGP’ nin endiistriyel boyutta {iretimi i¢in lretim
parametrelerinin de optimize edildigi bir yontem gelistirilmistir.
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1. INTRODUCTION

1.1 Motivation

Global warming and green gas effect is one of the most challenging problem in human
life nowadays. In this regard, demands for cleaner earth and also fresh air is getting
larger due to environmental pollution step from the combustion of fossil fuels which
has frightening climatic consequences. It is also important to note that the greenhouse
effect is the consequences of excessive usage of fossil fuels Therefore there is an
increasing public awareness of clean energy. So far many alternative solutions
provided by scientist. One of the most promising approaches is harvesting energy from
sun light. Sun has been endowed for humankind to supply energy to the earth. Total
solar energy received by earth is about 3x10%* J year™ or about 10* times more than
value which humankind consumes in 2005. In other words, furnishing earth’s surface
with solar cells in only 0.1% rate with an efficiency of 10% will be enough to satisfy
all human need in 2005 [1]. This study is dedicated to investigate the feasible and cost-

effective ways to manufacture solar cells.

1.2 Types of Solar Cells

Basically, a solar cell is a kind of device of which duty is to convert directly the light
energy into electrical energy through the electron movement. Giribabu et al. [2]
categorized solar cells in three generations:

1.2.1 First-generation solar cells

First-generation solar cells are well-known, silicon-based photovoltaic cells that
mainly dominates the solar cell market. Monocrystalline and polycrystalline solar cells
are included in this group. While first generation solar cells have high efficiency, they
have some disadvantages such as high manufacturing costs and complexity of
production condition requiring high technology facilities. Those disadvantages of first

generation solar cell have been tried to overcomed by second generation solar cells.



1.2.2 Second generation

Second generation solar cells were proposed to overcome disadvantages of firs
generation solar cells. Those are basically thin film solar cells. Thin-film solar cells
require cheaper manufacturing techniques. However, on the other hand they exhibit
lower efficiency than silicon-based solar cells. Thin-film based solar cells contain
production and modifying of some transition metals such as amorphous silicon (a-Si),
Cd-Te, Ga—As and CIGS. It is important to note that, even though these two group of
solar cells have some advantageous sides, the raw materials used in manufacturing

process of solar cells have high cost or hazardous to environment and human health.

1.2.3 Third generation

As a result environmentally friendly, cheaper and moderate efficiency solar cell were
proposed as third generation solar cells. This group is also called as excitonic solar
cells. The excitonic solar cells have different kinds of operation principals and they
can also be categorized as nanocrystalline, dye-sensitized solar cells (DSCs) and
organic/polymer solar cells. Of those, currently DSCs are commercially produced, but

even this technology is not mature yet [3].

In this research study, after investigation of operational principals of DSCs, several
approaches were proposed to produce low cost and high efficiency DSCs at industrial

scale.

1.3 A Feasible Approach in Third Generation Solar Cells: Dye Sensitized
Solar Cells (DSCs)

Dye-sensitized solar cells (DSC) show great promise as an inexpensive alternative to
conventional p—n junction solar cells[4]. Highly efficient photovoltaic conversions,
combined with ease of manufacturing and low production costs, make the DSC
technology an attractive approach for large-scale solar energy conversion[5]. These
cells are expected to be the next generation of solar cells because of the lower loads
toward environments during manufacturing. Solidification of DSC was one of the
crucial research items[6]. While photovoltaic industry has been dominated by solid-
state junction devices, usually made from crystalline or amorphous silicon and
benefited from the experience and material availability coming from the

semiconductor industry, there is an increasing awareness of the possible advantages of



devices based on mesoscopic inorganic or organic semiconductors commonly referred
to as “bulk® junctions because of their interconnected three-dimensional structure[1].
DSCs are established by using nanocrystalline inorganic oxides, liquid electrolyte, and
hole transfer material (HTM). The explained structure has a wide prospect leading to
low cost fabrication without expensive and energy-intensive high temperature and
high-vacuum processes. Besides compatibility with flexible substrates is another
important and intriguing properties of DSCs facilitating commercialization, both for
domestic devices and in architectural or decorative applications[1].

DSCs structures accomplishes the optical absorption and charge separation processes
by the association of a sensitizer as a light absorbing material with a wide-band-gap

semiconductor of mesoporous or nanocrystalline morphology.

1.3.1 Operational Principle of the DSC

In this part, light harvesting mechanism of conventional solar cells was summarized
briefly. Then, operational principal of DSC was explained.

-p-n Junction

A semiconductor is the material having narrow band gap energy, while insulators have
wide band gap energy (Figure 1.1). Photons coming from sun in a wave form excite
electrons from valence band of semiconductors to the conduction band by giving rise
to formation of electron-hole pairs which are so called excitons. The p-n junction is
the phenomena used to explain charge separation to generate electric energy via solar
irradiation [7], [8].
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Figure 1.1 : Demonstration of HOMO and LUMO Energy level in a) conductor b)
semiconductors c) insulators

Electrons having same energy levels form energy bands which vary from conductive

materials to insulators (Figure 1.2). In conductors, the highest occupied energy level
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is in the middle of an energy band while semiconductors’ the highest occupied energy
level places just bottom of valance band energy level. However, for insulators, the

energy gap is wide notably so they can’t achieve electron conduction [7].
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(a) Band structure (b) Fermi function (c¢) Charge distribution

Figure 1.2 : Demonstration of energy bang gap, fermi energy level and charge
distribution in semiconductors.

A semiconductor has no conductivity or exhibits too low conductive behavior.
However, conductivity of a semiconductor depends on temperature. At low
temperature, semiconductors have no charge mobility, but with the increasing
temperature, conductivity of semiconductors increases dependently.

Besides temperature dependence of semiconductor conductivity, impurities play an
important role to engineer the electrical properties of semiconductors. There are two
types of impurities, n-doping and p-doping. Generally, group V atoms are used in n-
doping process of silicon and germanium. Dopant atoms give an electron to conduction
band of semiconductors. Thus, dopant atoms can be so called as donor atoms due to
electron donation. Group V atoms have one more electron compared to group 1V
atoms, hence the extra electron can release to conduction band of semiconductors via
excitations. Because of that, Fermi energy level shift towards conduction energy band
as shown in Figure 1.3. While intrinsic semiconductors’ conductivity depends on
temperature, at the same time concentration of electron equals to hole concentration.

And it is assumed that free electron concentration equals to donor atoms concentration.
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Figure 1.3 : Demonstration of energy band gap, fermi energy level and charge
distribution in n-doped semiconductors.

From different view point of that, if silicon and germanium (group IV atoms) are doped
with group 111 atoms, different mechanism will be proceeded, because group 111 atoms
have three electron in their valence band and will have tendency to grab an electron
from valence band of semiconductors by forming holes in valence band. In this case,
Fermi energy level will be shifted towards valance band as shown in Figure 1.4. If the
temperature is not so low, all acceptor atoms will be rendered to negative ions, and it
will be assumed that density of holes equals to acceptor atoms’ density [7].

Fermi-Dirac Statistic states the electron concentration (no) in conduction band of

semiconductor with respect to formula below:

n, = Ncf (Ec) (1)

Where Nc is the effective density of states of the conduction band, Nc value vary with
respect to the semiconductor type, and f (E.) is the Fermi function which states the
electron distribution in the temperature of 0°K.

Fermi function can be written for room temperature as

~ E—(Ec—Ep)/KpT (2)

f(Ee) = e(Ec-Ep)/KpT 4 1

As a consequence, concentration of electron in intrinsic semiconductor can be

expressed as



n, = N.E~(Ec=Er)/KpT (3)

With same approaches, hole concentration can be written as

Do = NUE_(Ef_Ev)/KbT (4)
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Figure 1.4 : Demonstration of band gap energy, fermi energy and charge distribution
in p-doped semiconductors

Where p,is hole concentration, N, is the effective density of states in the valence band
and E, is the energy level of the valence band [7]. According to formulas and
explanations above, electron concentration are affected by difference between energy
level of conduction band and Fermi energy level, while hole concentration depends on
difference between energy levels of Fermi and valance band, not band gap energy.
-Formation of p-n junctions

p-n junction is an interesting phenomena and it is established if p-type semiconductor
and n-type semiconductor, somehow, come together, so built-in potential occurs at
interface between n-type and p-type semiconductor. The reason behind establishment
of built-in potential is difference between Fermi levels of p-type and n-type materials.
Because Fermi level of p-type material is closed to energy level of valence band, while
n-type semiconductor has Fermi energy level which is closer to conduction band of
semiconductor. However, when p-type and n-type semiconductors come together and
form p-n junction, Fermi levels of p and n type semiconductors must match each other.

Therefore, band bending observes in p-type and n-type semiconductors.
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Figure 1.5 : Built-in potential in p-n junction

In Fermi level in Figure 1.5, E,, represents the energy level of conduction band of p-
type semiconductor, E., corresponds to energy level of conduction band of n-type
semiconductor. Fermi energy level of n-type semiconductor (Er ) must be equal to

Fermi energy level of p-type semiconductor (EFp), so energy bands bend by the

difference between E., and E,. Thereof, built-in potential can be acquired via
qVo = Ecp — Ecn

When focused on charge transfer at p-n junction, it is clear to note that n-type
semiconductor has excess electron due to donor atoms and p-type semiconductor has
excess hole due to acceptor atoms. With the p-n junction formation, electron
movement takes place and excess electron in n-region start to flow towards p-region
by leaving positive charged donor atoms in n-region, same is valid for p-region, holes
moves towards n-region and leaves negative charged acceptor atoms in p-region. After
reaching equilibrium condition, depletion region occurs at p-n junction border with no
excess electron or holes. However, negative charged acceptor atoms and positive
charged donor atoms take place at p-n junction. The presence of charged acceptor and
donor atoms causes to establishment of electric field which acts as a potential barrier
for excess charge carrier in n and p-region. Direction of the electric field is from
positively charged donor atoms to negatively charged acceptor atoms. Due to presence
of electric field, only diffusion current is valid for p-n junction, because electric field

prevents charge carriers’ movements through p-n junction from one side to the other

[7], [8].
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Figure 1.6 : Establishment of Electric Field in P-N Junction

-Energy harvesting mechanism via p-n junction.

The inventors of conversion of solar energy to electric energy is British scientists
William Grylls Adams and Richard Evens Day who used selenium for solar cell
manufacturing in the 1870s. Besides, first module to obtain electric energy was
manufactured by Charles Fritt of New York with the 0.5% efficiency [7], [8].

First promising efficiency come with Gerald Pearson, Darryl Chapin, and Calvin
Fuller at Bell Laboratory in 1950s. They used silicon instead of selenium and produced
silicon based solar cell with the 5.7% efficiency [7], [8].

Figure 1.7 : Component of Silicon-Based Solar Cells

Right now, silicon based solar cells dominates solar cell market with exceeding 80%
market share.



Basically, solar cell is the solid device which converts energy of photon to electric
energy. For the case of silicon solar cells, p doped silicon which is so called as base
and n-doped silicon which is so called as emitter are the components of the silicon
based solar cells. p-n junction is the most important phenomena for first and second
generation solar cells and play an important role to generate electric energy. Built-in
electric field is formed by positively charged donor atoms and negatively charged
acceptor atoms which is in direction from n-region to p-region. As shown from Figure
1.7. When a photon coming from sun excites electrons and forms excitons in p-region,
due to built-in electric field, electrons are accelerated against built-in electric field,
while holes are moved in the same direction of built-in electric field. Thus, charge
separation is acquired and electrons and holes moved in the opposite direction. So
electric energy is generated via obtained charge carrier movements through external
line. This is the basic explanation of operational principal of solar cells.

