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Abstract

In this thesis, dye sensitized solar cells (DSSCs) were prepared using titanium dioxide
(TiOy) as a semiconducting layer spread on transparent conducting fluorine tin oxide
(FTO) coated glass using doctor blade method and based on three natura dyes
extracted from Hibiscus Rosa Sinensis, Hibiscus Sabdariffa and Rosa Damascena
flowers as sensitizers.

Three processes were conducted to improve the performance of prepared solar cells
namely pre and post-trestment of TiO, and FTO layers with three acids, changing the
pH of the extract solution, and capping TiO; particles with ZnO layer.

Many measurements were conducted on all DSSCs such as UV-Vis absorption
gpectra in the range of 400 nm to 800 nm of all dyes, J-V characteristic curves under
100 mW/cm? illumination, and impedance spectroscopy under dark and illumination.
Many of the photovoltaic parameters of the cells were presented.

The best performance was obtained for the DSSC sensitized with Hibiscus Sabdariffa
dye solution without treatment with J. of 1.18 mA/cm?, V. of 0.46 V, FF of 0.51,
and an efficiency n of 0.28%. When the treatment processes were applied to DSSC
sensitized with Hibiscus Sabdariffa, the efficiency was lowered for all treatments. The
treatment of the dye solution of Hibiscus Rosa Sinensis with hydrochloric acid to get

pH of 2.0 showed an efficiency improvement of 400%.



Abstract in Arabic

G Alia o 4 A0S o oiliall €l U 50le Ao 53 gl Al 4080 jpcaa Q5 a1 b
G da At L g lal A0 e Cuadie] 5 a3 5iSall 45 5l aladiuls (FTO) gla) e il
sl 38 55 4aaS HSI s 58 55l e sl B 0 5 (A s )l

Aaaiuly TiO, ddh s FTO ddih gl dallae o 5 dpadll LAY elal Gauead el 5o &0 GGaaas a3
S U Bale sy S Apdard s daliiuall $Lual) Jplaal i gaall da a3l 5 aleal 2535
3l 30T (e Al aladiuly o gilil)

8elia) 5 cand LA JSU agadle lall cilyinie sl a5 (uldy A clapall adall (aliate¥) (uld o
il 5 aadll JS e ) ABlia] sl g 30 1) ls cant g dall Aailaall uld 3 100 mW/cm?
LAl dalal)

sl alasind & s @l g 43S S s Jglaa aladiuly Lnsal) Ledl) LAY A bl e J gasll o
Gubai vie 040,28 (s sk 31l 5 FF=0.51 5V c=0.46V 5 J:=1.18 mA/cm? LuilS Cua dallas
Aadlas ()l pall JS 8 Us sale Lialiail o€ Sl Gana Jlae aladind jelal 3e LSl Aiuaall el all
) W mad el ) oIS 5 Haell aen (e Cadde J slas aladiuly Gl e 53 6l Axa J e

96400 (5 s dahy 3 S 53y 5 & je kel 2.0 6 sk



Contents

D<o ([0 1 o o PRSPPI i
ACKNOWIEAGIMENTES.......ooiiiirieeee e e i
N 15 = o S iv
ADSEFACE 1N ATADIC......i et %
RS ) T oI -SSR IX
S o) 1o =SS Xii
SYMDIOIS..... e ettt e b enes Xiv

Chapter One: Introduction

1.1. HiStOry Of €Nergy SOUIMCES........coerterieruerieeeeieseessestessessessesseeeessessesseseessessesneas 1
1.1.1. Non-renewable energy SOUICES..........ccerueruererieriesierieseeeeneesseseeseeseessees 1
1.1.2. Renewable energy SOUICES........ccccueeiieeiieeiee ettt st 1

1.2. Solar irradiation and availability of solar electriCity.........cccovvvvcieiie i 1

IR N T 017 5SS 2

1.4. Types of solar enNergy CONVEISION.........ccuererieriereriereeeeseesee e sene svessesaens 3
1.4.1. Thermal solar energy CONVEISION.........ccceeiiieiiecieesee et s 4
1.4.2. Thermoelectric solar energy CONVEISION.........cccveiieeieeeiieeesiee e esiee e eeeens 4
1.4.3. Photoelectric solar energy CONVEISION.........coveuerrerierieresesesesseensessesseseens 4
1.4.4. Chemical solar energy CONVEISION........c.ceeeeeierierieniesiesieseesee e 4

1.5, SOIar @ECHICITY....cciiieiies creeiieet et re e sreenree s 5

1.6. Types Of SOlar CElIS.......uviiiiiece s 5
1.6.1. Single-crystalline and polycrystalline silicon solar célls...........cccvevennnneee 5
1.6.2. Thinfilm SOlar CElIS.......ooveieeeee e 6
1.6.3. Photoelectrochemical solar Cells.........ccoovrivieiiinience e 6

1.7. Electricity problem in Gaza...........cccueiieeiieiie st 7

1.8. Stale Of tNE AIT.....c.eieeieieee e s 8

1.9. AiM Of tRISWOIK.....ccueeieeeeeeece et 9

Chapter Two : Dye-Sensitized Solar Cells (DSSCs)

b2 R [ 11 0o [ X o 10
2.2. Materials of adye-sensitized solar CEll..........coooiiiiiininiiecee e 10
A S U | 1 = (= 10

Vi



2.2.2. Nanoparticle e eCtrOdes..........coouveiveeie i 10

2.2.3. SENSILIZEN AYES.....ccviiieee ettt et e e e annas 11
2.2.4. EIECIIOIYLES. ..ottt 12
2.2.5. Counter-eleCtrode Catal YSIS.........ueveieriererieieie e 12
2.2.6. SEAIING.....eeiiieeie e nree s 13
2.3. Operating PriNCIPIE....cuei et e e sre e sreens 13
2.4. Parameters of Solar CElIS......ooiiiiiiieeceee e 15
2.4.1. Short CIrcuUit CUITENt AENSITY Jac...veveeerreeerreesieereeseeseeeseeeseesseesseseesseesnns 15
2.4.2. Open CIrCUIt POLENLTAl Vg veeireeiireeiiee i e siee st sttt 15
2.4.3. OptiMUM VOITAZE V e veeeeee ettt ettt sttt 16
2.4.4. Optimum CUITEN AENSITY Jm.eeveeveeeeeeieniesie st 16
P T 1 I - o (o 16
2.4.6. EFfICIENCY Mueveiiieitiee sttt s 17
2.4.7. Thesimple electrical model of asolar Cell.........cccoooveieeiiiiicece 17

Chapter Three: Description of Instrumentsand Techniques Used in DSSC

Fabrication

3.1. Materials used in the preparation of DSSCS.........cccccvevieiiecvie e 19
3.2 EXPEIMENLAL......coeiiiic e 19
3.2.1. Extraction the Natural dyeS............cooeeeeeiinenese s 19
3.2.1.1. Measuring absorption spectra of natural dyes............ccceeeeveeiererenennens 19
3.2.2. FTO ClEANING....c.eeiiieeitie ettt ettt et sre e et naeeannas 20
3.2.3. Preparing Of TiO2 fillM......coiiiiecece e 20
3.2.4. Sintering of TiO, and DSSC assembly........ccccovvenenenieeere e 20
3.3. Techniques used to improve the effiCIENCY.........covvverererieeee e 21
3.3.1. FTO aCidiC treatmeNt........cceeiierieiieeieeie ettt e 21
3.3.2. TIO2 FIm aCidiC treatment.........cccueeeieeieeieseesee e 21
3.3.3. Effect of changing pH Of YES..........cccoviiinininieeeee e, 21
3.3.4. Successive ionic layer absorption and reaction method............cc.ccoceveennee. 21
3.4. DesCription Of INSLIUMENES........ccvieiiecieecie e 22
3.4.1. Autola PGSTAT B02N......ciiiiieeieieirieesesieesee e 22
3.4.2. Ultraviolet and visible absorption spectroscopy (UV-ViS)......ccvervrerunnne. 25
3.4.3. JV measurement systems of solar Cell..........ccooevirininininineeee 25

Vii



3.4.4. Diffuse reflectance and KubelKa-MunK.........oooooeoeeieie 26

Chapter Four : Results And Discussion

4.1. Sensitization of DSSCs by three plant flIOWErS..........cocovireninirieieree s 29
4.1.1. Absorption spectraof the eXtractS........cccveceeiieivee e 29
4.1.2. PhOtOVOItalC PAr@MELENS.......ccueeiieeciie ettt 30

4.2. FTO aCidiC trealMeNt......ccoieeeeeieeeesie e steesie e sne et ee e sne e e sneenes 34
4.2.1. JV CharaCteriZationsS..........cccvevueiiereeie s eie e e 34

4.3. Acidic treatment Of TTO,......coiiiieiiee e 37
4.3.1. J-V CharaCteriZationsS..........coerueiieniieie e e 38

4.4. Effect of the pH of dye SOIULIONS.........cccoiiiiiiiirie s 41
4.4.1. JV CharaCteriZationsS..........ccvecueieereeie s e et 41

4.5, Effect of SILAR method to improve the efficiency of DSSCs........ccccccceecveennn. 438