A schematic presentation of the operating principles of the DSCs is given in Figure
1.8 proposed by Gratzel [1]. Main part of the system constitutes of a semiconductor
oxide film in mesoscopic scale, electrolyte or an organic hole conductor which is in
contact with semiconductor oxide film each other. The material in huge possibility is
TiO2 (anatase), although alternative wide-band-gap oxides such as ZnO[9] and
Nb20s[10], MgO[11], CeO2[12], SnO2[13] have also been investigated. Sensitizer of
which monolayer is attached on the surface of the nanocrystalline semiconductor oxide
film. Due to impinging photon, sensitizer which is mainly dye is excited and give rise
en electron to be injected to the conduction band of the semiconductor oxide. The
electron placing in conduction band of semiconductor percolates and reaches to
conductive transparent oxide film. In this case, semiconductor oxide materials act as
electron collector and conductive pathway for the electron. An external connection
cable carries the electron to the counter electrode of which conductive side is coated
with platinum or the other conductive material. Counter electrode is also in contact
with electrolyte which is constituted of organic solution containing a redox system,
such as the iodide/ tri iodide couple. Due to redox reaction, electrolyte, generally
triiodide, is reduced by the donation of electron from counter electrode and it is
converted to iodide, on the other hand reduced electrolyte, which is iodide in the most
common, play an important role to carry electron to oxidized dye. Again due to redox
reaction, iodide is converted to triiodide by giving the electron. The oxidized dye is

reduced by electron donation from the electrolyte so it rendered ready to be exited
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again. This cycle is repeated in a continuous manner to sustain harvesting energy from
sun without any treatment. The neutralization of the sensitizer by electrolyte prevents

the recombination of the conduction band electron by the oxidized dye [1][6], [14].

Corduding
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Figure 1.8 : Principle of operation of the dye-sensitized nanocrystalline solar cell

It is worthy to express that excited electrons are expected to be grabbed by electrolyte
particle which is ready to be reduced by an electron. In this case, recombination
phenomena between excited electron and oxidized sensitizer or electrolyte is expected.
Surprisingly, no recombination event was detected and required solar cell process is
achieved. This situation is explained by ascribing to process in which electrons excited
by photon in the nanoparticles can be surrounded in the mesoscopic scale by
electrolyte containing redox couple and act as a barrier for electron recombination due
to presenting a resistance on interface of electrolyte and semiconductor oxide. This

phenomena contributed to facilitate electron percolation[1], [10], [15] [5].

Figure 1.9 : Conduction band electron motion through a network of mesoscopic
semiconductor particles. The red dots present cations from the
electrolyte.

10



1.3.1.1 Light Harvesting Phenomena by DSCs

Semiconductor oxide which is in contact with anode electrode give opportunity to
sensitizer by supplying great specific surface area. Additionally, it is responsible for
carrying electron to the electrodes. With the impinging of photon on the sensitizer,
sensitizer is excited and excited electron pass through the conduction band of sensitizer
then transferred to conduction band of semiconductor. The electrons injected into
semiconductors percolate very rapidly to working electrode. During percolation,
electrons have a potential level which is equal to the quasi-fermi level of the
semiconductor. It means that energy level of electrons injected to the semiconductor
Is same as energy level of conduction band of semiconductors. As explained above,

the main function of semiconductor oxides;

o Endowing large surface area to sensitizer
o Charge collection
o And charge conduction

Charge collection from sensitizer needs driven force on electron towards
semiconductors. So this process consume some energy in amount of most 50-100 meV.
It ensures rapid percolation of electron through semiconductors to electrode[1], [6],
[10].

Usage of semiconductor material in nano or mesoscopic scale has a tremendous
advantages due to large surface area. It is so important for semiconductor endowing
large surface area to be coated by sensitizer give rise to enhancement of light
absorption ratio[16]

“Light absorption phenomena can be explained by Beer-Lambert’s law by using the
reciprocal absorption length. The law states that there is a logarithmic dependence
between the transmission, T, of light through a substance and the product of the
absorption coefficient of the substance, a, and the distance the light travels through the
material (i.e., the path length), £. The absorption coefficient can, in turn, be written as
a product of either a molar absorptivity (extinction coefficient) of the absorber, €, and
the molar concentration ¢ of absorbing species in the material, or an absorption cross
section, o, and the (number) density N' of absorbers.”
~al—,~ctN

— 1 —
=—=e
Io

(5)

And absorption value can be calculated from the expression which is below
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A=¢lc=oaf (6)

By using same values. The light absorption in terms of the reciprocal absorption length
can be calculated with the expression

a = ocC (7)

where o and c are the optical absorption cross section of the sensitizer and its
concentration in the mesoporous film,respectively. The value of 6 can be derived from

the decadic extinction coefficient ¢ of the sensitizer using the relation

o = ex1000 [cm?mol™] (8)
The light-harvesting efficiency, LHE, is derived from the reciprocal absorption length
via

LHE () =1—10"d (9)

1.3.1.2 Incident Photon to Current Conversion Efficiencies

The incident photon to current conversion efficiency (IPCE), sometimes referred to
also as “external quantum efficiency” (EQE), is the degree of efficiency and it can be
calculated via number of electron pass through external circuit per the monochromatic
photon flux that impinge on the DSCs. This key parameter can be expressed as the

formula below:.

IPCE(A) = LHE(A)®inNcon (10)
Here LHE()) is the light-harvesting efficiency for photons of wavelength A , ®iy; is the
quantum vyield for electron injection from the excited sensitizer in  the conduction

band of the semiconductor oxide, and ncon is the electron collection efficiency. [1], [5]

1.3.1.3 Dynamics of Heterogeneous Electron Injection

The quantum yield of charge injection (®in;) is the degree of how effective a sensitizer
works and correspond the ratio of flux of photon that excited the electrons to
conduction band of semiconductors per whole flux of absorbed photons. Due to
radiative or radiationless deactivation channels, some of excited electrons on sensitizer
can not injected to conduction band of semiconductor oxide. Taking the sum of the

rate constants of these nonproductive channels together as Kdeact results in

q)inj = kinj / (Kgeact + kinj) (11)
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Deactivation of the electronically excited state of the sensitizer is very rapid. Due to
that reason, in recent investigation, sensitizers have been designed to retard
recombination speed. Developed sensitizer should contain functional groups such as
carboxylate, hydroxamate, or phosphonate moieties that anchor the sensitizer to the

oxide surface[17].
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oxidation from Ru(ll) to Ru(llIl)

Figure 1.10 : Interfacial electron transfer involving a ruthenium complex bound to the
surface of TiO> via a carboxylated bipyridyl ligand.

These groups provide that bonding of sensitizer on semiconductor oxide and also they
fulfill an additional requirement which is enhanced electronic coupling of the
sensitizer lowest unoccupied molecular orbital with the conduction band of the
semiconductor[1]. “The lowest energy electronic transition for ruthenium polypyridyl
complexes such as those shown in Figure 3 is of metal-to-ligand charge-transfer
(MLCT) character.” In figure 3, it can be clearly observed the route of excited electron.
Firstly, due to inpinging photon, an electron is injected from valance band of
Ruthenium to conduction band. Secondly, the excited electron is carried by ligand to
interface of ligand and semiconductor. Rapid injection of electron from ligands to
semiconductor takes place by consuming such energy. The quantum vyield of charge

injection generally exceeds 90% [1].
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1.3.1.4 Light-Induced Charge Separation

In order to obtain electric current, injected electrons should be collected from
conduction band of semiconductor by getting electron through electrode. With this
purpose, the back reaction of injected electron with the oxidized sensitizer should be
inhibited. As expected, this reaction is undesirable due to back reaction cause
efficiency decrease, instead of electrical current, back reaction produces heat. “For the
characterization of the recombination rate, an important kinetic parameter is the rate
constant kp. It is of great interest to develop sensitizer systems for which the value of
Kinj is high and that of ky low[1].”

Oxidatiol
Potential

Figure 1.11 : Photo induced processes occurring during photovoltaic energy
conversion at the surface of the nanocrystalline titanium.

Figure 1.11. exhibits that films (1) sensitizer (S) excitation by light; (2) radiative and
nonradiative deactivation of the sensitizer; (3) electron injection in the conduction
band, followed by electron trapping and diffusion to the particle surface; (4) recapture
of the conduction band electron by the oxidized sensitizer (S+); (5) recapture of the
conduction band electrons by the oxidized form of the redox couple regenerating the
sensitizer and transporting the positive charge to the counter electrode. Gray spheres:
titania nanoparticles. Red dots: sensitizer. Green and blue dots: oxidized and reduced

forms of the redox couple [1]

1.3.1.5 Charge-Carrier Collection

An additional undesired reaction can be observed between injected electron and

electrolyte. As expected triiodide should be reduced on counter electrode. However, it

14



is possible to observe the reduction of triiodide by electrons which take place on

conduction band of semiconductors.
Iy = 2e™ 4, (Ti0,) - 3I7[1] (12)

The other important precaution to enhance efficiency is the inhibition of reaction

between electron donor e.g. iodide and excited sensitizer.
25+ 317 - 25 + I3 [1] (13)

The inhibition of reaction between electron donor and excited sensitizer is
fundamental to achieve a high electron collection efficiency and a high cycle life of
the sensitizer.[1]

In order to enhance conversion efficiency, all possible precautions and measures
should be taken to harvest all injected electrons. IPCEs, referred to also as EQEs,
should be as much as high and it should be approach to unity over the near-UV, visible,

and near-IR wavelength domain. A key parameter is the electron diffusion length

L, = /D,t, (14)

where De and 1 are the diffusion coefficient and lifetime of the electron,
respectively.[1]
“Quantitative collection of charge carriers can be achieved only if the electron

diffusion length is greater than the film thickness (d):”
L,>d (15)

The semiconductor oxide layer thickness play an important role to absorb light. It
should be much thicker than the light absorption length (1/R). Calculation of light

harvesting efficiency by sensitizer can be ensured via:

d>1/, 1] (16)

The thickness of the semiconductor oxide layer should satisfy the last equation. In
experimental investigations, it is observed that the thickness is in micron scale,
typically a few microns, depending on the optical cross section of the sensitizer or QD

and their concentration in the semiconductor as discussed above.
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1.3.2 DSCs Components
1.3.2.1 Semiconductor oxide film

The structure of the nanocrystalline semiconductor oxide electrode used today in the
DSC as an electron collector to support a molecular or QD sensitizer. Sequentially,
metal oxide nanoparticles are deposited, for example, by screen printing onto a glass
or flexible plastic support covered with a transparent conducting layer of fluorine-
doped tin dioxide (FTO) or tindoped indium oxide (ITO). Each particle is coated with
a monolayer of sensitizer or a QD formed by self-assembly from a staining solution.
The mesoscopic dye-sensitized solar cell (DSC) is a potentially low-cost candidate for
future photovoltaic markets. Titanium oxide (TiO2) has been widely used as the photo
anode material in DSC, although a few studies have explored other semiconducting
metal oxide such as ZnO[9] and Nb20Os[10], MgO[11], CeO2[12], SnO[13].

Titanium Dioxide (TiO2), a white pigment, is by far the most commonly used. Its
extensive usage in paint industry comes from its high refractive index and ease of
preparation of particles of very small size (leading to large surface area). As a cheap,
readily available material, TiO2 serves as an attractive candidate for any industrial
applications such as paints, paper, coatings, plastics, fibers, cosmetics, etc.

While major emphasis is still on optimizing the performance of solar cells based on
TiO> films such as white light conversion efficiency, stability, there have also been
exploratory studies on nanoporous films of other semiconducting oxides, particularly
on ZnO and SnOs>.

DSC technology based on ZnO has been explored extensively. ZnO is a wide-band-
gap semiconductor that possesses an energy-band structure and physical properties
similar to those of TiO>, but has higher electronic mobility that would be favorable for
electron transport, with reduced recombination loss when used in DSCs. Many studies
have already been reported on the use of ZnO material for application in DSCs.
Although the conversion efficiencies of 0.4-5.8% obtained for ZnO are much lower
than that of 11% for TiO2, ZnO is still thought of as a distinguished alternative to TiO>
due to its ease of crystallization and anisotropic growth[18].

According to the literature, T.Miyasaka [19] developed the TiO- electrode preparation
techniques of DSCs based on low-temperature and the conversion efficiency more than

6%. Seigo Ito [4] et al. utilized 4-tert-butylpyridine, acetonitrile, valeronitrile and
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H2PtCls as experimental materials, screen printing technique was used to prepare the
TiO; electrode and the conversion efficiency reached to 10%.

Feifei Gao [20] et al. have developed a novel heteroleptic ruthenium sensitizer with a
high molar extinction coefficient to considerably enhance the optical absorptivity of
mesoporous TiO; films, the achievement of over 10.5% power conversion efficiency
IS very encouraging.

R.Jose [21] et al. utilized electrospinning techniques to prepare and assemble dye-
sensitized solar cells and the conversion efficiency reached to 4.7%-5.1%. Tae-Sik
Kang [22]et al. fabricated TiO, nanotubes using an alumina templating method has
been demonstrated. By using a mixture of Ti(OC3H7)s and ethanol, extremely uniform
in filtration of the pores was achieved resulting in highly aligned TiO2 nanotubes, were
used to fabricate first generation DSCs. Conversion efficiencies as high as 3.5% at 520
nm were achieved.

Liyuan Han [23] et al. fabricated a highly efficient DSC module with high active area
by optimizing the composition of the Pt counter electrode, the electrolyte, the thickness
of the TiO> films, and the uniformity of the unit cells, and obtained the highest recorded
module efficiency of 8.2% with aperture area of 25.45cm?

DSC efficiency was improved by 4% - 11 % using Oz, CH4, N2 or Hz plasma treatment
due to the more absorption of dye molecules by the chemical active state and the
generation of excess electrons in the TiO2 surface. DSC with H: plasma-treated TiO>
showed the most improved result.

Composite networks of TiO. nanofibers and nanoparticles were generated using
electrospinning and electro hydrodynamic printing. The formation of the fiber-pore
structure led to a significant enhancement in absorbance by as much as 3-fold in the
visible range. Application of the NP-NF composites in dye sensitized solar cells
demonstrated that the fiber-pore structures incorporated in the middle of the electrode
improved the efficiency by 10% through forward and backscattering of the light[24]

1.3.2.2 Sensitizer

In DSCs, the key role relating with a sensitizer is absorbing sunlight and converting
into electric energy[25], [26]. Regeneration of sensitizer is supported by mediator
which may be hole conductor polymer or redox electrolyte couple. In order to achieve
this purpose, it need to be bind on semiconductor surface and fulfill such requirements

which can be listed below as[27]:
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Absorption sensitizer should absorb the light having wave length from near-UV up to
920 nm.

Energetics it is the main purpose that recombination ratio should be minimized and
obtained potential difference maximization should be achieved. Due to that reason, the
excited state of the adsorbed sensitizer should take place slightly above energy level
of the conduction band of TiOz. In this case, electrons can transfer to the semiconductor
oxide with minimum loses. Again for the same purpose, the ground state of the
sensitizer should be only slightly below energy potential of mediator.

Kinetics. The process of electron injection from the excited state to the conduction
band of the semiconductor should be fast enough to prevent from recombination and
occurrences of any side reaction

Stability The adsorbed sensitizer should be stable enough to meet process requirements
of DSC for a long time. It is expected to sustain proceeding approximately 20 years of
operation under exposure to natural daylight

Interfacial properties. Sensitizer should bind on the semiconductor surface easily and
tightly.

Practical properties in order sensitizer to adsorb on semiconductor, it should soluble
in the solvent used for dye uptake.

1.3.2.3 Dye as a sensitizer

Karmakar at al[28] are grouped dyes into two classes as inorganic and organic
sensitizers. Inorganic dyes used for this purpose are mainly metal complex dyes such
as complexes of Ruthenium, Osmium, Iridium, etc. Organic dyes mainly consist of
fruit dyes and natural extract dyes. Inorganic dyes have given better results of the two
as the stability towards photo degradation is less for organic dyes. The ideal sensitizer
for a single junction photovoltaic cell converting standard global AM 1.5 sunlight to
electricity should absorb all light below a threshold wavelength of about 920 nm.
Moreover, it should also graft the semiconductor oxide surface with help of attachment
groups like carboxylate and phosphonate. The attachment group of the dye ensures
that it spontaneously assembles as a molecular layer upon exposing the oxide film to
a dye solution. Many different compound have been investigated for semiconductor
sensitization, such as porphyrins, phtalocyanines, coumarin, carboxylated derivatives

of anthracene and polymeric films.
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A DSC must sustain producing electricity for 20 years without significant loss of
efficiency. Among dye sensitizer, ruthenium complexes are one of the most prominent
members of the sensitizer. Therefore, the molecular engineering of suitable ruthenium
complexes is getting more attraction due to their excellent stability. Researchers have
been spending so much effort to construct the dye with higher efficiency and stability.
The most known dye sensitizers are  cis-Di-(thiocyanato)bis(2,2’-bipyridyl)-4,4°-
dicarboxylate) ruthenium-(I1), coded as N3 or N-719 which have high absorption
capability and charge-transfer ability. The structure of these sensitizers is shown in
Figure 3[1], [25], [28].

Figure 1.12 : Structure of the ruthenium sensitizers RuL3 (yellow) cis-RuL2(NCS)2
(red) and RuL’(NCS)3 (green)

1.3.2.4 Quantum Dots (QD)

Semiconductor QDs are promising alternatives for dyes to harvest light coming from
sun via the DSCs. Semiconductor quantum dots have several type such as 11-VI and
I11I-V type and QDs need to have dimension as small as enough to show quantum
confinement effects. By playing the size of QDs, it is possible to adjust absorption
spectrum. QDs have sizes in nanoscale and it gives them some advantages such as high
light absorption ability and it is possible to engineer band gap of QDs in a wide range.
The other advantages of QDs is a large intrinsic dipole moment. Since they have
features that cannot be ignored, a variety of QDs have been investigated, such as CdS,
CdSe, PbS, PbSe, InP, InAs, and Sh>Ss. Even though QDs solar cells have advantages,
yet they couldn’t succeeded to obtain promising photovoltaic performance due to such

problems such as low stability, low Voc, and fast carrier recombination [23]-[25],
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[26]. QDs act as a sensitizer and can be excited by photon giving rise to formation of
electron-hole pair. The electron is transferred to the semiconductor oxide, on the other
side, the hole is carried by a hole conductor or an electrolyte which are in contact with
the nanocrystalline oxide film. Triarylamine hole conductors has been investigated to
prove that efficient and rapid hole transportation from PbS QDs, IPCE ratio is higher
than value of 50% have been obtained without fine tuning and optimization[33]. It is
also important to note that QDs have some advantages such as much higher optical
surface area than dye which is molecular sensitizers, depending on the their size. As a
disadvantages, QDs occupy a larger area on the semiconductor oxide particles led to
decrease the QD concentration in the film[1].

As an alternative to organic dyes, semiconductor quantum dots have also been studied
as photosensitizers for application in DSCs, which are accordingly sometimes called
semiconductor sensitized solar cells (SSSCs). Quantum dots take the form of
nanocrystals of semiconductors compound and therefore, offer the advantage of
stability over the metallorganic or even pure organic dyes. More recently, it was
reported that the quantum dots were able to generate multiple electron-hole pairs per
photon, which would be great beneficial in terms of photovoltaic devices possibly
attaining extremely high conversion efficiencies[32][31].

A few attempts have also been made on ZnO. One example is to combine ZnO
nanowires with CdSe quantum dots for a photo electrochemical cell, which has
demonstrated an internal quantum efficiency of 50-60%, comparable to the results
obtained for similar ZnO nanowires sensitized with Ru-complex dye[34]

1.3.3 Perovskite (CH3NH3PbX3) as a Sensitizer

Perovski, a Russian mineralogist first discovered the Perovskite and gave his name to
the structure. Perovskite has an ABXs formula, where X represent a halogen or oxygen
groups. [35]. Currently, perovskite CH3sNH3Pbls sensitizers are widely investigated
and promising results have been reported due to its super high absorption ability.
Organometallic or organic materials became favorite sensitizers for solid-state dye-
sensitized solar cells (ssDSC) recently.

If we have a look in a detailed form into perovskite structure, the general chemical
formula for perovskite is ABXs, where ‘A’ and ‘B’ represent two cations having
different sizes, and X represent an anion which responsible for binding the two cations,

as shown in Figure 1.13 [36].
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Figure 1.13. Crystal structure of cubic perovskite of general formula ABX3

For the last two years, halide perovskites (ABX3), a group of perovskite family,
dominated ssDSC structure. Moreover, perovskite structure can be classified as alkali-
halide perovskite and organo-metal halide perovskite [37].

In general, alkali-halide perovskite constitutes of the alkali metal A' (Li*, Na*, K*, Rb",
Cs*) and the divalent M" (Be?*, Mg?*, Ca®*, Sr?*, Ba®*, Zn?*, Ge?*, Sn?*, Pb?*, Fe?*,
Co?*, Ni?*) with X which is halogen anions (F_, Cl_, Br_, 1). First report about halide
perovskite as a sensitizer had been published in 1980. KPbls was proposed as a light
absorbing material in a solar cell by Salau [37].

On the other hand, organohalide perovskites (ABX3), which are the hybrid material,
comprise of organic cations (A: aliphatic or aromatic ammonium) and divalent metal
cations (B: Cu?*, Ni%*, Co?", Fe?*, Mn?*, Pd?*, Cd?*, Ge?*, Sn*, Pb?*, Eu?*)). This group
of halide perovskite have been studied intensively, especially during last two years due
to its superior photovoltaic properties and potential to use them in low temperature
photovoltaic cell manufacturing in industrial scale [36]. Thereby, nowadays especially
perovskites containing 4A group metals such as Ge?*, Sn?*, Pb?" are hot topic and
many scientists are looking for ways to use them in photovoltaic application to take

efficiency of photovoltaic cell one step forward.

1.3.3.1 Solid state Dye Sensitized Solar Cell

It is the approach that the liquid electrolyte may inhibit the production of DSCs in
industrial scale. So many studies were conducted to achieve producing ssDSC. First
try to produce ssDSC was taken place in 1998[38]. In this study, instead of liquid
electrolyte,  2,2',7,7'-tetrakis(N,N-p-dimethoxy-phenylamino)-9,9’-spirobifluorene
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(spiro-OMeTAD) was used as organic hole-transport material (HTM) in solid form.
However, power conversion efficiency (PCE) was less than 1%. The low PCE have
been attributed to charge recombination at the interface of TiO2 and (spiro-OMeTAD).
Kriiger et al.[39] incorporated 4-tert-butylpyridine (tBP) and lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI), Li-[CFsSO2]2N in spiro-OMeTAD to
inhibit charge recombination and they increased PCE till 2,56%. Kriiger et al.
sensitized 2 um TiO2 mesoporous film with N719.

By using spiro-MeOTAD, several ssDSCs were produced due to solid state of hole
transfer material (HTM). At beginning of ssDSC establishment, scientists have been
focused on HTM performance. Because spiro-OMeTAD has some deficiency to be
used as HTM due to its respectively low hole conductivity. Thus, in order to improve
the hole conductivity of spiro-OMeTAD have been realized. PCE was enhanced by
increasing conductivity level of spiro-MeOTAD via doping it with tris(2-(1Hpyrazol-
1-yl)pyridine)cobalt(l11) was proposed [40]. Thus, PCE was enhanced to 7,2% much
promising step occurred in ssDSC. The spiro-OMeTAD doped Co'"' complex was used
as an HTM by spin coating on TiO2/CH3sNHsPbls thin film due to effect of Co'!
complex to reduce the series resistance, and to increase the hole mobility of HTM
layer[40].

Besides that, Inorganic perovskite nano crystals have lately investigated as a sensitizer
due to their high light absorption properties. Firstly, Miyasaka et al. [41] introduced
organometal halide perovskite as a sensitizer for ssDSC. CHszNHsPblz and
CHsNH3sPbBrs were used in ssDSC and obtained PCE of 3,81% and 3,13%,
respectively. Although PCE values of the DSCs were moderate respectively, stability
of the DSCs was very poor. Because perovskite dissolved in liquid electrolyte in e few
minutes. Thereby, PCE values were deteriorated due to disappearance of perovskites
on TiO.. At beginning of this area, Metal chalcogenides have been used in ssDSCs,
unfortunately the highest efficiency was achieved to be around 6% [35].

A breakthrough for ssDSC was conducted in 2012 proposing organometal halides
CHsNH3Pbls in perovskite structure with the presence of spiro-MeOTAD [42]. Kim
et al. sensitized mesoporous TiO; film in 0,6 um thickness with CH3NH3Pbls. The
ssDSC has showed PCE of 9.7% under the simulated AM1.5G one sun illumination.
In the study, CH3NH3Pbls synthesis process was explained as below:

A hydroiodic acid (30 mL, 0.227 mole, 57 wt. % in water) and methylamine (27.8 mL,
0.273 mol, 40% in methanol, TCI) were stirred in the ice bath for 2 h. After stirring at
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0°C for 2 h, the resulting solution was evaporated at 50 °C for 1 h hence, synthesis of
CHsNHzsl was performed. Subsequently, purification takes place to remove any
undesired organic compound by washing with diethyl ether and ethanol. In order to
obtain (CH3NH3)Pbls, the synthesized CHsNHzsl (0.395 g) and Pbl. (1.157 g) were
mixed in y-butyrolactone (2 mL, .99% Aldrich) at 60°C for overnight with stirring.
Additionally, TiO> paste preparation was reported briefly as below:

Anatase TiO2 nanoparticles were synthesized in the presence of acetic acid leading to
hydrolysis of titanium tetraisopropoxide (TTIP). Thereafter, synthesized TiO, was put
into autoclave at 230 °C for 12 h. Then, ethanol take place instead of aqueous solvent
in the autoclaved TiO2 colloid solution to obtain non-aqueous TiO2 paste.
Ethylcellulose lauric acid, and terpineol were added into the ethanol solution of the
TiOy particles, and then ethanol was removed from the solution using a rotary
evaporator to obtain viscous pastes. The nominal composition of
TiOo/terpineol/ethylcellulose/lauric acid was 1/6/0.3/0.1.