4.6. Electrochemical impedance SPECIrOSCOPY.......ccvveereeeireeieeiieeseeerieesieeereessee e 49

4.6.1. Electrochemical impedance spectroscopy of the untreated cell................... 49

4.6.2. Electrochemical impedance spectroscopy of the DSSC sensitized by Hibiscus
Rosa Sinensis with post treated TiO; layer with Nitric acid......................... 51

4.6.3. Electrochemical impedance spectroscopy of the DSSC sensitized by Hibiscus
R0Sa SINeNSiSOf PH Of 5.5......coueiiiiie s 53

Chapter Five
(@00] 10 101 10 o 1T 60
RE O ENICES. .o 62

viii



List Of Figures

Chapter One
Figure 1.1 Spectral distribution of solar radiation on: a) the surface of the Sun (black
body), b) the top of the Earth's atmosphere (AMO), c) the Earth's

amosphere layer (AMLS).....ccooiiiieiieeeee e 3
Chapter Two
Figure 2.1 The working principle of dye-sensitized nanostructured solar cell.......... 14
Figure 2.2 Schematic energy diagram..........c.ccoeeeeiineneneneeeeeesee e 14

Figure 2.3 Typica JV curve of asolar cell showing the open circuit voltage V o,

short circuit current I, and the maximum power point Po.......ccccceeevnen. 16
Figure 2.4 Equivaent circuit of asolar cell including series and shunt resistances.. 17
Figure 2.5 Effect of (a) reducing parallel resistance and (b) increasing series

FESISIANCE. ... 18

Chapter Three
Figure 3.1 Doctor blade method to spread the TiO, paste on the FTO coated glass. 20
Figure 3.2 The Autolab PGSTAT 302N instrument with frequency response analyzer

FRA 32 MOUUIE.......oeiiiieeee s 23
FIQUre 3.3 NYQUISE PIOLS........ceiiie ettt 23
Figure 3.4 Bode plot showing the phase angle as a function of frecuency................ 24
Figure 3.5 Genesys 10S UV-Vis SPectrophOtOMELES ..........ccovrerererenenenee e 25
Figure 3.6 System of |-V measurement and solar cell smulator.............cccccvenennnee. 26
Figure 3.7 Specular reflection diagram..........cccceeveeeiieiie e 26
Figure 3.8 Diffuse reflection diagram...........c.cceceeeienine s 27
Figure 3.9 Evolution 220 UV -Visible spectrophotometer instrument with 1SA-220

Integrating SPhere ACCESSOIY.......cciueiieeiieeiie e eseesre et 28
Chapter Four

Figure 4.1 The UV-Vis absorption spectrum of the dyes extracted from Hibiscus
Rosa Sinensis, Hibiscus Sabdariffa, Rosa Damascena.............ccceevevevenene 29
Figure 4.2 Current density-voltage characteristics curves for the DSSCs sensitized by

Hibiscus Sabdariffa, Hibiscus Rosa Sinensis and Rosa Damascena........ 30



Figure 4.3 Current density-voltage characteristics curves for the DSSCs sensitized by
Hibiscus Sabdariffa, Hibiscus Rosa Sinensis and Rosa Damascena........ 31
Figure 4.4 Molecular structure of anthocyanin and the binding between anthocyanin
molecule and TiO, PAtiCIES........occveeeriee e 32
Figure 4.5 Hibiscus Rosa Sinensis, Hibiscus Sabdariffa and Rosa Damascena....... 33
Figure 4.6 Absorption spectra of Hibiscus Rosa Sinensis dye on TiO; film and the
extract of the same flower in ethanol............cccccovveviiiceic e 33
Figure 4.7 Current density-voltage characteristics curves of DSSCs with the pre-
treatment of FTO layer with acids sensitized by: (1) Hibiscus Rosa Sinensis
(2) Hibiscus Sabariffa (3) Rosa Damascena (4) Hibiscus Rosa Sinensis (5)
Hibiscus Sabariffa (6) Rosa Damascena. The upper panels were presented
in acids for 5 minutes whereas the lower panelsfor 10 minutes.............. 34
Figure 4.8 Current density-voltage characteristics curves for the DSSCs sensitized by
(1) Hibiscus Rosa Sinensis (2) Hibiscus Sabdariffa (3) Rosa Damascena
with post-treated TiO, film by the acids for 5 minutes............ccccccevenee. 38
Figure 4.9 Absorption spectra of Hibiscus Rosa Sinensis extract in ethanol solution
and anthocyanin adsorbed onto TiO; film treated with HNO3, HCI and

Figure 4.10 Current density-voltage characteristics curves for the DSSCs sensitized
by (1) Hibiscus Rosa Sinensis (3) Hibiscus Sabdariffa (5) Rosa
Damascena using acetic acid to change pH of the dye, sensitized by (2)
Hibiscus Rosa Sinensis (4) Hibiscus Sabdariffa (6) Rosa Damascena using

hydrochloric acid to change pH of thedye...........ccocooeiiieiinine e 42
Figure 4.11 DSSC efficiency versus the pH of the extract solution of three dyes using
= 0 1 o= 0! o OSSR 44

Figure 4.12 Absorption spectra of Hibiscus Rosa Sinensis extract in ethanol solution
and anthocyanin adsorbed onto TiO, film of pH of 2 and pH of 5.5......46
Figure 4.13 DSSC efficiency versus the pH of the extract solution of three dyes using
RydrochlOoriC aCid.........cuviiieeiiecee e e 47
Figure 4.14 Current density-voltage characteristics curves for the DSSCs sensitized
by Hibiscus Rosa Sinensisusing SILAR Method...........cccoovvevincninee. 48
Figure 4.15 Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis without
any treatment at -0.4 V, -0.6 V and -0.8 V in the dark and under an
illuMination of 100 MW/CMZ.........ooemeeieeereeeeeeeesseesseee e sseesse s 50



Figure 4.16 The equivalent circuit for the DSSC sensitized by Hibiscus Rosa Sinensis
WIthOUL trEaEMENES......cueeiiieiciie e 50
Figure 4.17 Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis with post
treated TiO, layer with Nitric acid at -0.4 V, -0.6 V and -0.8 V in the dark
and under an illumination of 200 MW/CM?.........c.oomeereerereeeeeessseeseeane. 52
Figure 4.18 The equivalent circuit for the DSSC sensitized by Hibiscus Rosa Sinensis
with post treated TiO- layer with Nitric aCid..........ccooeveienirieieicnee, 52
Figure 4.19 Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis of pH of
5.5 at -0.4V in the dark and under an illumination of 100 mW/cm?.......54
Figure 4.20 The equivalent circuit for the DSSC sensitized by Hibiscus Rosa Sinensis
OFf PH OF 5.5, 54
Figure 4.21 Nyquist plots of DSSCs sensitized by Hibiscus Rosa Sinensis at -0.4V
applied potential under an illumination of 100 MW/CM?..........cocvvue.... 56
Figure 4.22 Nyquist plots of DSSCs sensitized by Hibiscus Rosa Sinensis at -0.6V
applied potential under an illumination of 100 MW/cm?............cc.......... 56
Figure 4.23 Nyquist plots of DSSCs sensitized by Hibiscus Rosa Sinensis at -0.8V
applied potential under an illumination of 100 MW/CM?..........cocvvue.... 57
Figure 4.24 Bode plots of DSSCs sensitized by Hibiscus Rosa Sinensis for the three
studies mentioned before under an illumination of 100 mW/cm? at -0.4 V,
-0.6 V, and -0.8 V applied VOItages..........ccocerereririeiiieee e 57

Xi



List Of Tables

Chapter Three
Table 3.1 Flowers used in this study to extract the natural dyes.............cccccevrueneee. 19
Chapter Four
Table 4.1 Photovoltaic parameters of the DSSCs sensitized by the three natural
DY St 31

Table 4.2 Photovoltaic parameters of the DSSCs using the treated FTO with the acids
FOr DMINUEES.......coiiieieee e e 35
Table 4.3 Photovoltaic parameters of the DSSCs sensitized by natural dyes using pre-
treatment the FTO by acids for 10 MiNUEES...........cccoceveieneninereeeeenn, 36
Table 4.4 Photovoltaic parameters of the DSSCs sensitized by natural dyes using
post-treatment of TiO, film by acidsfor 5 minutes............cccccoevveevcieenene 38
Table 4.5 Photovoltaic parameters of the DSSCs sensitized by the dyes with changing
the values pH uSINg @CELiC 8CId.........ccoveieiierieierieeeee e 41
Table 4.6 Photovoltaic parameters of the DSSCs sensitized by the dyes with changing
the values pH using hydrochloric acid..........cccoveviieie i, 44
Table 4.7 Photovoltaic parameters of the DSSCs sensitized by Hibiscus Rosa Sinensis
dye using SILAR Method with three different molarities of Zncl,
S0 111 oo TS 48
Table 4.8 Electrochemica impedance spectroscopy results from data-fitting of
Nyquist plotsto the equivalent circuit model in Fig. 4.28 for the DSSC
sensitized by Hibiscus Rosa Sinensis without any treatment.................... 51
Table 4.9 Electrochemical impedance spectroscopy results from data-fitting of
Nyquist plotsto the equivalent circuit model in Fig. 4.30 for the DSSC
sensitized by Hibiscus Rosa Sinensis and TiO, post-treatment with Nitric

Table 4.10 Electrochemical impedance spectroscopy results from data-fitting of

Nyquist plotsto the equivalent circuit model in Fig. 4.32 for the DSSC
sensitized by Hibiscus Rosa Sinensisof pH of 5.5.........cccoovviiiecieeen, 55

Xii



Table 4.11 EIS results from data-fitting of Nyquist plots to the equivalent circuit
model in Fig. 4.33 for the DSSCs sensitized by Hibiscus Rosa Sinensis
at -0.4V applied VOITAgE.......ccoiiiireeeeeere e 58
Table 4.12 EIS results from data-fitting of Nyquist plots to the equivalent circuit
model in Fig. 4.34 for the DSSCs sensitized by Hibiscus Rosa Sinensis
at -0.6V applied VOItage.........coovviieece e 58
Table 4.13 EIS results from data-fitting of Nyquist plots to the equivalent circuit
model in Fig. 4.35 for the DSSCs sensitized by Hibiscus Rosa Sinensis
at -0.8V applied VOItage.........ccoveiieece e 59
Table 4.14 Electron lifetime calculations from Bode plots...........ccceveevcieeviecieenen, 59

Xiil



Symbols

nm

um
CdTe
aSi
DSSC
TiO,
ZnO
Jso
Ve
MW
GPP
mA

Pmax

mV

pH
Zncl,

FTO
| max

V max
FF
TCO
°C
eV
g/mol

Kelvin degree

Watt

Meter square

Kilo

Hour

Nano meter

Silicon

Micro meter
Cadmium telluride
Amorphous silicon
Dye-sensitized solar cells
Titanum dioxide

Zinc oxide
Short circuit current density
Open circuit potential
Megawatt

Gaza Power Plant

Mille ampere
Power maximum
Mille volt
Volt
Hydrogen number
Zinc dichloride
Conversion efficiency
Fluorine-doped tin oxide (SnO.:F)
Optimum current
Optimum voltage
Fill factor
Transparent conducting oxide
Celsius degree
Electron volt
Gram per mole

Xiv



cm? Centimeter cubic

I~ lodine

|73 Tri-iodide

Pt Platinum

Pight Incident light

JV Current density-voltage

Rs Seriesresistance

R« Shunt resistance

S Excited energy state of the sensitizer
S’ Oxidized state of the sensitizer

S Original state

v Frequency

AV Voltage difference

VA Real impedance

Z" Imaginary impedance

EIS Electrochemical impedance spectroscopy
FRA Frequency response analyzer

DC Direct current

AC Alternative current

Z Impedance

UV-Vis Ultraviolet-Visible

SILAR Successiveionic layer absorption and reaction
P-v Power-Voltage

au. Arbitrary units

HCI Hydrochloric acid

H3PO4 Phosphoric acid

HNO;3 Nitric acid

Rer Charge-transfer resistance

C Capacitance

CPE Constant phase element

Qo Constant phase element coefficient
Omax Characteristic frequency

Telectron Electron lifetime

XV



Chapter One

I ntroduction

1.1. History of energy sources

Over the last 200 years, people have become more and more dependent on energy that
they dig out of the ground. In the 1700’s, amost al the energy came from wind,
water, firewood, or muscle power. About 1800, much of the energy was taken from
coa dug out of the ground. About 1900, human began to drill for oil and natural gas.
By 1950 these “fossil fuels” had mainly displaced the older energy sources except for
water power. In some parts of the world new fossil fuels are being formed even today.
After 1950, we began to use atomic energy from uranium dug from the ground.

Energy sources have been classified into nonrenewable and renewabl e sources.

1.1.1. Non-renewable energy sources

Fossil fuels such as coal and natural gas are the main sources of energy used by
humans. They come from the decayed remains of prehistoric plants and animals
buried in the ground millions of years ago. This type of energy is expected to run out
through several decades; and the burning of fossil fuels has caused and is causing
damage to the environment of Earth such as raise the air temperature around the
Earth's surface. Moreover, they have a direct impact on human health and cause many

diseases.

1.1.2. Renewable ener gy sources

The renewable energy sources such as sunlight, wind, rain, tides, and geothermal heat
are clean, environmentally friendly sources of energy that do not lead to pollution.
But they have high cost and low efficiency. If used wisely, however, renewable
energy supplies can last forever. Sun has always been the most powerful energy
source on Earth. Sunlight can be transformed into electricity using solar cells. Solar
cells have found applications in many different fields such as calculators, solar lamps

and even on spacecraft and satellites.

1.2. Solar irradiation and availability of solar electricity

The energy of the Sun is created by the nuclear fusion reaction of hydrogen and

helium which occurs inside the sun at several million degrees. The solar radiation is



emitted from the Sun's photosphere at (5800-6000)°K temperature. Because all
elements are ionized to some degree at this temperature, their spectral lines are
strongly broadened so that the gaseous surface of the Sun radiates like a black body as
shown in Fig. 1.1 [1]. The solar energy that reaches Earth is determined by the
radiation of the Sun and the distance between the Earth and the Sun. The solar
radiation power just outside the Earth's atmosphere is 1.353 kW/m?, a number also
called the solar constant [2]. Passing through the Earth's atmosphere, radiation is
partly absorbed by the air molecules, in particular oxygen, water vapor, and carbon
dioxide; and attenuated by scattering from air molecules, aerosols and dust particles.
Note that only 30% of total solar radiation actually hits the Earth surface
perpendicular to the Sun's path. The available solar irradiation in a certain place
depends on the latitude, the climatic type in ayearly basis, the season, the time of day,
and the weather conditions in a specific time. The total yearly solar irradiation on
horizontal surface is 1800-2300 kWh/m? in the equator, and 2000-2500 kWh/m? in the
so called "solar belt” i.e. between 20° and 30° latitude [ 3].

1.3. Air mass

Specific solar radiation conditions are defined by the Air Mass (AM) value. AM isthe
direct optical path length (atmosphere thickness). The spectral distribution and total
flux of radiation just outside the Earth's atmosphere, similar to the radiation of a Sun,
has been defined as AMO meaning zero atmosphere as shown in Fig. 1.1. In passing
through the atmosphere the radiation becomes attenuated by complex and varying
extinction processes mentioned above. At the equator at sea level at noon when the
incidence of sunlight is vertical («=90°, sun in zenith) and the light travels the shortest
distance through the atmosphere and air (air-mass) to the surface, the spectral solar
radiance and flux is defined as AM1. However, if the angle of light incidence is
smaller then 90°, the light has to travel through more AM than under AM1 conditions.
The relative path length through the atmosphere by the shortest geometrical path is
given by:
(1.1)




where |y is path length normal to the earth's surface at sea level and a is the zenith
angle. The so-called AM1.5 conditions are achieved when the sun is a an angle of
41.8° above the horizon and results in the spectral distribution shown in Fig. 1.1. This
angle of incidence is commonly encountered in western countries and hence AM1.5is
taken as a standard condition for solar cell testing and referencing [1]. AM1.5
represents the overal yearly average solar irradiation. Therefore, it is an important
indicator for photovoltaic measurements, where the sun simulators ought to resemble
the solar spectrum as close as possible to the reality. The specific value of 1.5 has been
selected in the 1970s for standardization purposes, based on an anaysis of solar

irradiance data in the conterminous United States [4].

1.4. Types of solar energy conversion

Solar energy emitted by the Sun and reaching the Earth's surface is a form of
electromagnetic radiation that is available over a wide spectral range (300—2100 nm)
where the visible spectrum range from 400 nm to 800 nm. In order to be used, the

radiation needs to be converted into an energy form suitable for our needs.
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Fig. 1.1 Spectral distribution of solar radiation on: a) the surface of the Sun (black
body), b) the top of the Earth's atmosphere (AMO0), ¢) the Earth's atmosphere
layer (AM1.5) [4,5].



The energy of solar radiation is directly utilized in mainly two forms:

i) direct conversion into electricity that takes place in semiconductor devices called
solar cdlls,

ii) accumulation of heat in solar collectors[6] .

Four different types of solar energy conversion methods are currently available for

this purpose.

1.4.1. Thermal solar energy conversion

It is a famous type of solar energy conversion. It is used all over the world including
Gaza Strip, that observed in the form of black panels on rooftops houses and it isonly
used to heat water. This type is very effective in summer due to the high density of
solar radiation.

1.4.2. Thermoelectric solar energy conversion

Solar energy is converted into steam which in turn is converted into electricity by
rotating turbines in power plants. This technology requires large Sun collection

systems and has been applied to construct small to medium sized power plants.

1.4.3. Photoelectric solar energy conversion

Photovoltaic represents a high-technology approach to converting sunlight directly
into electrical energy. The electricity obtained is direct current (dc) and can be used
directly to operate direct current devices. The (dc) current supplied by the
photovoltaic modules is converted to (ac) power of appropriate frequency using an
inverter. The high cost of solar cells is the main factor that limits the wide range use
of solar electricity.