To produce ssDSC first of all, FTO glasses are cleaned. FTO glasses (Pilkington, TEC-
8, 8 V/sq) were put into ultrasonic bath containing ethanol for 15 min and treated in
UVO cleaner for 15 min. Afterward, dense TiO> blocking layer formation was
performed with 0.15 M titanium diisopropoxide bis(acetylacetonate) (75% Aldrich) in
1-butanol (Aldrich) solution by the spin-coating method. After the coated film was
cooled down to the room temperature, the same process was repeated twice with 0.3
M titanium diisopropoxide bis(acetylacetonate) solution in butanol. Subsequently,
coated FTO glasses with TiO2 precursor solutions were sintered at 500 °C for 15 min.
After sintering, the mesoporous TiO> paste was deposited by a doctor-blade method
and again one more sintering was performed at 550°C for 1 h to produce mesoporous
TiOz film. Thicknesses of the TiO- films were controlled from 0.5 to ca. 1.5 mm using
a micrometer adjustable film applicator. The sintered TiO> films were immersed in
0.02 M aqueous TiCls solution at 70 °C for 10 min, which was heated at 500 °C for 30
min.

The mesoporous TiO- films were coated with perovskite precursor solution, followed
by heating at 100°C for 15 min. The composition of hole transport material (HTM)
was 0.170 M 2,2°,7,7’-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9°’-
spirobifluorene (spiro-MeOTAD, Merck), 0.064 M bis(trifluoromethane) sulfonimide
lithium salt (LiTFSI, 99.95%, Aldrich) and 0.198 M 4-tert-butylpyridine (TBP, 96%,

Aldrich) in the mixed solvent of chlorobenzene (99.8%, Aldrich) and acetonitrile
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(99.8%, Aldrich) (chlorobenzene :acetonitrile 1 : 0.1 v/v). The (CHsNH3)Pbls-
sensitized TiO> films were coated with HTM solution using spin-coating method at
4000 rpm. As a counter electrode, a 60 nm-thick Au was deposited on the top of the
HTM over layer by a thermal evaporation, where Au evaporated under ca. 10 torr

vacuum condition.
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Figure 1.14 : Solid-state DSSC structure showing (left) a real device with the cross-
sectional structure and (right) the cross-sectional SEM

Mesoporous TiO: layer is coated on blocking layer then sintered at around 500—550
°C. Sintering process is needed to acquire mesoporous metal oxide layer. After
obtaining TiO2 layer, perovskite solution is adsorbed on TiO; paste. Then, HTM
containing solution coated on inorganic material layer by filling the porous structure.
Besides filling porosity, an HTM layer is formed at the top of ssSDSC as a capping
layer. Infiltration of HTM into mesoporous film is very important. Because infiltration
is directly related with pore filling fraction (PFF) which is very important parameter
on PCE. In final step, gold or silver conductive layer is formed by thermal evaporator
as cathode of ssDSC[35].

Besides, firstly Etgar et al[43] produced HTM-free ssDSC by using CH3NH3sPbls
perovskite/TiO2 heterojunction. In this study, instead of conventional TiO, anatase
nanoparticle, anatase nanosheets with dominant (001) facets was used as an electron
collector. The role of perovskite in HTM-free ssDSC is absorption of sun light and
additionally acts as a hole conductor. Elimination of HTM usage gives rise to obtain
opportunity to produce ssDSC in industrial scale with low cost. It is important to
express that mesoscopic perovskite/TiO2 heterojunction ssDSC exhibited high
performance with short-circuit photocurrent (Jsc) of 16.1 mA cm2, a fill factor (FF)
of 0.57, and open-circuit voltage (Voc) of 0.631 V, with consequence of PCE of 5.5%
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under 1 sun intensity. It is the unique part of the study to use anatase nanosheets with
dominant (001) facets as an electron collector. However, it is noted that synthesis of
anatase nanosheets is a dangerous process.

The other breakthrough came from Burschka et al. by reaching to PCE of 15%. Light
harvesting efficiency increased with modification in perovskite synthesis and
adsorption techniques.

Perovskite synthesis was performed sequentially. In first step, lead iodide solution was
spin-coated on mesoporous titania film and as a subsequent step, TiO2 and Pbl; film
composite immersed into CH3NHzsl solution by reacting each other to synthesize
CH3NH3sPblz immediately. This process is so called as two-step sequential process
have been given rise to a PCE of 15% and a certified value of 14.1% with high
reproducibility[44]. It is noteworthy that the two-step method gave opportunity
perovskite to be penetrated into mesoporous TiO; structure. Thus, higher loading of
perovskite is obtained by two-step process resulting in increased LHE [44].

One of the obstacles to obtain high PCE of ssDSC may be the low pore filling fraction
(PFF). In order to overcome the deficiency, H.S. Kim et al [45] proposed that instead
of mesoporous metal oxide film layer, TiO2 nanorods or nanotube as anode layer have
been used to provide more chance to enhance PFF. Due to complex structure of
mesoporous TiO: film, infiltration of HTM into TiO: layer is in limited scale. To
overcome infiltration confinement, authors used highly crystalline rutile TiO>
nanorods as a photoanode to facilitate penetration of HTM into ordered TiO> layer.
Rutile crystalline structure of TiO2 was preferred due to its unique feature such as high
electron mobility with easily controllable dimensions. Anode was in 0.6 um thickness.
Rutile TiO2 nanorod was synthesized by hydrothermal method and spiro-OMeTAD
was used as HTM. Photovoltaic (PV) performance values are Jsc of 15.6 mAcm2, Ve
of 955 mV, and FF of 0.63, yielding PCE of 9.4%. It is expected that due to rutile TiO>
nanorod structure has less surface area than mesoporous TiO; layer, PV performance
of the nanorod based device would be much lower than 9,4%. However, remarkable
enhancement in PV values especially the high increase in Jsc was ascribed to the high
absorption coefficient of CH3NH3Pbls.

It is obvious that nanorod lengths are time-dependent parameters and can be tuned by
controlling the processing time. It is observed that PV performance decreased with
increasing nanorod lengths. This is attributed to PFF due to increasing nanorod length

yielding empty room in TiO; layer.
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1.3.3.2 Carbon based monolithic solid state dye-sensitized solar cell

In the conventional DSC structure, the distance between photo anode and counter
electrode adjusted by two-side adhesive tape or sealing resin [46]. Separator tape plays
very important role to determine the distance. In general, separator tape was used in
the DSC structure with liquid electrolyte. On the other side, ssDSC enables to produce
solar cell in monolithic structure. Han et al was produced the monolithic-DSC structure
by using carbon counter electrode instead of TCO as shown in Figure 1.15. [46],[47].
Han et al used ZrO- film as a spacing or separator layer. The spacer insulates photo-
and counter-electrodes electrically from each other to inhibit shortcut between two
electrodes. The insulating layer that is used as the spacer has also the reflecting
functionality of back-scattering the light which is not absorbed by the photoelectrode.
The ceramic material as TiO> with a rutile crystal structure (r-TiO) or large particle
size (600 nm) ZrO» with tetragonal phase is typically used as the spacer layer in the
monolithic DSC device [47]-[49]. Moreover, r-TiOz is a poor insulator material
compared with ZrO> film, characterized with a highly insulating behavior, because of

its wide band gap (6 eV).
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Figure 1.15 : Monolithic Dye-Sensitized Solar Sell Structure without Liquid
Electrolyte

Additionally, Vesce et al. [46] used monolithic ssDSC structure with liquid electrolyte.
In a common way, ZrO: insulating layer deposited mesoporous TiO2 layer. ZrO>
printing paste was formulated in presence of ethyl cellulose that act as a rheological
agents. Ethyl cellulose plays important role on the paste viscosity, rheology, and

porosity.
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Figure 1.16 : Monolithic Dye-Sensitized Solar Sell Structure with Liquid Electrolyte

Besides, conductivity of counter-electrode is very and it should be as low as possible
in order to meet a low charge transfer resistance, that affect the fill factor of the cell
together with the shunt resistance. The electrical contact between carbon black
particles and the conductivity was improved by using graphite. The counter-electrode
needs also a binder to optimize bonding between carbon black and graphite and to
increase the adhesion strength on the spacer layer . Since the binder had to sinter at a
temperature around 450-500 °C and any contamination of the photoelectrode by
organic polymers has to be avoided, TiO2 or ZrOz with 10-30 nm particle size are
typically chosen as binder [46], [50], [51].

1.3.3.3 Low temperature processed-ssDSCs

In order to produce ssDSC in commercial scale, it is clear that high temperature
process is one of the biggest obstacle. Thereby, to establish low temperature processed-
ssDSCs on a plastic substrate, a few studies have been conducted till know. Especially,
after coating of TiO. paste, sintering process can be considered as limiting issue to
obtain flexible ssDSC.

Commercialization step is looking for some intriguing properties such as flexibility,
ease of integration, stability and cost effectiveness. Hence, manufacturing flexible
ssDSCs can be realized by meeting the need of using flexible, transparent and
conductive electrodes in ssDSCs’ structure. In that point, polymeric based transparent
materials having durability against high temperature suggested as electrode.
Polyethylene terephthalate (PET) and Polyethylene naphthalate (PEN) are current

candidate for the electrode of commercial ssDSCs due to durability against
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temperature till 150 °C. Thus, manufacturing ssDSCs with low temperature process,
which has less than 150 °C, attracting intense interest. It can be thought the key point
for commercialization of ssDSCs.

In order to overcome high temperature confinement in ssDSC manufacturing, Snaith
etal. [52] proposed that it is possible to produce single crystal mesoporous TiO2 (SCM-
TiOy) for ssDSC. SCM- TiO2 has mesoporous structure intrinsically, hence it is not
necessary to apply sintering in ssDSC manufacturing process. Due to that reason,
SCM- TiOz structure enable to produce ssDSC in industrial scale. The produced low
temperature sensitized ssDSC showed 7.3% PCE.

At the another ensuing study, again Snaith et al[53] achieved to produce ssDSC in low
temperature process condition with the PCE of 12,3%. In author’s study, instead of
CH3NHasPblz perovskite structure, CHsNH3Pbls.xClx is preferred as a sensitizer. And
also Al,O3 mosoporous scaffold have been used as a porous layer to load perovskite
on. Even though the authors have expressed that they produced low temperature
ssDSC, surprisingly, sintering process has been used to acquire blocking layer. It is
important to emphasize that having 500°C sintering process in ssDSC manufacturing
has huge potential to inhibit mass production of the ssDSC.

Again Snaith et al. [54] conducted another investigation to produce low temperature
ssDSC. Authors used florin doped tin oxide (FTO) coated glass as a photoanode.
CHsNH3sPblz«Clx used as perovskite, spiro-OMeTAD preferred of which
responsibility is hole transfer. In TiO2 synthesis, authors used titanium diisopropoxide
bis (acetylacetonate) (TiAcAc) with the aim of increasing conductivity of compact
TiO2 layer. TiAcAc served for filling gaps, which is the reason of conductivity
deterioration, to contact TiO2 nanoparticle. Blocking layer thickness was tuned by
concentration of colloidal TiO.. TiIAcAc exposing to 150 °C temperature decomposed
to TiOx by binding TiO2 nanoparticle. TIACAc usage also optimized in the
investigation and 10-20 mol% was found as an optimum level. Optimized It- TiO;
ssDSC showed high PCE of %15,3.
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2. EXPERIMENTAL

In the experimental section, ssDSCs production was conducted by using doctor blade
and screen printing technology. Thereby, solutions and pastes to be able to form
components of the monolithic ssDSC structure was prepared sequentially. After the
pastes and solutions were prepared, ssDSCs structure was built on an ITO coated glass.
Besides paste preparation, perovskite synthesis was also performed successfully.
Subsequently, sensitization of monolithic ssDSC was conducted according to
sequential deposition of perovskite precursors. In this section, all processes pertaining
to produce ssDSC was explained according to production sequence.

2.1 Materials

Materials and equipment used in ssDSC production was introduced in this section.
Titanium tetraisopropoxide (TTIP,), acetyl acetone (AcAc) was supplied from Sigma
Aldrich. Ethanol, Acetic Acid and Isopropanol (IPA,) was used as received from Merc
without any further purification. ITO coated conductive glass (TCO) acting as
transparent conductive material was locally supplied from Izmir Institute of
Technology. Doctor blade and screen printing technology were used as deposition
techniques.

P25 TiOz nanoparticles were kindly donated by Evonik Turkey. ZrO, nanoparticles
(Tosoh) was supplied from Prozir Seramdent locally. Terpineol was also supplied
locally from Gulcicek and Kali Chemistry. Hydroxyl ethyl cellulose, hydroxyl propyl
cellulose kindly granted from Univar Chemistry, ethyl cellulose was also kindly
granted by Dow Chemical, Turkey.

CH3NH3Pbls structure was synthesized as the sensitizer for the sensitization of ssDSC.
Synthesis process was conducted by the reaction of CH3NH3l and Pbl, which was also
synthesized in laboratory conditions. Pbly dissolution was conducted by using

dimethyl formamid (DMF) was also supplied by Merck.
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2.2 Methods

2.2.1 Formation of TiO2 Dense Layer

Figure 2.1 : The Prepared Solution for TiO2 Dense Layer

Dense TiO», deposited by spin coating unit, in ssDSC structure is very important
because TiO dense layer is responsible from the inhibition of direct contact between
photo- and counter electrodes. To obtain a stable TiO2 solution, a recipe was adopted
from the literature [55], [56]. Briefly, 0.3 M titanium tetraisopropoxide (TTIP, Sigma
Aldrich) was dissolved in isopropanol (IPA, Merc) and stirred at room temperature for
30 min. Then, acetyl acetone (AcAc, Sigma Aldrich) was added to TTIP solution.
TTIP to AcAc molar ration was arranged as 10:3. AcAc was used as stabilizing agent
and assisting to fill the gabs occurring on TiO2 dense layer. The mixture was
magnetically stirred for 30 minute. Acetic acid (Sigma Aldrich) was added drop wise
to initiate the hydrolysis of TTIP. At the end of the process we followed transparent
yellow solution was obtained as seen in Figure 2.1.

The obtained yellowish transparent solution was coated on a conductive ITO coated
glass by using spin coating machine with 3000 rpm rotation speed during 30 s. spin

coating unit used in formation of TiO dense layer was shown in Figure 2.2.
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Figure 2.2 : Spin coating unit used in formation of TiO, dense layer.

2.2.2 TiO2, ZrO2 and carbon paste preparation

In this thesis study, monolithic ssDSC structure was built on conductive ITO-glass
(TCO). It is one of the important steps that forming metal oxide layer on TCO to
achieve producing solar cell in monolithic structure. Deposition of metal oxide layers
onto TCO was conducted by doctor blade and screen printing technology by using
metal oxides pastes. However, metal oxides was in powder form. Additionally, both
coating technology use a kinds of viscous liquid so called as paste for deposition.
Therefore, In order to proceed both techniques, powder forms of metal oxide were
converted into paste form. For paste preparation, a technique was adopted for
preparation of metal oxide paste from the literature [51] . According to the method, we
followed the recipe shown in Figure 2.3. The Recipe will be called as “Recipe A” in

the rest of this research.

Addition of 6 g Degussa P25 (Ti0,), 20 g
Terpineol, 3 g Hydroxy Ethyl Cellulose, 1
mL Acetic Acid, 5 mL Distilled Water into
Ball Milling.

Grinding for 3 hours by Ball Milling

TiO, paste ready for printing.

Figure 2.3 : Recipe A: Preparation of TiO Paste

Additionally, one more method was also adopted from the literature [48]. Briefly, the
method was introduced in Figure 2.4. The Recipe will be called as “Recipe B” in the

rest of this research.
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(~ 6 g Degussa P23 ) e ~ (" A
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\. min. J \ ) \ J
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- ~ I ~ s ~
Add 3 g ethyl .
Sonicate with <:| cellulose dissolved <:| Add E{g]]l}igl 20¢
ultrasonic horn in ethanol 10% suspen tiozn
(3:30) P
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Evaporate ethanol

by rotary
evaporator.
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Figure 2.4. Recipe B for TiO- paste preparation.

Basically, the differences between two methods are the used materials as thickener
such as hydroxy ethyl cellulose and ethyl cellulose and equipment to disperse
inorganic powder in nano scale into organic media. The equipment used in TiO> paste

preparation was introduced in Figure 2.5.

Figure 2.5 : Equipments a) ultrasonic homogenizator b) rotary evaporator c) ball

milling used for TiO2 paste preparation.

Han et al. [58] showed hole-conductor-free mesoscopic solar cell by using ZrO, space
layer instead of organic hole transfer layer. They proposed that a separation layer is
needed to proceed selection of excited electron and holes by inhibiting recombination.
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In this regard, we also used ZrO. nanoparticle as a spacing layer. Thereby, ZrO; paste
was prepared with a method similar to TiO> paste preparation. We only used ZrO>
instead of TiO2 nanoparticle in the recipe shown in Figure 2.3 and Figure 2.4.

For counter electrode, carbon paste was also prepared. Again we adopted a technique
from literature [48]. Briefly we followed carbon paste preparation recipe shown in

Figure 2.6.

Addition of 6 g Carbon Black, 30 g Terpineol,
1 g Hydroxy Ethyl Cellulose, 1 gr Degussa PS5
(Ti0,), 2 gr Graphite into Ball Milling.

Grinding for 3 hours by Ball Milling

Carbon Paste ready for printing.

Figure 2.6 : Recipe for carbon paste preparation.

2.2.3 Assembling of ssDSC components

After preparation of all pastes, assembling of monolithic ssDSC was accomplished.
Basically, two film deposition techniques, doctor blade and screen printing were used
in ssDSC production process.

As a first film deposition technique in ssDSC assembling, doctor blade coating was

used via micrometer adjustable film thickness equipment as shown in Figure 2.7.

Figure 2.7 : The equipment used for doctor blade coating.

On the other side, for screen printing deposition of TiO2, ZrO2 and carbon pastes, silk
screens was used in different constructions. Pore sizes and warp dimensions are critical
parameters for film thickness deposited by screen printing technology. In order to

manipulate the film properties, the screens in different constructions was used to select
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optimum proses conditions in ssDSC production. Optic microscope images of the

screens was showed in Figure 2.8.
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Figure 2.8 : Optic microscope images of silk fabrics used in screen printing

technology. 44-77-100-200 represent mesh numbers.

Screen printing of pastes were conducted by using silk mesh screen with different
threads per cm. and a squeegee was used to transfer the paste through pores of the silk
mesh.

Assembling sequence and architecture of ssDSC was shown in Figure 2.9. ssDSC built

up process was achieved via doctor blade and screen printing techniques.

|
|

cTiO,: dense TiO, layer
mTiO,: Mesoporous TiO, layer

Figure 2.9 : Assembling of ssDSC by screen printing technology
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2.2.4 Sensitization of ssDSC

As explained above, it is concentrated on monolithic perovskite based solar cell
production because of high potential in scale-up ability of solar cell structure via
industry.

In this regard, CH3NHz3Pbls perovskite structure was synthesized in accordance with
the literature [59]. CH3NH3sPbls was obtained by reaction of CHsNHzl and Pbl;.
Briefly, first of all, CHsNHzl was synthesized via reaction of methylamine (40 wt. %
in water) and hydro iodic acid. Reaction was proceed as fallow, in the typical amount
of 52 ml of methylamine (40 wt.% in water) and 10 ml of hydro iodic acid (57 wt.%
in water) were mixed in a 250 ml beaker placed in ice-bath at 0 °C for 2 h by using
magnetic stirrer. After completing of reaction, CHsNHzl was precipitated by
evaporation of water. Precipitated CHsNHal in white color was washed with diethyl
ether three times, then CH3NHzl dissolved in ethanol and recrystallized in refrigerator
to be obtained CH3NHjsl in clear crystal form.

Subsequently, Pbl, and CH3NHzsl were reacted at 3:1 molar ratio of CHsNHzl to Pbl;
by dissolving precursors in DMF. It was fallowed two methods for sensitization of
ssDSC by perovskite. One of them is the synthesis of perovskite and then drop casting
it to the ssDSC, while the other is sequential deposition of perovskite as explained

before.

2.2.5 Characterization of ssDSC
Characterization of ssDSC structure was carried out by using 1.5 AM solar simulator
equipped with Keithley 2400. TiO-, ZrOz and carbon layer thickness was measured via

Veeco Dektak 150 profilometer.

Figure 2.10. Solar simulator used for ssDSC performance evaluation
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3. RESULT AND DISCUSSION

3.1. Characterization of Film Morphologies

For characterization, scanning electron microscopy was used for morphological
analysis of thin film of ssDSC components. Surface morphology of thin films were
examined under using a Zeiss EVO MA10 SEM at 15.00-20.00 kV and with
magnifications ranging from 500 to 20 kX. A tungsten filament was used to create the
beam and the reported resolution was 35 A with a 20 kV beam. SEM images of ssDSC

components was illustrated in Figure 3.1.

Figure 3.1 : SEM Images of ssDSC Components a) Mesoporous TiO2 Layer via
Recipe A b) Mesoporous TiO2 Layer via Recipe B ¢) Carbon Counter
Electrode.

As seen from Figure 3.1-a, mesoporous TiO2 layer was deposited on conductive glass

by using Recipe A has cracks on the film structure. TiO film structure with cracks can

be evaluated as a limiting factor to harvest electron because of given rise to higher

recombination of electrons and holes in the ssDSC structure.

On the other side, Figure 3.1-b shows morphology of TiOz layer. It is clear from SEM

images that TiO2 layer has better crack-free morphology via Recipe B comparing to
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TiO2 layer via Recipe A. In this regard, Recipe B stands for a TiO layer formation to
go through ssDSC formation. The reason behind the better film formation via Recipe
B can be attributable to thickener type used in both recipes. Because, it was observed
that while ethyl cellulose dissolved in terpineol with no residues, hydroxyl ethyl
cellulose has limited dissolution in terpineol. Besides that the effect of ethyl cellulose
on rheological behavior of paste was facilitated the deposition of TiO2 onto substrate.
It also clear from Figure 3.1-c Carbon counter electrode was successfully deposited on
TiOz layer without any crack formation.

When all issues was considered, we can sum up that cracks on TiOz layer might give
rise to interconnect between carbon counter electrode and ITO-glass which is
unwanted situation due to resulting in recombination of excited charges. So, in the rest

of the experiments, we fallowed the Recipe B for paste preparation.

3.2. Discussion: Doctor Blade versus Screen Printing

After selection of recipe for paste preparation, it was proceeded to form ssDSC
components. Both techniques was conducted for establishment of ssDSC. Then the
produced ssDSCs was analyzed and optimized accordingly. In this section, results and
analysis pertaining to both deposition techniques will be given consecutively.

3.2.1. ssDSC via doctor blade

Doctor blade was used as a first ssDSC assembling technique was conducted. ssDSC
assembling process by doctor blading was illustrated in Figure 3.2.

It is clear from Figure 3.2, after deposition of spin coating of dense TiO: layer, TiO2
and ZrO, mesoporous layer deposited onto TiO- dense layer by doctor blading, then
sintering at 500 °C was conducted. During sintering, organic part of the pastes
decomposed and removed from the structure. The brownish color is the indication of
decomposition of organic polymers such as ethyl cellulose. After sintering, carbon
paste was deposited onto ZrO> layer by using doctor blade and again sintering was
followed at 400 °C. However, after sintering of carbon layer at 400 °C, cracks was
observed onto carbon layer as seen from Figure 3.2. After completion of ssDSC via
doctor blading, it was observed the crack formation of carbon layer than can be
attributed to different thermal expansion coefficient of carbon and ZrO: layer. It was
proposed that the crack formation can be eliminated by addition of TiO; particles into

ZrO2 paste, during ZrO; paste preparation.
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< Film Deposition by Doctor Blade

< Sintering at 500 °C

< Carbon Paste Deposition

< Sintering at 400 °C

Figure 3.2. ssDSC establishment via Doctor Blade Technique

Afterwards, ZrO, paste was prepared with incorporation of TiO; particles into ZrO;
paste and ssDSC structure was established again with modified ZrO; paste. Modified
ZrO, paste has given rise to elimination of crack formation onto carbon layer as seen
Figure 3.3. Subsequently, sensitization of ssDSC was performed via drop-casting of
perovskite solution. After drop casting, ssDSC was treated at 110 °C, the yellowish
color of ssDSC was converted to brownish indicating the crystallization of perovskite

which is photoactive phase acting as electron-hole source.