1.4.4. Chemical solar energy conversion

This path represents the conversion of solar energy into chemical energy and is
important because of its potential to overcome problems with long term storage and
transport of energy. The example of photochemical reactions of this kind is the

photocatalytic splitting of water into hydrogen and oxygen.



1.5. Solar electricity

Solar electricity is a growing energy technology today for the huge theoretical
potential and the very high practical potential of the solar electricity make it attractive
for large-scale utilization. Direct utilization of solar radiation to produce electricity is
close to an ideal way to utilize the nature's renewable energy flow. Generating
electricity from the sun radiation has many features over other energy generation
techniques. The high cost of solar cells has been a significant obstacle for the
implementation of the solar electricity in a large scale. There is therefore an urgent
need for the development of new materials and concepts for the solar cell technology
to reduce this cost [7]. Nanotechnology plays a remarkable role in developing
nanoscale materials and utilizing them in the field of solar cells and systems that
could potentially lead to realization of low-cost solar cells in the future. These
materials include for example different types of synthetic organic materials and
inorganic nanoparticles. The solar cells based on these materials are caled for

example organic solar cells or molecular solar cells.

1.6. Typesof solar cells
1.6.1. Single-crystalline and polycrystalline silicon solar cells

The first silicon solar cell was developed by Chapin, Fuller and Pearson at the Bell
Telephone Laboratories in the mid 1950's, and it had about 6% efficiency. Today the
efficiency of the commercial crystalline silicon solar panels is in the best case about
15% [6,7]. The energy search was accelerated in the late of 20th century. This search
resulted in a growing interest in the photovoltaic (PV) solar energy. The major
obstacle of using solar cells for terrestrial electricity generation has been a much
higher price of the solar electricity when compared to the price of electricity
generated from the traditional sources. To produce a solar cell, the semiconductor is
doped by the intentional introduction of chemical elements, with which one can
obtain a surplus of either positive charge carriers (p-conducting semiconductor layer)
or negative charge carriers (n-conducting semiconductor layer) from the
semiconductor material. If two differently doped semiconductor layers are combined,
then a so-called p-n junction results on the boundary of the layers. At thisjunction, an
interior electric field is built up which leads to the separation of the charge carriers

that are released by light. Through metal contacts, an electric charge can be tapped. If



the outer circuit is closed, a consumer is connected, then direct current flows [8]. It is
very important to know that over 95% of all the solar cells produced worldwide are
composed of the semiconductor material Silicon (Si). As the second most abundant
element in earth's crust, silicon has the advantage, of being available in sufficient
guantities, and additionally processing the material does not burden the environment.
From the manufacturers point of view thisis coupled to the need for the special solar
cell grade silicon supply and from the market's point of view not very easy to achieve
at present PV system costs without governmental subsidies for customers to create

artificial markets for the solar electricity.

1.6.2. Thin film solar cells

In order to decrease the material costs of crystalline silicon solar cells, research has
been directed to develop low cost thin-film solar cells, which represent the second
generation solar cells for terrestriad application. Also as direct band gap
semiconductors, the thin film semiconductor materials have much higher absorption
coefficient than silicon, and therefore typically less than 1um thick semiconductor
layer is required, which is 100-1000 times less than that of silicon. The amount of
expensive semiconductor material is thus reduced, or on the other hand, more
expensive semiconductors can be used in the thin films. There are severd
semiconductor materials that are potential candidates for thin-film solar cells, namely
copper indium gallium diselenide, cadmium telluride (CdTe), and hydrogenated
amorphous silicon (aSi). A thin-film solar cell, also called a thin-film photovoltaic
cell, isasolar cell that is made by depositing one or more thin layers of photovoltaic
material on a substrate. It is expected that the efficiency of commercial second

generation solar modulesis likely to reach 15%.

1.6.3. Photoelectr ochemical solar cells

The oldest type of photovoltaic cell is the photoelectrochemical solar cell, used
aready by Becquerel for the discovery of the photovoltaic effect in 1839. In the
photoelectrochemical solar cell a semiconductor-electrolyte junction is used as a
photoactive layer. Michagl Gritzel and Brian O’Regan invented "Dye-sensitized solar
cells’, also caled "Gritzel cells’, in 1991 [9]. The first cells were only capable of
using light at the ultraviolet and blue end of the solar spectrum. By the turn of the

century, advances in technology were able to broaden the frequencies in which these



cells were able to respond. The most efficient dyes were simply known as “Black
dyes” due to their very dark colors. DSSC is considered the third generation of
photovoltaic devices for the conversion of visible light into electric energy. These
new types of solar cells are based on the photosensitization produced by the dyes on
wide band-gap semiconductors such as TiO, (Titanium dioxide). This sensitization is
produced by the dye absorption of part of the visible light spectrum. DSSCs are low
cost solar cells because of inexpensive materials and the relative ease of the
fabrication processes. Recent studies have shown that metal oxides such as TiO, and
ZnO (Zinc Oxide) have been successfully used as photo-anode when a dye is
adsorbed in the interior of the porous layer of the semiconductor. Even natural dyes
extracted from roots, flowers, leaves, fruits, vegetables can be used [10]. The highest
efficiency of DSSCs sensitized by Ruthenium complexes adsorbed on nanocrystalline
TiO, has reached 12— 15% but they are still not suitable for the high cost and stability.

1.7. Electricity problem in Gaza

Electricity demand in Gaza strip can reach up to 360 megawatts (MW). At its current
operating capacity, the Gaza Power Plant (GPP) can produce up to 80 MW;
supplemented by 120 MW purchased from Israeli Occupation Authorities and 22 MW
from Egypt. The majority of Gazan households have power cuts of at least eight hours
per day. Some have no electricity for long as 12 hours a day. For years now, Gazais
suffering from a chronic crisis in the electricity supply. This crisis is an extension of
an ongoing series of crises escalating in severity in accordance with the changes in
conditions and contexts affecting such crisis. The total amount of electricity available
can meet approximately two-thirds of the demand. The chronic electricity deficit
affecting Gaza over the past few years has disrupted the delivery of basic services and
many fields in the dally life. Since February 2012, the Situation has further
deteriorated following a sharp decline in the amount of fuel brought into Gaza from
Egypt and used to operate the GPP. As a result the people depend on back-up
generators. Private mobile generators can be particularly unsafe, environmentally
polluting, and are not affordable with the poorest people. The generating capacity and
reliability of the GPP has been significantly impaired over the past six years as the
destruction of six transformers by an Isragli airstrike in 2006.

Power cuts place immense pressure on Gazas crumbling electrical grid impacting

water and sanitation infrastructure, where lowered hygiene standards. Thus increasing



the pollution level of partialy treated sewage discharged into the sea. Thereis aso the
risk of back-flow of sewage onto streets, disrupting heathcare delivery and adding

misery to the lives of civilians.

1.8. State of the art

In 1991, Gratzel and his co-workers developed a solar cell with energy conversion
efficiency exceeding 7%. This solar cell was called the dye sensitized solar cell
(DSSC) or the "Gréatzel cell" [9], After its invention, an increasing interest has been
shown in the fabrication and development of DSSCs. In 1993, DSSCs gives 10.3%
conversion efficiency using a ruthenium dye sensitizer, which contained one
ruthenium center and was thus simpler than the ruthenium dye reported in 1991 [10].
In 2001, DSSCs with 10.4% to 11.1% efficiency were fabricated using a ruthenium
dye called ‘black dye’. Although black dye looks green in solvent, on a porous
nanocrystaline-TiO, electrode the DSSC looks black, because its wide absorption
band covers the entire visible range of wavelengths [11,12]. In 2004, DSSC were
assembled using natural dyes extracted from black rice, capsicum, erythrina, variegate
flower, Rosa xanthina, and kelp as sensitizers [13]. The Is ranging from 0.225
mA/cm? to 1.142 mA/cm?, the V. ranging from 0.412 V to 0.551 V, the fill factor
ranging from 0.52 to 0.63, and Py, ranging from 58 uW to 327 uW were obtained
from the DSSC sensitized with natural dye extracts. In 2007, some experimental data
for analyzing the various dye’s absorption spectra, which can be applied in the DSSC,
have been presents [14]. The analysis of dyes focused on the natura dyes which are
extracted from the plants and compared with the chemical ones. The results showed
that natural dyes have wider absorption spectra than the chemical synthesis due to the
more various constituents in the natural dyes. In 2009, The performances of DSSCs
assembled by using natural dyes extracted from spinach, amaranth and a mixture of
them were investigated [15]. In the sun, the V. of cells sensitized by spinach extract
was 450 mV, while those sensitized by the mixture showed a Vo above 500 mV. In
2010, twenty natural dyes, extracted from natural materials such as flowers, leaves,
fruits, traditional Chinese medicines, and beverages, were used as sensitizers to
fabricate DSSCs. The photoelectrochemical performance of the DSSCs based on
these dyes showed that the open circuit voltages (Vo) varied from 0.337 to 0.689 V,
and the short circuit photocurrent density (Js;) ranged from 0.14 to 2.69 mA/cm? [15].
Hee-Je Kim, et. al, studied natura dye extracted from Curcuma longa L. The