Figure 3.3 : Sensitization of ssDSC structure

Subsequently, efficiency of ssDSC was evaluated via 1.5 AM solar simulator equipped
with Keithley 2400. Obtained I-V curves was showed in Figure 3.4.
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Figure 3.4 : Performance evaluation of ssDSC produced via doctor blade technique.

Perovskite based ssDSC produced by using doctor blade technique was enlightened

with solar simulator equipped with Keithley 2400. According to I-V curve obtained by

software named as Lab Tracer 2.0, fill factor (ff), open circuit voltage (Voc), short

circuit voltage (lsc), maximum power values (Pmax) and efficiency was calculated. The

results showed in Table 3.1.

Table 3.1 : Performance of ssDSC via doctor blade

Method Efficiency | FF (%) Iy Ve
Doctor Blade 0.004 25 0.201 | 0,089
a) b) i
E E| “’»“\\b

c) -

-

Thickness: 4,6 um

Thickness: 4,5 pm

, |
rﬂ‘vu‘*wl}w "\’Nﬂ‘{-lal%{ml
A

P 1%

Thickness: 11 pum

Figure 3.5 : Thickness values of a) TiO2 b) ZrO c) carbon layer. TiO2 and ZrO; layers
were deposited by doctor blade coating technique. Screen printing was
used for carbon layer.

40



As can be seen from Table 3.1, power conversion efficiency (PCE) was quite low with
the value of 0,004%. The reason behind the low PCE was analyzed by determination
of layer thickness of the ssDSC components. The components of ssDSC-doctor
blading layer thickness was measured by profilometer. The results of layer thickness
pertaining to TiO2, ZrO2 and carbon layer was illustrated in Figure 3.5. The values
obtaining from profilometer measurements was exhibited in Table 3.2.

Table 3.2 : Thickness values of the components constituting ssDSC via doctor blade

technique.
ssDSC .
Components TiO2 | ZrOz2 | Carbon
Thickness (um) 4.6 11 45

As can be seen from Table 3.1, the ssDSC produced by using doctor blade technique
show very low efficiency value of 0,004%. The low efficiency can be attributed to
thicker component layer of ssDSC exhibited in Table 3.2. Liu et al. [49] conducted a
research pertaining to determination of critical parameters such as layer thickness of
ssDSC structure. According to the research, produced mesoscopic solar cell structure
was in the form of TiO2/ZrOz/Carbon, same as the ssDSC produced in this thesis study.
They reached efficiency exceeding 13%. They attributed the high efficiency to
optimizing thickness of ZrO,and TiOz layer, application of perovskite into mesoscopic
structure, giving rise to improving the light-harvesting ability and the hole transporting
resistance. Their optimized values were submicron TiOz layer thickness and 1 um for
the spacer layer and 10 um for the carbon layer thickness.

When we compared to the values depicted in Table 3.2, it was noticed that the values
in literature was quite lower than the values in Table 2. The lower values providing
high efficiency might be allowed excited electrons to be captured by electrodes.
Because, they proposed that electron diffusion length is about 1 pm. Thereby, thicker
layer values much more than 1 um can inhibit electrons transferring to photo-
electrodes.

With this point of view, the optimization process was conducted to be able to obtain
lower layer thickness of TiO», ZrO. It is important to note that ssDSC structure with
the architecture shown in Figure 2.9, it is inevitable using patterning to build ssDSC
in required form. It was used adhesive tape in doctor blade deposition technique for
conduction of patterned deposition of inorganic pastes. However, adhesive tapes usage
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limits decreasing TiO2 and ZrO- film thickness layer. Therefore, it was proposed that
screen printing technology enabling decreasing layer thickness of TiO2 and ZrO: film
and satisfying establishment ssDSC in the required architecture can be feasible

deposition method in ssDSC production.

3.2.2. ssDSC via Screen Printing

a) i b)

Thickness: 2,7 um Thickness: 1,7 um

‘c)

Thickness: 4,8 ym

Figure 3.6 : a) TiO2 b ) ZrO> c) Carbon layer thickness via screen printing technique.
As a first try in screen printing coating, the same TiO2 and ZrO paste prepared by
Recipe B was used. TiO2 and ZrO> paste was deposited by using 100 mesh and 44
mesh was used for carbon paste deposition, because of carbon paste contains higher
particle dimension comparing to TiO2 and ZrO; pastes. Afterwards, TiO. and ZrO;
film thickness was measured by profilometer. The results obtained from profilometer
was exhibited in Figure 3.6. and average values of TiO2 and ZrO; film thickness was

given in Table 3.3.
Table 3.3 : Thickness values via screen printing technique

Screen Printing  TiOz ZrOz  Carbon

Thickness (um) 2,7 1,7 4.8
As can be seen from Table 3.3, layer thickness values of TiO2 and ZrO> films were
relatively decreased comparing to doctor blade technique. Besides that, surface
morphology was investigating by optical microscopy. Optical microscopy image was

exhibited in Figure 3.7.
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Figure 3.7 : Investigation of morphology of screen printed surface.

When the surface morphology was investigated, it was noticed that surface of TiO>
and ZrO; layer has pin holes which is accepted as surface defects decreasing energy
harvesting efficiency. Those pinholes can be attributed to higher viscosity of TiO, and
ZrO pastes.
In this regard, additional TiO. and ZrO; pastes optimization for screen printing was
also conducted. As emphasized above that surface defects comes from higher viscosity
of TiO, and ZrO; paste, hence, optimization of TiO, and ZrO; paste were conducted
to lower viscosity enabling pin hole- free structure. Additionally, high viscosity of both
TiO2 and ZrO> pastes causes increase in layer thickness which is thicker than 1 um. It
is important to note that decreasing TiO2 layer thickness to submicron and ZrO: layer
to 1 um is crucial. For that reason, it was considered that optimization process for paste
viscosity was inevitable. With this point of view, new TiO; and ZrO, paste were
prepared based on Recipe B. amount of terpineol was the only difference used in
modified paste preparation. Basically, the amount of terpineol was increased for TiO-
paste preparation to 30 g and 40 g, instead of 20 g. Both TiO2 paste will be assigned
as 6/30 TiO2 and 6/40 TiO; at the rest part of this research.
For the ZrO; paste, terpineol amount used in paste preparation increased to 30 g.
instead of 20 g and paste name will be assigned as (2+4)/30 ZrO> for the rest.
Furthermore, mesh number of screens is another parameters affecting layer thickness.
Therefore, different screens with different mesh numbers were used in optimization
process. Design of experiments for the paste optimization was exhibited in Table 3.4.
Table 3.4 : Design of Experiments for optimization of screen printing pastes

Experiment Paste Type | Screen No
1 6/30 TiO2 77
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2 6/30 TiO2 100
3 6/40 TiO2 70
4 6/40 TiO- 100
5 6/40 TiO2 200
6 (2+4)/30 ZrO» 77
7 (2+4)/30 ZrO» 100
8 Carbon 44

All screen printing layer formation was carried out manually by using a squeegee on
glass. Layer thickness of samples was measured by profilometer. Thickness values
measured by profilometer was illustrated in Figure 3.8, Figure 3.9, Figure 3.10, Figure

3.11 consecutively. Additionally, all layer thickness values were sum up in Table 3.5
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Figure 3.8 : 6/30 TiO. paste screen printing layer on glass substrate by using a) 77

mesh b) 100 mesh
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Figure 3.9 : 6/40 TiO2 paste screen printed on glass substrate by using a) 77 mesh b)
100 c) 200 mesh
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Figure 3.10 : (2+4)/30 ZrO2 paste screen printed on glass substrate by using a) 77
mesh b) 100 mesh
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Figure 3.11 : Carbon paste screen printed on glass substrate by using 44 mesh

All experiments were named according to paste type and screen type express in Table
3.5 for more clear understanding. According to layer thickness values obtained
profilometer measurements, by considering the research conducted by Liu et al, it was
evaluated that Experiment-1 assigned as 6/30-100 TiO2, experiment 4 assigned as
6/40-100, experiment 5 assigned as 6/40-200 were evaluated worth to try in ssDSC
structure as TiO2 layer. 6/40-200 X2 TiO2 assigned for double layer of TiO> deposited
via 6/40-200. For the ZrO layer formation, it was only used experiment 7 assigned as
(2+4)/30-100 for spacer layer formation. For the carbon layer deposition, experiment
8 was directly followed. Consequently, ssDSC structure selected for further
optimization design was cleared in Table 3.6.

Table 3.5 : Layer thickness obtained by screen printing

Experiment | Paste Type Screen No | Layer Thickness (um)

1 6/30 TiO2 77 1,87
2 6/30 TiO2 100 0,94
3 6/40 TiO2 70 0,96
4 6/40 TiO2 100 0,74
5 6/40 TiO2 200 0,54
6 (2+4)/30 ZrO» 77 1,38
7 (2+4)/30 ZrO» 100 1,04
8 Carbon 44 12
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ssDSC structure in Table 3.6 was carried out by screen printing. All screen printing

layer formation was performed manually by using a squeegee on dense TiO: layer

coated ITO-glass. Again layer thickness of real ssDSC samples was measured by

profilometer. Surface morphology was also investigated by optical microscope.

Optical microscope images combining layer thickness of real devices was presented

in Figure 3.12, Figure 3.13, Figure 3.14 and Figure 3.15 respectively.

Table 3.6 : ssDSC produced after optimization of TiOz and ZrO; layer thickness

Solar Cell Ti0; Layer 710z Layer Carbon Layer
Type
1 6/30-100 TiO2 (2+4)/30-100 ZrO2 Carbon-44
2 6/30-200 TiO2 (2+4)/30-100 ZrO: Carbon-44
3 6/40-100 TiO2 (2+4)/30-100 ZxrO: Carbon-44
4 6/40-200 TiO> (2+4)/30-100 ZrO2 Carbon-44
5 6/40-200 X2 Ti02 | (2+4)/30-100 ZrO» Carbon-44
6/30-100 TiO, nm
100 um 6/30-TiO, 3000
E 2000
6/30-200 TiO, nm
% o

Horizontal Distance ( um )

Figure 3.12 : Optical microscopy images combining with profilometer measurement
of mesoporous TiO> layer via 6/30- TiO; paste

Layer thickness results via 6/30 TiO2 paste from Profilometer was sum up in Table 7.
Table 3.7 : TiOz layer thickness by using 6/30 TiO2 paste

Solar Cell . .
Type TiO; Layer | Layer Thickness (um)
1 6/30-100 TiO2 1,1
2 6/30-200 TiO2 0,85
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Figure 3.13 : Optical microscopy images combining with profilometer measurement
of mesoporous TiO layer via 6/40- TiO paste

Layer thickness results via 6/40 TiO, paste from Profilometer was also sum up in Table 8.
Table 3.8 : TiO; layer thickness by using 6/40 TiO; paste

Solar Cell Type TiO; Layer Thickness (pm)

3 6/40-100 TiO, 0,93
4 6/40-200 TiO, 0,73
5 6/40-200 X2 TiO; 1,12

2+4/30-100 ZrO, nm
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Figure 3.14 : Optical microscopy images combining with profilometer measurement
of mesoporous ZrO- layer via (2+4)/30- ZrO> paste

According to profilometer measurement results, average ZrO> layer thickness was
calculated as 1 um.
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Figure 3.15 : Optical microscopy images combining with profilometer measurement
of mesoporous carbon layer.

Profilometer measurement showed average carbon layer thickness as 14 pm for all
ssDSC measurements. After construction of ssDSC, all solar cells were sensitized by
photoactive CH3NH3Pblz perovskite molecules. Deposition of CH3NH3Pblz onto
ssDSC structure was carried out by sequential deposition technique. First of all 0,1 M
1 uL Pbl> solution dissolved in DMF was dropped onto ssDSC structure. Before
deposition, both ssDSC and Pbl> solution was heated up 70 °C, afterward Pbl
deposited ssDSC was rotated on spin coating unit at 6000 rpm. Then let ssDSC dry at
50 °C for 15 min. Subsequently, Pbl> deposited ssDSC was dipped into solution of
CH3NHzsl dissolved in IPA (10 mg/mL). ssDSC dipped into CH3NHzal solution
immediately was converted into brownish color which is the indication of formation
and crystallization of CH3sNH3sPbl2 in ssDSC structure. After sensitization of ssDSC,
absorption  characteristics of ssDSC was analyzed by wusing UV-Vis

spectrophotometer.
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Figure 3.16 : Absorbance Spectrum of Solar Cells Produced by Screen Printing

Absorption curves of ssDSC sensitized by perovskite were exhibited in Figure 3.16.
All perovskite based ssDSCs showed better absorption comparing to literature [49].

For the last characterization of ssDSC, power conversion efficiencies (PCE) was
measured by solar simulator as explained in experimental section. Photovoltaic

performance test results exhibited in Figure 3.17.
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Figure 3.17 : PV measurement of solar cell of which a) 6/30-100 b) 6/30-200 c) 6/40-
100 d) 6/40-200 e) 6/40-200 X2

Additionally, PCE results were sum up in

Table 3.9. According to PCE results, all ssDSC showed better PCE comparing to
ssDSC produced by doctor blade technique. The higher performance of the ssDSCs
can be attributed to decreased layer thickness of ssDSC structure.

Table 3.9 : PV Performance Evaluation of ssDSC Produced by Screen Printing

PASTE | MESH | EFFICIENCY (%) | FF | I Ve
6-30 100 0.12 31 10462 | 0.862
6-30 200 0.11 251 057 | 0.8
6-40 100 0.22 27 1 0.869 | 0.904
6-40 200 0.26 25| 1.13 | 0.893

6-40x2 | 200 0.17 27 10.835| 0.72
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4. CONCLUSION

In this thesis study, after introducing solar cell structures briefly, focused on dye-
sensitized solar cells (DSC) and its component, energy harvesting mechanism and
manufacturing process with the aim of industrialization. Among different kind of DSC
structure, solid state Dye Sensitized Solar Cells (ssDSC) was evaluated as promising
approaches for large scale production. Thus, in this research, whole ssDSC
components were successfully manufactured from beginning with particles in
nanoscale to macroscopic dimension.
In manufacturing process, two different film formation techniques, doctor blade and
screen printing technology was proposed for the industrialization of ssDSC structures.
Doctor blade technique was used in first stage because of facile applicability. ssDSC
manufactured via doctor blading resulted in low efficiencies around 0,004%. Analysis
of ssDSC with lower efficiency showed that mesoporous TiO2and ZrO; layer thickness
plays very important role on power conversion efficiency. In doctor blade techniques,
it couldn’t be decreased layer thickness of the TiOz and ZrO, due to patterning issue.
Increasing 1 um layer thickness of TiO2 and ZrO- limits harvesting of excited charges
due to limited electron diffusion length value of 1 um.
Therefore, screen printing technology was proposed as the deposition technique
enabling to decrease layer thickness of TiOzand ZrO2 by improving patterning ability.
Improved patterning provided manufacturing ssDSC in any required architecture.
However, pastes used for doctor blading couldn’t be applied in screen printing due to
higher viscosity. In this point of view, optimization process was conducted by playing
with viscosity of screen printing pastes and construction of screens used in deposition
of TiO2 and ZrO, pastes. Profilometer measurement showed that TiO> layer in about
500 nm thickness could be produced after optimization process.
After optimization process, ssDSCs in five different construction were manufactured.
Afterwards, ssDSC via screen printing showed dramatic increase comparing to ssDSC
via doctor blade technique. The dramatic increase can be attributable to decreased
layer thickness of TiO2 and ZrO Additionally, analysis of profilometer results
exhibited that deposition of TiO2 and ZrO- layer with tunable thickness may allow
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engineering of ssDSC construction in forthcoming studies. It was obtained that the
highest efficiency is 0.26% for the best solar cells.
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S. FUTURE WORK AND PROPOSALS

In this study, ssDSC manufactured via doctor blading or screen printing showed PCE
in the range of 0,004% and 0, 26%. When certified highest PCE of ssDSCs exceeding
20% was considered, long way stand us to go through. One of the issue to enhance
PCE is the formation of metal oxide layer without any pin holes on metal oxide layer
especially in electron selective layer. It is very important phenomena getting rid of pin
holes might pave the ways for higher efficiencies.

In this context, improved metal oxide layer deposition will be the forthcoming studies.
For this purpose, ultrasonic-assisted TiO2 coating was proposed and first work was
done by publishing result of the studies. The product of preliminary research was
exhibited in Appendiz A.

Another approaches for deposition of pin hole-free metal oxide layer might be solution
processed in-situ synthesis of ZnO seeding layer and ZnO nanorod-like structures onto
TCO instead of mesoporous TiO2 layer. in this context, preliminary studies have been
proceeding and synthesized ZnO nanorod layer depicted in Figure 5.1 and ZnO
nanorod growth was depicted in Figure 5.2.

All synthesis of ZnO layer and nanorod structures was conducted on flexible ITO
coated polyethylene terephthalate (ITO-PET) surface by ultrasonic irradiation. It is
another important part of this preliminary studies enabling to establish flexible ssDSC

structures.

ITO-PET

AccV Spot Magn Det WD 1 100 um
150kV 30 202x SE 220 TF

Figure 5.1 : In-situ synthesis of ZnO layer on ITO-PET.
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Figure 5.2 : ZnO nanordo Structure growth on ITO-PET surface.
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Abstract In this study, we introduce ultrasound-
assisted coating as a simple means of functionalizing
nanofibrous membranes for photocatalytic (PC) water
filtration. Ti(}y nanoparticles, which have an anatase
crystalline phase with superior PC activily, were
directly synthesized over TPU nanofibers and the
coated membranes were characterized using scanning
clectron microscopy (SEM) and X-ray diffractometry.
The SEM images confirmed that the addition of
polyethylene glyveol reduced the nanoparticle dimen-
sions and yiclded greater distribution over the nano-
fibers. UW-Wis analysis demonstrated that Ag
decoration over the coating enhanced the PC perfor-
mance by up to 69.4% following 2-h UV illumination.

Keywords Nanofibers, Ultrasonic, Coating.
Photocatalytic

Introduction
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currently at its greatest. According to UN reports,
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over 2 million people die annually as a result of water-
related discases” Additionally, the impact of the
greenhouse effect on the environment, coupled with
climate change, & causing the treatment of waste water
to become an increasingly pressing issue. Even in well-
developed countries, an exorbitant amount of contam-
inated water is released into water sources such as
rivers, lakes, and underground deposits without treat-
ment, leading to pollution problems. In order to
identify the most effective engineering solutions, the
contaminants within used water, which can be classified
as either particulate matter or binljn_&jcal and chemical
components, must be examined. " For particulate
matter and biological material, well-known solutions
such as coagulation, flocculation, and pressure-driven
membranes are widely wsed. On the other hand, the
treatment of chemically contaminated water remains a
challenging issuc. To date. various oxidation tech-
niques have been pr . Of these, photocatalytic
oxidation (PC0) is a feasible method for the remowval
of chemical contaminants from wastewater.”

As regards the development of an effective PCO
technique, titania (or Ti(k) is by far the most widely
investigated semiconductor. This is because of its
superior PO performance, along with its unigue
properties such as chemical stability, biocompatibility.
and low cost.” Comprising a filled valence band (VE)
and an empiy conduction band (CB}, illumination by a
photon with encrgy larger than the Ti0; band ga
generates an electran in the CB and holes in the VB
Hence, the generated electron and hole produce
radicals around the contaminant molecules or directly
react with them.” Many studics have concentrated on
modifying the TiOs structure so s ko enhance its
activity in response to visible light,™™ 5 since titania
exhibits a low clectron transfer rate to oxygen and a
high electron—hole recombination rate. This signifi-
cantly limits the photo-oxidation rate of organic
compounds®  Photo-generated  electron—hole  pairs

59



J. Coat. Technol. Res.

have a recombination time of the order of 1077 s;
however, the chemical interaction with adsorbed pol-
lutant species has a timescale of 10~® to 10~* 5.*” The
decoration of TiO, with metals is a practical means of
enhancing the photocatalytic (PC) efficiency, as the
recombination of photo-excited electrons is restricted
in metal-doped titania. This is because of the appear-
ance of a semiconductor-metal junction, called the
Schottky barrier, in which a space-charge separation
region is formed. At the metal-titania interface, elec-
tron movement occurs because of the difference in
Fermi energy level. Electrons move from the high
Fermi energy level (TiO,) toward the lower Fermi
energy level of the metal. Thus, charge separation is
achieved through the Schottky barrier that appears at
the metal-TiO, interface. The electron movement
leads to excess electrons in the metal, along with
excess positive holes in the TiO, VB. The resultant
depletion layer owing to the Schottky barrier at the
metal-TiO, interface has the capability to sustain
charge separation.'? Of such metallic modifications,
silver (Ag)-incorporated TiO, particles have demon-
strated enhanced electron-hole separation and inter-
facial charge transfer ability, as well as increased
visible-light excitation.'® Hence, slower recombination
of photo-generated electron-hole pairs and, at the
same time, extended excitation wavelengths have been
observed."?

For application purposes, TiO, in powder form is
not appropriate, since it requires subsequent cleaning
from the water following the initial treatment.® Thus,
in this study, an ultrasonic coating procedure is
proposed that immobilizes the TiO, on nanofibrous
webs. This system allows for the simultaneous coating
of pristine/Ag-doped TiO, on previously prepared
electrospun webs. Nanofibrous webs provide the
largest surface area for coating with an active layer.
Theoretically, very high surface roughness for illumi-
nation is achievable. Further, the high-energy acoustic
cavitation that occurs during ultrasonic treatment
provides durable and uniform coating. An extremely
high temperature (approximately 5000°C) and pressure
(approximately 500 atm) are contained in the cavities,
which is a unique feature of the ultrasonic process.
These cavities have lifetimes with a timescale of a few
microseconds and the shock waves that emerge fol-
lowing cavity collapse in a liquid suspension cause
particle collisions, which have sufficient energy to
catalyze many reactions.'*'® Finally, TiO, that is
synthesized in an ultrasonic bath has more advanta-
geous properties than that synthesized via a conven-
tional sol-gel system, including an extremely high
surface area, decreased particle size, and superior PCO
activity.!”

In this study, ultrasonic irradiation was used to
decorate silver ions onto TiO,-coated nanofibrous
mats. To the best of our knowledge, this is the first
time this approach has been used. Following decora-
tion, the Ag nanoparticles created the possibility for a
Schottky barrier to develop, which ensured charge

separation. A thermoplastic urethane (TPU) nanofiber
mat was used as a template, with the silver nanopar-
ticles as decorative agents on the titania layer. The
efficiency of the coated nanofibrous filters was then
investigated and evaluated based on the degradation
rate of methylene blue (MB) in an aqueous solution.
Also, the effect of added polyethylene glycol (PEG) on
the TiO, distribution and PCO performance was
evaluated. In order to evaluate the efficacy of the
proposed approach, the performance of ultrasonic-
assisted synthesized pristine/silver-decorated TiO, and
that of a similar commercial product, Degussa, was
compared.

Materials and methods

A TPU polymer was purchased from BASF (C95).
Dimethyl formamid (DMF %98) and Ethanol (%99)
purchased from Merck without any further treatment
were used as a solvent for the polymer solution prepa-
ration, while AgNO;5 and titanium tetra isopropoxide
(TTIP) were used as the Ag and TiO, sources for the PC
activation, respectively. Titanium(IV) oxide (Degussa
21 nm 299.5%) was purchased from Sigma Aldrich. All
chemicals were used without further purification, as
obtained from Sigma Aldrich.

TPU nanofiber electrospinning

A neat polyurethane (13 wt%) solution was prepared
by dissolving TPU pellets in DMF at 80°C. Electro-
spinning was conducted at 24 kV, with a tip-to-collec-
tor distance of 150 mm and a solution feed rate of
0.6 mL/h. TPU was selected as the base polymer
because of its elasticity.