conversion efficiency was 0.36% that enhanced to 0.6% for the acetic acid-treated
curcumin dye [16]. In 2013, The highest efficiency of DSSCs sensitized by
Ruthenium complexes adsorbed on nanocrystalline TiO, has reached 15% [17]. S.
Suhaimi, et. all were assembled the DSSCs using different materials for the
semiconductor oxide, dye sensitizer and counter electrode and the conversion
efficiency were ranged from 6.7-8.6% [18]. A. Zulkifili, T. Kento, M. Daiki, and A.
Fujiki, evaluating the particle size of titania and the effect of the multilayer of TiO,
[19]. El-Agez et al. studied natural dyes extracted from fresh and dried plant leaves
and found that spinach oleracea extract has a better performance after drying where
the efficiency of the cell prepared with TiO; thin film layer reached 0.29% [20,21].
M. S. Abdel-Latif et al. used Plant seeds as sensitizers and it was found that DSSCs
sensitized with the extracts of onion, rapa, and Eruca sativa seeds have efficiencies of
0.875%, 0.86%, and 0.725%, respectively [22]. Kamal S. El-Refi obtained a J. from
0.951 mA/cm? to 6.092 mA/cm? and Vo from 0.573V to 0.703V for DSSCs sensitized
with natural dyes. The best preformance was obtained for the DSSC sensitized with
Ziziphus jujuba with parameter Ji of 2.671 mA/cn?, Vo of 0.646 V, and an
efficiency of 1.156% [3]. ISsam M. Radwan found that the pre-treatment of the FTO
with H3PO, and the post-treatment of TiO, with HNO; resulted in improved
efficiencies of 130% and 250% respectively for the DSSCs sensitized by purple carrot
[23].

1.9. Aim of thiswork

In this thesis, DSSCs will be fabricated using TiO, as a semiconducting layer dyed
with natural dyes extracted from flowers. Thin films of nanocrystalline TiO, will be
prepared on transparent named Fluorine-doped tin oxide (FTO) coated glass using
doctor blade method. Three natural dyes were used such as Hibiscus Sabdariffa, Rosa
Damascena and Hibiscus Rosa Sinensis. The absorption spectra of these dyes will be
performed. Different factors will be examined such as (pH of dyes, effect of some
acids on TiO, and FTO by using pre-treatment and post-treatment, effect of Zncl,
dissoluble as a layer above TiO,). The JV characteristic curves of all fabricated cells
will be measured and analyzed. All DSSC parameters such as short circuit current
density (ls), open circuit potentia (Voc), optimum current (1), optimum voltage (V ),
conversion efficiency (n), and fill factor (FF) will be calculated. Optimization of the
fabricated cells with the best dye will be performed.



Chapter Two

Dye-Sensitized Solar Cells (DSSC)
In this chapter, the materials used to fabricate DSSCs and the cell parameters such as
short circuit current J¢, open circuit voltage Vo, optimum current I, optimum
voltage Vn, fill factor and efficiency are explained. The principal of operation of
DSSCs are presented in detalils.

2.1. Introduction

DSSC was developed by Gritzel in 1991 which was called "Gritzel Cell”. This type
of solar cells was classified as the third-generation of photovoltaic devices for the
conversion of visible light to electric energy. The principle of operation of DSSCs
depends on the photosensitization produced by the dyes adsorbed on the film surface
of porous semiconductor material, and the sensitization produced by the dye

absorption at portion of visible light spectrum.

2.2. Materials of a dye-sensitized solar cell

2.2.1. Substrates

DSSC electrodes as usually are prepared from transparent conducting oxide (TCO)
coated glass substrate. Fluorine-doped tin oxide (SnO.:F) is afamous electrode of the
standard DSSC. The main tasks of the conducting coating are collection of a current,
support the structure of the cell and as a sealing layer between the cell and ambient air
[17]. The choice of (SnO,:F) is due to the stability at a high temperatures where the
standard preparation procedure of the nanostructured TiO, electrode includes
sintering of the deposited TiO; film at 450-500 °C. An efficient DSSC substrate must
have low sheet resistance that is independent on temperature, high transparency, and

capability to forbid impurities from entering into the cell [24].

2.2.2. Nanoparticle electrodes

The large band gap (>3 eV) of the semiconducting oxides is very important in DSSCs
for the transparency of the semiconductor electrode for the large part of the solar
spectrum. The stable oxide semiconductors cannot absorb visible light because they
have relatively wide gaps. Sensitization of wide band gap oxide semiconductor as
TiO, takes place with photosensitizers as natural dye where it can absorb visible
light [25]. TiO, is a wide band gap (E; ~ 3.2 €V) semiconductor and has three
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crystalline structures. anatase, rutile and brookite. Anatase is dominant in low
temperatures (<800 °C) and has some properties of the most important, such as molar
mass. 79.86 g/mol, melting point 1843 °C, boiling point 2972 °C, refractive index:
2.488 and density of 3.78 g/cn’.

TiO, has many advantages including high photosensitivity, high structure stability
under solar irradiation and in solutions, non-toxic, and low cost. Nanoparticles of TiO,
semiconductor is used to form a porous layer so that it can provide a large surface
area and a relatively high porosity possible to adsorb enough dye for efficient light

harvesting and arelative high conversion efficiency.

2.2.3. Sensitizer dyes
The use of natural dyes as photosensitizers for the conversion of solar energy into
electricity is interesting because, on one hand it enhances the economical aspect and,
on the other, it has significant benefits from the environmental point of view [26].
There are some properties that must be available of the dye molecule as attached to
the semiconductor particle surface to achieve a high light-to-energy conversion
efficiency in the DSSC. The properties of the dye can be summarized as:
The dye should have good adsorption onto the surface of semiconductor and
not be desorbed by the electrolyte.
Dye should be high soluble in some solvents used in the dye impregnation.
Dye must absorb the light in the spectrum of the solar radiation. In DSSC,
light must be only absorbed by dye molecules. The other layers
(semiconductor or electrolyte) should not absorb the light.
Excited state energy of the dye must be dightly over the TiO, conduction band
and the energy difference must be sufficient to permit the transfer of electrons.
Also, ground state energy level of the dye must be dightly below the
reduction-oxidation potential of the electrolyte. This is necessary to obtain
photo-voltage (conversion of solar energy to the electric energy) in a high
level and maintain aminimum level of energy losses.
The conduction band edge of the TiO, lie under the excited state of the dye to
cause fast electron injection.
The dye adsorbed TiO, surface must be stable for a long time in the working

conditions.
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2.2.4. Electrolytes
The eectrolyte function is to return the electrons of the dye to complete the close
circuit. The common electrolyte consists of iodine (I7) and triiodide (17®) as a redox
pair in a solvent with possibly other substances added to improve the properties of the
electrolyte.
These properties can be summarized as follow [27]:
1. Highdiffusion coefficientsin the solvent to enable efficient mass transport.
2. Absence of significant spectral characteristics in the visible region to prevent
absorption of incident light in the electrolyte.
3. High stability of both the reduced and oxidized forms of the couple to enable
long operating life.
4. Highly reversible couple to facilitate fast electron transfer kinetics.
5. Chemically inert toward all other componentsin the DSSC.

The criteria for a suitable solvent for a high efficiency liquid electrolytes can be read
asfollows[28]:

1. The solvent must be liquid with low volatility at the operating temperatures
(-40°C - 80°C) to avoid freezing or expansion of the electrolyte, which would
damage the DSSCs.

2. It should have low viscosity to permit the rapid diffusion of charge
carriers.

3. Theintended redox couple should be soluble in the solvent.

4. 1t should have a high dielectric constant to facilitate dissolution of the redox
couple.

5. The sensitizing dye should not desorbs into the solvent.

6. It must be resistant to decomposition over long periods of time.

7. And finally from the point of view of commercia production, the

solvent should be of low cost and low toxicity.

2.2.5. Counter-€electrode catalysts

On the back of the DSSC there presents another glass substrate covered with a thin
layer of Pt (Platinum) used as the catalyst to regenerate I” and as the cathode material.
The function of the counter electrode is to transfer the eectrons arriving from the
externa circuit back to the redox eectrolyte. Pt is the best material to make efficient

12



devices technically. But considering high expenses, carbon cathode has been an ideal
substitute, such as carbon black, carbon nanotubes etc. In 2006, Gratzel’s group
employed carbon black as the materia of counter electrode, and reaches an efficiency
of 9.1%, which is 83% of that using Pt [29].

Conducting polymers can also be used. Polyaniline film on stainless steel by
electrochemical polymerization bas been reported as a counter electrode of DSSC. It

is cheap and non-fragile [30,31].

2.2.6. Sealing

The space between the photo electrode and the counter electrode are filled with a
liquid type electrolyte for electron transfer into the cell. Therefore, an appropriate
sealing method is required to prevent the liquid electrolyte leaking out. The sealing
technique improves the durability and stability of the DSSCs. The optimal conditions
for the sealing of the DSSCs are related to the pin-hole diameter, the discharge current
and the moving velocity of the target [32]. In addition, it prevents leakage. Sealing
must be impervious to water vapor and ambient air, chemically inert towards the
electrolyte and other cell components and coalesce well to the glass substrate and
TCO coating.

2.3. Operating principle

The operation of a DSSC is shown in Fig. 2.1. Photons are converted into an electric
current by charge injection of excited dye molecules into a wide band gap
semiconductor [34]. A photon is absorbed by the dye molecule and this leads to excite
the dye to an electronically excited state (S*):

S+hv= S (2.1)

The excited electrons are injected by excited dye molecule into the conduction band
of stable semiconductor (TiO- electrode) and the dye becomes oxidized (S):

S*=S' + €10, (2.2)

The origina state of the dye (S) is subsequently restored by the electron from the
electrolyte through the reduction of iodide:

2S' +317=2S+173 (2.3)

The regeneration of dye from iodide prevents the capture of the conduction band
electrons through the dye oxidation. The iodide is in turn regenerated at the counter

electrode by reducing tri-iodide as follows:
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1 + 26, =3I (2.4)
The electrical cycle is completed where the el ectron flows through the outer electrical
circuit and performs work.

Glass TiO,+ Sensitized Electralytea Pt Glass

Fig. 2.1 The working principle of dye-sensitized nanostructure solar cell.
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Fig. 2.2 Schematic energy diagram

The performance of a DSSC is predominantly based on four energy levels of the
component: the excited state (approximately LUMO) and the ground state (HOMO)
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of the photosensitizer, the Fermi level of the TiO, electrode, which is located near the
conduction-band level, and the redox potential of the mediator (I7/173) in the
electrolyte.

The photocurrent obtained from a DSSC is determined by the energy difference
between the HOMO and the LUMO of the photosensitizer, analogous to the band gap,
Egy for inorganic semiconductor materials. The smaller the HOMO-LUMO energy
gap, the larger the photocurrent will be because of the utilization of the long-
wavelength region in the solar spectrum. The energy gap between the LUMO level
and the conduction-band level of TiO,, AEj, isimportant, and the energy level of the
LUMO must be sufficiently negative with respect to the conduction band of TiO, to
inject electrons effectively. In addition, substantial electronic coupling between the
LUMO and the conduction band of TiO, also |eads to effective electron injection. The
HOMO level of the complex must be sufficiently more positive than the redox
potential of the I7/173 redox mediator to accept electrons effectively (AEy) [35].

2.4. Parameters of solar cells

In this section the most important parameters such as short circuit current (Js), open
circuit voltage (Voc), optimum current (1), optimum voltage (V), fill factor (FF) and
efficiency (n) are presented.

2.4.1. Short circuit current density J«

This current appears when the potential difference across the cell equals to zero,
where it called short circuit cell J¢ as shown in Fig. 2.3. J« is equal to the absolute
number of photons converted to the hole-electron pairs. It depends on the solar cell

structure, material properties, and the operating conditions [35].

2.4.2. Open circuit potential V.

If the output current is zero, the cell is open circuited and the voltage of the cell is
called open circuit voltage. It depends on both the Fermi level of the semiconductor
and the level of dark current [23]. The theoretica maximum of the V. of the cdl is
determined by the difference between the Fermi level of the semiconductor and the
redox potentia of the electrolyte.
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Fig. 2.3 Typica JV curve of asolar cell showing the open circuit voltage V o, short

circuit current |, and the maximum power point Py, [23].

2.4.3. Optimum voltage V

Vn is the voltage at the optimum operating point (as shown in Fig. 2.3) at which the
DSSC output power is maximum. It depends on bonds between the dye molecule and
TiO, film [3].

2.4.4. Optimum current density Jm
Jmn is the current at the optimum operating point (as shown in Fig. 2.3) a which the
DSSC output power is maximum.

2.4.5. Fill factor
The ratio of peak output Vi Jn t0 Vo Jsc IS caled fill factor (FF) of a solar cell.
Mathematical formulafor this concept is[6]:

VmJdn (2.5
FF=
Ve Jeo
Where
Pm=Vmdn (2.6)

where Py, is the maximum optimal power output. The meaning of fill factor can be
understood from its graphical representation. It indicates how much area underneath
the J-V characteristic curve is filled by the rectangle described by Vi, Jn (as shown in
Fig. 2.3) in relation to the rectangle Vo J«. The theoretically maximum obtainable FF
is a function of the open circuit potential. Fill factors for optimized solar cells are

typically within the range of 0.6-0.75.
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2.4.6. Efficiency n

The ratio of output electrical power of the solar cell and the power of incident light
Pany is called the conversion of energy or efficiency. The value of P at the earth
ground is approximately 100 mW/cm?. The maximum efficiency can be calculated

from the J-V curve according to the relation:

FF.Jx Vo

T'I_

2.7)

Py

Js is directly proportional to the incident optical power Pjy while Vo increases
logarithmically with the incident power so the overall efficiency of solar cdll is
expected to increase logarithmically with incident power [32]. The temperature of the
cell and the quality of the illumination are very effective to obtain high efficiency, so
there is a standard conditions used in different laboratories, taking light intensity

equals 100 mW/cm?, Air Mass 1.5 spectrum and a temperature cell of 25°C.

2.4.7. Thesimple electrical model of a solar cell

A simple equivalent circuit corresponding to a solar cell is shown in Fig. 2.4 [3]. A
solar cell can be thought as a combination of a current source and diode in the solar
cell having series resistance (Rs) and shunt resistance (Rs,). The cell would be an ideal

cell if Rsiszero, and Rg, is infinitely large. In fact thisis not a practical case.

r
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Fig. 2.4 Equivalent circuit of asolar cell including series and shunt resistances.

The Rs is composed of the electric resistance of different materials in the cell and
interfaces between them. The resistance of the TCO layer has the biggest influence on
the series resistance. The shunt resistance measures the resistance between the
electrodes of the cell through undesirable routes for example from TiO, film to
electrolyte. It is desired to be as high as possible. The diode model does not represent

the dye solar cell very well. The internal structure of the DSSC is more complex than
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that of silicon solar cell. But the concepts of the series and parallel resistances can
aso be applied to the DSSC. The resistance can be measured using impedance
spectroscopy. Series and parallel resistances have a considerable effect on the fill

factor as shown in Fig. 2.5. For an efficient cell we need R to be as small and Ry, to
be aslarge as possible.
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Fig. 2.5 Effect of (a) reducing parallel resistance and (b) increasi rhlg‘series resistance.

The effect of Rs and Rg, is shown in Fig. 2.5. The effect of decreasing Ry, and

increasing Rs is to reduce the area of the maximum power rectangle compared to that
with area Jg; Cross V.
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Chapter Three

Description of Instruments and Techniques of Fabrication of DSSC

In this chapter, materials and techniques used for the preparation of DSSC are
discussed. Instruments used to fabricate and characterize the cells are described.

3.1. Materialsused in the preparation of DSSCs

1. A Nanoparticle materia (TiO,) as a semiconductor layers named P25.

2. Fluorine-doped tin oxide (SnO- : F) as a conductive glass plate.

3. Natural dyes extracted from flowers coronets as listed in Table 3.1.

4. A counter electrode fabricated from FTO-coated glass, coated with of
platinum catalyst |ayer.

5. A redox (I”/ 17) electrolyte solution.

6. Electrical contact between working and counter electrodes is achieved using
aligator clips.

3.2. Experimental

3.2.1. Extraction of natural dyes

Flowers were collected from three plants (tabulated in Table 3.1) and the coronets of
the flower were used. These coronets were first washed by distilled water, dried at
60 °C and then 15g of each of the dried natural coronet were immersed in 10 ml of
ethyl alcohol at room temperature and in the dark for 24 hours. After filtration of the

solutions, natural dyes were obtained.

3.2.1.1. Measuring absor ption spectra of natural dyes
The absorption spectra measurements of the extracted dyes (Hibiscus Sabdariffa;
Hibiscus Rosa Sinensis and Rosa Damascena) in ethyl acohol solution were

performed using a UV-Vis spectrophotometer (400 to 800 nm).

Table 3.1 Flowers used in this study to extract the natural dyes.

No. Name of flower Namein Arabic
FD.1 Hibiscus Rosa Sinensis (sl senl) Gl e 5isill 550 )
FD.2 Rosa Damascena (0sY yeal) sosadl3 )
FD.3 Hibiscus Sabdariffa (05l eal) 408 <05 8 5
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3.2.2. FTO cleaning

The conductive glass substrates Florin doped tin oxide (FTO) were cut into pieces
with area of 2.56 cm? with dimensions of 1.6 cm x 1.6 cm. The substrates were
cleaned in a detergent solution using an ultrasonic bath for 20 minutes twice, then
immerging in boiling water for 30 minutes to get more cleaned, rinsed with distilled
water and ethanol, then dried for 20 minutes and kept in an oven at 60 °C. The sheet
resistance of the (FTO) was measured and found to be 17-23 Q/sq.

3.2.3. Preparing of TiO2 film

The TiO, paste was prepared by adding of 2g of TiO, nanopowder of (10-25nm) in
size (type P25), 4 ml distilled water, 10 ul acetyl acetone and 50 pl Triton X-100,
then grinding the mixture for half an hour until a homogeneous paste was obtained.
The TiO, paste was distributed on the glass substrates using doctor blade method. To
make thin films; two pieces of tape with thickness 20 um were used as shown in the
Fig. 3.1. After the paste was spread, the films were left to dry for 5 min. before
removing the tape, and placing them in an oven at 70 °C for 30 min. and left to dry.