TiO, NP synthesis

Electrospun TPU nanofibrous mats (35 mm x 35 mm)
were immersed in preformed solutions (Table 1) under
ultrasonic irradiation at a frequency of 40 kHz.
Nanocrystalline TiO, was synthesized and coated onto
the TPU nanofibers simultaneously by hydrolysis of the
TTIP in the presence of ultrasonic irradiation. Then, 3 g
of silver nitrate (AgNQO3) was added to the ultrasonic
bath in order to decorate the TiO, coating with silver
particles. After 5 min of ultrasonic irradiation in solution,
the samples were exposed to UV irradiation for 30 min.
This was to transform the silver ions into silver atoms,
following the method explained in reference (18).

Morphological analysis

The nanoparticle distribution on the nanofibers was
examined using a Zeiss EVO MA10 SEM at
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Table 1: Process parameters and solution compositions

Filter/sample name

Solution composition

Process

TTIP

PEG-TTIP
PEG-TTIP-Ag
PEG-TiO—Ag-UV

100 mL DI water + 2 mL TTIP

50 mL ethanol + 0.4 mL PEG + 2 mL TTIP + 50 mL distilled water
50 mL ethanol + 0.4 mL PEG + 2 mL TTIP + 50 mL distilled water + 3 g AgNO3
50 mL ethanol + 0.4 mL PEG + 2 mL TTIP + 50 mL distilled water + 3 g AQNO3

45-min ultrasonic
45-min ultrasonic
45-min ultrasonic
45-min ultrasonic,
30-min UV

15.00-20.00 kV with magnifications ranging from 500
to 20 kX. A tungsten filament was used to create the
beam and the reported resolution was 35 A with a
20-kV beam. To watch the elemental composition after
Ag decoration, the energy dispersive X-ray spec-
troscopy (EDS) was recorded using SEM (model Zeiss
EVO 60) installed in MEMTEK Laboratories, ITU.
The crystal structure of the TiO, coating was investi-
gated using a Rigaku SmartLab X-ray diffractometer
equipped with a rotating anode Cu source with in-line
focus geometry, which produces Cu-Ko radiation with
a wavelength of 1.54 A generated at 40 kV and 44 mA.
The samples were equatorially scanned within a 260
range (=20°-80°) at an increment of 0.1°.

MB decomposition test

A custom-made UV irradiation system was used to
conduct the PCO performance test. The MB degrada-
tion rate under UV illumination was used as a means of
evaluatlng the PCO performance of the nanofibrous
samples An explanation of the evaluation tech-
nique based on MB concentration loss is available in
the literature.'”* In order to evaluate the PC activity
of the TiO,, a 10> M MB aqueous solution was
prepared. The as-prepared functionalized nanofibrous
mats were floated in the MB aqueous solution for
periods of 10 min, 1 and 2 h under UV illumination.
The UV lamp used in the study had a wavelength of
365 nm and power of 9 W, and the decomposition rate
was evaluated using UV-Visible spectroscopy (Philips
UVA PLS/PLA-9 W, irradiation 1.66 W).

Results and discussion
Morphological analysis

Scanning electron microscopy (SEM) was used to
analyze the nanofiber diameter and the distribution of
the nanoparticles on the nanofibrous webs. As can be
seen in Fig. la, the average diameter of the TPU
nanofibers was found to be 164 £ 33 nm. A smaller
fiber diameter would yield a larger surface area, which is
important for catalytic reactions. On the other hand, the
ultrasonic process did not alter the fibrous structure, as
can be seen in Fig. 1b. However, agglomeration

occurred in the pristine TiO, sample, since TTIP is
highly sensitive to water. In the case of the TTIP-based
coating sample, TiO, particles on the microscopic scale
were obtained with no proper distribution. However,
the addition of PEG to the solution resulted in TiO,
particles of nanoscopic dimensions with a more suitable
distribution on the nanofibrous web. The homogenous
distribution of the nano-scale TiO, particles in Figs. 1c
and 1d can be attributed to the hydroxyl groups of the
PEG which acted as a surfactant resulted in inhibition of
agglomeration of synthesized TiO, particles.”>** Note
that dimensional control is extremely important as
regards PCO performance, because decreased dimen-
sions enhance the interaction between the TiO, parti-
cles and dye (MB) molecules, as well as the interaction
between the UV light and the TiO, particle surfaces.
This justifies the strategy of introducing a chemical
agent to enhance the PCO activity of the TiO,.

Additionally, EDS analysis was also conducted to
prove Ag decoration on TiO,. As shown in Fig. 2b, Ag
decoration is apparent over TiO, particles, whereas
without the presence of AgNO; in precursor, coating
was solely composed of C, Ti, and O.

The well-known crystal structures of TiO, are anatase
and rutile, and it is important to note that the physical
properties of a material are dependent on its crystal
structure as to highly PC activity. The TiO, particles
synthesized in the presence of ultrasonic irradiation
exhibited an anatase crystalline phase, as seen in Fig. 3.
The crystal structure of the sonochemically synthesized
anatase TiO, may be due to the localized high temper-
ature and high pressure induced by the ultrasonic
irradiation. Clearly, the primary advantage of ultra-
sound-induced anatase TiO, synthesis is that the resul-
tant material does not require any additional heat
treatment. Thus, this novel method can be evaluated as
being both cost effective and rapid, in comparison with
other methods such as sol-gel synthesis.

In general, anatase has significantly greater pho-
toactivity than rutlle the other well-known TiO,
crystalline phase This behavior is attributed to the
band-gap size; anatase and rutile crystalline structures
have 3.2 and 3.0 eV band gaps, respectively. The
higher band gap is the source of the greater redox
potential of the anatase structure. Additionally, ana-
tase crystals have a higher surface hydroxyl area
density. Hydroxyls play an important role in slowing
the recombination of the photo- generated electron—
hole pairs.'* In addition, Perez et al®® have also
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Fig. 1: SEM images of electrospun nanofiber webs: (a) pristine TPU nanofiber; (b) TiO, (TTIP-based); (c) TiO, (PEG-TTIP);

(d) TiO, (PEG-TTIP-Ag); and (e) Degussa coated on nanofibers

demonstrated that decreased particle size causes an
increase in the band-gap energy of TiO,. It can then be
inferred that the exciton energy levels of TiO, with
lower particle size are higher than those of TiO,
samples with greater particle size. It should also be
noted that excitons with higher energies may be the
source of the superior PC activity observed for this
material. As seen in Fig. 2, the as-synthesized TiO,
nanoparticles with anatase crystalline structures match
the results of the study conducted by Perez et al.
exactly.”® It can also be inferred that the PEG addition
resulted in the synthesis of TiO, with lower dimen-

sions, as indicated by the SEM images. Hence, TiO,
with reduced dimensions exhibits superior PCO activ-
ity because of the higher energy levels of its excitons.

MB decomposition performance of PC filters

UV-Vis spectroscopy measurements were performed
after illumination of the MB/water solutions, in which
the samples were embedded for periods of 10 min, 1
and 2 h. The as-prepared MB solution was taken as the
base line. It is clear from Fig. 4 that the MB solutions
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Fig. 2: Elemental composition of coatings via ultrasonic-
assisted synthesis (a) TiO, (from TTIP, ultrasonicated for
45 min) (b) TiO,-Ag (from PEG-TTIP-Ag ultrasonicated for
45 min) Silver peaks around 3.05 eV are apparent for
decorated samples
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Fig. 3: XRD spectrum of synthesized TiO, nanoparticles

treated with functionalized nanofibrous mats were
dramatically clarified as a result of the PC activity of
the TiO, in the solution. As can be seen in Fig. 4a, the
presence of the PEG enhanced the PCO efficiency of
the filters compared to the performance of the TTIP-
based filters. It can then be concluded that PEG
addition is an effective strategy for controlling the
dimensions of the as-synthesized nanoparticles. There-
fore, the PEG-induced highly specific surface area
increased the interaction between the TiO, and UV
light, as well as the interaction between the MB and
TiO, particles. These increased interactions may be the
source of the PCO performance enhancement. Addi-
tionally, it can be hypothesized that other reactions
may exist which resulted in intermediate products
which did not decompose fully. Note that the TTIP-
based filter may require a longer period of time for
effective performance to be demonstrated, since the
UV-Vis spectrum curves indicate absorption in the
range of 450-550 and 700-800 nm. On the other hand,
the synthesized TiO, with added PEG achieved com-
plete MB decomposition.

Considering Fig. 4b, it can be clearly stated that the
Ag decoration contributed substantially to the perfor-
mance of the PC filters, as expected. As explained
previously, both charge separation and retarded
recombination induced a PCO performance enhance-
ment. Further, additional enhancement of the PCO
efficacy was also expected following the reduction of
the silver ions to atoms by the UV irradiation.
However, the Ag-based filters with no UV irradiation
exhibited superior performance to the filter that was
exposed to the UV radiation, which was unexpected.
Hence, further investigation and improvement of the
method used to obtain silver atoms is required in
forthcoming studies, in order to explain this result.

In addition, a comparison of the PC effectiveness of
the TiO, particles synthesized via the sonochemical
reaction with that of Degussa (commercial TiO,
nanoparticles) was conducted. Although Degussa is a
well-known and widely used PC, the sonochemically
synthesized TiO, with silver decoration demonstrated
far superior PC activity, as can be seen in Fig. 4c. The
excellent performance of the synthesized TiO, can be
attributed to the reduced dimension and significantly
more uniform distribution of the TiO, nanoparticles.
This uniform distribution was due to the presence of
the PEG, and can be considered to be another source
of the superior performance of PEG-based PC filters.
Following Fig. 4, it is also important to emphasize that
PC filters have the capability to degrade organic
compounds with a decomposition rate that is directly
proportional to the UV irradiation time.

It is clear that MB degradation was observed via the
absorbance spectra of the dye molecule throughout the
irradiation as shown in Fig. 4. MB degradation rate as
a function of irradiation time was also studied. Typi-
cally, disappearance of MB is directly correlated with
time and can be predicted with Langmuir-Hinshel-
wood reaction kinetics.”’*®* The examination of MB
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concentration (C/Cy) was conducted with the reaction
time via ln(c%> =k -t, where k is the reaction rate

constant; ¢, time; C, is the initial MB concentration;

<« Fig. 4: Performance evaluation of photocatalytic filters

based on methylene blue (MB) degradation after following
UV light irradiation for 120 min. (a) Effect of PEG addition
on PCO performance, (b) Effect of Ag addition and UV
exposure on PCO performance; (c) Comparison of PCO
performance of commercial TiO, and ultrasonic-assisted
synthesized TiO,
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Fig. 5: Photocatalytic degradation of MB as a function of
irradiation time for the filters TTIP, TTIP + PEG, TTIP +
PEG + Ag

and C is the MB concentration at a specific irradiation
time. Figure 5 displays the time dependency of C/C
under UV irradiation of the filters. It is important
to note that direct photolysis of MB was in negligi-
ble scale. On the other hand, it is clear that MB
degradation varies as TiO, (TTIP + PEG + Ag) >
TiOL(TTIP + PEG) > TiO, (TTIP). The variation in
MB degradation rate can be attributed to charge
separation phenomena, higher exciton energy in
anatase crystal structure, decreased particle dimension,
and better distribution of nanoparticle on nanofibrous
web. Besides that, MB degradation amount can be
evaluated by Fig. 5 throughout 120 min. It is evident
that 69.4% MB degradation takes place by TiO,(TTIP +
PEG + Ag) filter. Silver decoration resulted in higher
performance of the PC filters probably as a result of
retarded charge recombination.

Conclusions

An ultrasonically assisted TiO, coating has been
proposed as an approach to producing PC water filters.
This novel technique is promising as it is based on the
ceramic coating of polymeric membranes, which en-
hances both chemical and thermal durability. Further,
this system facilitates metal doping/decoration, which
enhances PC performance. The dimensions of the as-
synthesized TiO, particles are controlled by the addition
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of PEG, and it has been shown that PEG has beneficial
effects on the PCO performance of the TiO,, leading to
smaller particle size and significantly more uniform
particle distribution. Additionally, UV-Vis measure-
ments have demonstrated that Ag decoration enhances
the performance by approximately 70%, as it causes
charge separation at the TiO,-Ag interface. Further, the
PC water filter developed here exhibited superior
performance to a similar commercially available prod-
uct. The findings of this paper will lead to the develop-
ment of more effective water filtration systems, which
have considerable potential applications worldwide.
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