The required area of 0.25 cm? with dimensions of 0.5 cm x 0.5 cm was taken.

Fig. 3.1 Doctor blade method to spread the TiO, paste on the FTO coated glass.

3.2.4. Sintering of TiO, and DSSC assembly

The films were sintered at 450 °C for 30 minutes and then were cooled down to about
100 °C to cause more adhesion between TiO, and dye molecule. The sintered films
were dyed for 24 hour under dark. The dyed TiO, electrode and platinum counter
electrode were assembled to form a solar cell by sandwiching a redox (17/17%)
electrolyte solution which is composed of 2ml acetonitrile (ACN), 8 ml propylene
carbonate (p-carbonate), 0.668 gm (kl), and 0.0634 gm (I>).

It is worth mentioning that the previous steps are fixed for al what has been

accomplished in the laboratory and some other factors were changed such as changing
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the pH value of the dye solution or increase the acidic surface of titanium dioxide;

which will be presented in detall.

3.3. Techniques used to improve the Efficiency

Four experiments were conducted, namely treating the FTO substrate and TiO, layers
with three acids, such that pH of the dye solutions, and coating TiO, particle with
Zinc Oxide layer.

3.3.1. FTO acidic treatment

The FTO layers were cleaned carefully using ultrasonic bath for 20 minutes twice,
then immerging in boiling water for 30 minutes, rinsed with distilled water and
ethanol, then dried in an oven at 60 °C for 20 minutes. The cleaned FTO were
immersed in diluted acids hydrochloric acid, nitric acid, and phosphoric acid for five
and ten minutes. A 0.1 M from each acid was prepared. The TiO, past was spread
onto acidic pre-treatment FTO layers then sintered then dyed for 24 hour under dark.

3.3.2. TiO, film acidic treatment

The sintered TiO, films were immersed in diluted acids for five minutes then washed
by distilled water for 30 minutes in an oven at 60 °C before dying process. The acidic
treated films were dyed for 24 hour under dark then the process of the DSSC
fabrication was done as mentioned before.

3.3.3. Effect of changing pH of dye solutions.

The pH of the natural dye extracts were measured using pH meter without any
additions and found to be 6.65 for Hibiscus Rosa Sinensis, 6.15 for Rosa Damascena,
and 3.23 for Hibiscus Sabdariffa. A 0.1 molar concentration of hydrochloric acid and
acetic acid were prepared by adding drops of dilute solutions of acids to dye solutions
to change the values of the pH. The TiO, film were dyed for 24 hour under dark by

different pH dye solutions.

3.3.4. Successive ionic layer absor ption and reaction method.

The successive ionic layer absorption and reaction method (SILAR) is used to create
coatings on thin films for technological products such as photovoltaic cells. By
allowing thin films to be coated in different chemicals a or close to room
temperature, metallic films or films incorporating metallic parts can use the SILAR
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method and avoid possible problems with damage caused by oxidation or corrosion.
Other methods of thin film deposition use the transfer of atoms to provide a coating
over thin films. The SILAR method uses the transfer of ions that provides better
coverage of chemicals over the film, and can result in afiner grain structure than other
deposition methods. One of the advantages of the SILAR method of coating thin films
is the number of different materials that can be used to create a film for a desired
application. Materials that can be used in the method include temperature sensitive
substrates such as polyester because the SILAR method is completed at or close to
room temperature. The thin film production method known as SILAR requires the
film to be immersed in the chemicals required for creating a chemical solution over
the substrate. Between each immersion of the film into the chemicals, the film is
rinsed using purified water to create the desired coating over the film. The main
advantages of the SILAR deposition method include the ease of completing the
method and the relative low cost. For small amounts of substrates to be treated using
the SILAR method, the process can be completed using glass beakers [35,36].

In this thesis, three solutions of Zinc Chloride with different molar concentrations
were prepared (0.1M, 0.05M, 0.01M). Ammonium hydroxide were added to the
different zinc chloride solutions and then white precipitate was formed. The white
precipitate must be dissolved in the zinc chloride solutions by adding more
ammonium hydroxide until Zinc Ammonium complex isformed as shown in Eq. 3.1:

ZnCl; + NH4OH —> ZnO + 2 HCI + NH3 (3.2

TiO, film was immersed into the solution for 15 seconds after heating the film to a
temperature of 100°C. The TiO, film directly was submerged in boiling water at
temperature 90°C for 30 seconds to form ZnO layer. The samples were dyed for 24

hour under dark then taken to carry out the measurement.

3.4. Description of instruments

3.4.1. Autolab PGSTAT 302N

The Autolab PGSTAT 302N instrument manufactured by Metrohm Autolab company
as shown in Fig. 3.2. It is an electrochemistry instrument, that uses NOV A program as
a control software. Any cell or electrochemical interface can be described in terms of
an electric circuit, to determine the resistive, capacitive and inductive behavior of the

cell at that particular frequency [37,38].
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Fig. 3.2 The Autolab PGSTAT 302N instrument with frequency response analyzer of
Module (FRA 32).

Electrochemical impedance spectroscopy (EIS) measurements can be performed with
the Autolab instruments in combination with the Frequency response analyzer (FRA).
In a typical electrochemical impedance measurement, the FRA module generates a
sine wave with a user-defined frequency and a small amplitude. This signa is
superimposed on the applied DC potentia or current of the cell. The AC voltage and
current components are analyzed by the two FRA channels and the transfer function.
The total impedance Z is calculated, together with the phase angle shift and the real
and imaginary components of the total impedance. If the real part { Re(Z)} is plotted
on the X-axis and the imaginary part {-Im(2)} is plotted on the Y -axis of a chart, we
get a "Nyquist Plot" is obtained as shown in Fig. 3.3. In this plot the Y-axis is
negative and each point on the Nyquist Plot is the impedance at one frequency. Fig.
3.3 has been annotated to show that low frequency (w=0) data are on the right side of
the plot and higher frequencies (w~w) are on the | eft.

On the Nyquist Plot the impedance can be represented as a vector (arrow) of length
|Z]. The angle between this vector and the X-axis, is called the phase angle (o).
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Fig. 3.3 Nyquist Plots
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Nyquist Plots have one major shortcoming. Any data point on the plot, cannot tell
what frequency was used to record that point. The semicircle is characteristic of a
single "time constant”. From the DSSC, Electrochemical impedance plots often
contain three semicircles; the first semicircle represent the FTO glass substrate, the
second represent the TiO, film and the third represent the dye molecule layer.

Another popular presentation method is the Bode Plot. The impedance is plotted with
log frequency on the X-axis and both the absolute values of the impedance (|Z|=Zo)
and the phase-shift on the Y -axis.

The Bode Plot is shown in Fig. 3.4. Unlike the Nyquist Plot, the Bode Plot does show

frequency information.
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Fig. 3.4 Bode plot showing the phase angle as a function of frecuency

DSSC can be described in terms of an electric circuit, which is a combination of
resistances, capacitances and inductances. If such an electric circuit produces the
same response as the cell does when the same excitation signal isimposed, it is called
the equivalent electric circuit of the cell. The equivalent circuit should be as simple as
possible to represent the system targeted [37,39]. EIS can establish a hypothesis using
equivalent circuit models. A data-fitted equivalent circuit model will suggest valuable

chemical processes for the electrochemical system being studied.

In this work, EIS was measured for three cells using Autolab PGSTAT 302N with
frequency response anayzer FRA 32 Module. After analyzing the results, the
equivalent circuit for each cell was found. The cells were prepared using Hibiscus
Rosa Sinensis dye as a sensitizer. The AC amplitude were taken as-0.4 v, -0.6 v and -
0.8 v for al cells under dark and illuminated conditions for all measurements. All the

24



measurements were carried out with the NOVA software. The impedance was

measured and plotted to obtain Nyquist and Bode plots.

3.4.2. Ultraviolet and visible absor ption spectroscopy (UV-Vis).

Ultraviolet-Visible (UV-Vis) spectroscopy is used to obtain the absorbance spectra of
a compound in a solution or as a solid. It is the measurement of a beam of light after
its reflection from a surface of a sample or passing throw it. The UV-Vis spectrometer
consists of light source, monochromator with diffraction grating, sample holder and
detector. In this work, the absorption spectra were recorded by Genesys 10S UV-Vis
spectrophotometer with code LOM 3130012 and a range of measurement from 400 nm
to 800 nm was adopted. This device is manufactured by Thermo Scientific company
as shown in Fig. 3.5. It is designed specifically for researchers in the fields of

molecular biology, biochemistry, and other life science disciplines [40,41].

Fig. 3.5 Genesys 10S UV-Vis spectrophotometer

3.4.3. J-V measurement set up.

A solar simulator is usually used in solar cell performance measurements because
solar radiation is not always available and the intensity of radiation varies from one
areato another and from time to another.

An J-V measurement system measures J-V curves of solar cellsto obtain V. and Jg
and to calculates critical cell performance parameters including fill factor (FF),
maximum current (I,,), maximum voltage (V,), maximum power (Py,), and efficiency
(m)- The system used in this work is shown in Fig. 3.6. It consists of light source (a
high pressure mercury arc lamp with IR filter), computer, the measurement
electronics, and Labview program as a software to measure DSSC J-V curves. A
voltage from -1 to 1 volt applied to the cells where the resulting current and voltage
are measured using NI USB6251 data acquisition card in combination of a Labview

program.
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Fig. 3.6 System of 1-V measurement and solar cell simulator

3.4.4. Diffusereflectance and Kubelka-M unk.

When infrared radiation is directed onto the surface of a solid sample, two types of
reflection can occur: specular reflection and diffuse reflection. The specular
component is the radiation that reflects directly off the sample surface according to
the normal reflection law; angle of reflection equals angle of incidence as shown in
Fig. 3.7. Diffuse reflection is the radiation that penetrates into the sample and then
emerges at all angles after suffering multiple reflections and refractions by the sample
particles as shown in Fig. 3.8. A diffuse reflection accessory is designed so the
diffusely reflected energy is optimized and the specular component is minimized. The
optical system collects the scattered radiation and directs it to the infrared detector.

incident beam '1, reflected beam

/s SIDE ViEW, / n,

§] refracted beam

Fig. 3.7 Specular reflection diagram
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Fig. 3.8 Diffuse reflection diagram

A theory of diffuse reflection at scattering surfaces was derived by Munk in 1931 and
Kubelka 1948 describes optical characteristics (e.g. reflectance, transmittance and
absorptance). The Kubelka-Munk model relates sample concentration to the intensity
of the measured infrared spectrum.
The Kubelka -Munk function is given as[42]:

(1-R)? K

HR) = (3.2)

2R S

where:
R = absolute reflectance of the layer
K= molar absorption coefficient

S= scattering coefficient

The diffuse reflection spectra were collected then transformed to the absorption
spectra at the wavelength range of 200 — 800 nm with a Evolution 220 UV-Visible
spectrophotometer instrument with 1SA-220 Integrating Sphere Accessory
manufactured by Thermo Scientific company as shown in Fig. 3.9. The absorption
spectra were obtained and plotted their values on Y-axis vs. the wavelength that

plotted on X-axis.
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Fig. 3.9 Evolution 220 UV-Visible spectrophotometer instrument with 1SA-220
Integrating Sphere Accessory [43].
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Chapter Four
Results And Discussion
In this chapter, the absorption spectra of the dyes are presented. The J-V characteristic
curves of the fabricated cells are studied. The output power is plotted versus the

voltage of the cell. Short circuit current Js;, open circuit voltage Vo, fill factor FF, and
power conversion efficiency ) are all presented.

4.1. Sensitization of DSSCs by three plant flowers
4.1.1. Absorption spectra of the extracts

A GENESYS 10S UV-Vis spectrophotometer was used to measure the absorption
gpectra of the dye solutions extracted from dried flowers. The wavelength range of
absorption spectra analysis was taken from 400 to 800 nm. Fig. 4.1 shows the
UV-Vis absorption spectra of the natural dyes extracted from the flowers of Hibiscus
Rosa Sinensis, Hibiscus Sabdariffa, and Rosa Damascena.

Hibiscus Rosa Sinensis|
REREEED Hibiscus Sabdariffa
,\- - - - Rosa Damascena

(a.u.)

''''''

400 500 600 700 800

Wavelength (nm)

Fig. 4.1. The UV-Vis absorption spectra of the dyes extracted from Hibiscus Rosa
Sinensis, Hibiscus Sabdariffa, and Rosa Damascena.

The absorption spectra of the extracts showed the presence of distinct absorption
peaks in the visible region. The absorption peaks of Hibiscus Sabdariffa dye can be
seen at about 545 nm and 664 nm. The absorption peak of Rosa Damascena dye is at
541.63 nm and those of Hibiscus Rosa Sinensis dye are at 442 nm and 548 nm. It is

found that the dye extracted from Hibiscus Rosa Sinensis has a wide absorption band
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with peaks at about 548 nm and 440 nm. The absorption spectrum of Hibiscus Rosa
Sinensis dye solution was in agreement with those reported by Fernando and
Senadeera [44] for Hibiscus Rosa Sinensis dye that was extracted using acidified
ethanol, which resulted in an absorption peak at 540 nm where the anthocyanin is the
effective material that caused the peaks. The difference in the absorption
characteristics resulted from the different types of functional groups on the

anthocyanins and the colors of the extracts [44].

4.1.2. Photovoltaic parameters

The JV measurements of the DSSCs sensitized using the extracts of the three natural
dyes are presented in Fig. 4.2. For each DSSC, the measured current density J versus
the voltage V is presented at light intensity of 100 mW/cm?. The power P is plotted
versus the voltage for each DSSC as shown in Fig. 4.3. Through the study and
analysis of these curves the cell parameters can be determined. The maximum power
point is determined from the P-V curves from which J;, and V, can be obtained. The
fill factor and cell efficiency are calculated using Eq. (2.1) and Eqg. (2.3). All the
photovoltaic parameters of the fabricated DSSCs arelisted in Table 4.1.

0.0 0.1 0.2 0.3 0.4 0.5 0.6

J (mA/cm?)
o
(o]

-1.2F
------ Hibiscus Sabdariffa
- - - - Rosa Damascena
16 —— Hibiscus Rosa Sinensis

voltage (V)

Fig. 4.2. Current density-voltage characteristics curves for the DSSCs sensitized by

Hibiscus Sabdariffa, Hibiscus Rosa Sinensis, and Rosa Damascena.
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Fig. 4.3. Power-voltage characteristics curves for the DSSCs sensitized by Hibiscus

Sabdariffa, Hibiscus Rosa Sinensis and Rosa Damascena.

Table 4.1 Photovoltaic parameters of the DSSCs sensitized by the three natural dyes.

Dye X;x): (mAJ/s(C:m2) X/r; (mAJ/rEm2) a ‘:}0
HibiscusRosa |+ o 0.23 0.41 0.15 049 | 006
Sinensis
Hibiscus Sabdariffa | 0.46 118 0.32 0.89 051 | 028
Rosa Damascena 0.53 0.35 0.41 0.26 0.56 0.11

As shown in Table 4.1, the V. ranges between 0.46 V for DSSC sensitized with
Hibiscus Sabdariffa extract and 0.53 V for the cell dyed with Rosa Damascena. The

J. has a maximum value of 1.18 mA/cm? for the DSSC sensitized with the dye

extracted from Hibiscus Sabdariffa, and a minimum vaue of 0.23 mA/cm? for the

DSSC sensitized with the dye extracted from Hibiscus Rosa Sinensis. The fill factor

of the fabricated cells ranges from 49% to 56%. The highest fill factor was obtained

for the DSSC sensitized with the extract of Rosa Damascena and the lowest one was

observed for the cell dyed with Hibiscus Rosa Sinensis. The highest efficiency has a
value of 0.28% for the DSSC sensitized with Hibiscus Sabdariffa, while the lowest

efficiency has avalue of 0.06% for the DSSC sensitized with Hibiscus Rosa Sinensis.
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The low fill factor may be caused from poor connection between materia interfaces
and low mobility of electrolyte [45]. Moreover, the resistance of |73 diffusion
increases with decreasing the concentration of 17 leading to alower FF [46]. The low
values of efficiency in the fabricated DSSCs may be due to the fast charge
recombination rate, lower electron transfer from the dye molecule to the conduction
band of TiO, or incompatibility between the conduction band edge of TiO, and the
energy of the excited state of the adsorbed dye [47].

According to Table 4.1 and Fig. 4.1, Hibiscus Sabdariffa dye showed the best
efficiency according to the good photo-to-electric conversion that for high absorbance
of photons, but when treatments were applied to improve the efficiency, to be
presented later the efficiency was damped for all treatment processes whereas
Hibiscus Rosa Sinensis showed the best efficiencies improvement after applying the
treatments may be connected with large area of the absorption peak and faster injection
of the electrons. So, Hibiscus Rosa Sinensis was chosen as a main sensitizer for further
studies.

The Hibiscus Rosa Sinensis contains high content of anthocyanin pigments [44]. The
advantage of anthocyanin is the binding of hydroxyl and carbonyl groups to the
surface of the porous TiO; film as shown in Fig. 4.4. This causes electron transfer
from the anthocyanin molecule to the conduction band of TiO,. The difference in the
absorption characteristics resulted from the different types of functional groups on the
anthocyanin and the colors of the extracts affected by the pH [48]. There are many
colors of Hibiscus Rosa Sinensis dyes as red, yellow, violet, white and pink. The

flowers used in this work were red colored as shown in Fig. 4.5.

Fig. 4.4. Molecular structure of anthocyanin and the binding between anthocyanin

molecule and TiO; particles [23]
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Hibiscus Rosa
Sinensis

Fig. 4.5. Hibiscus Rosa Sinensis, Hibiscus Sabdariffa, and Rosa Damascena flowers.

According to the Kubelka-Munk relationship, the diffuse reflectance spectra were
collected with a Evolution 220 UV-Visible spectrophotometer instrument with
ISA-220 Integrating Sphere Accessory and transformed to the absorption spectra
Fig. 4.6 shows the absorption spectra of TiO, electrode after being dyed with Hibiscus
Rosa Sinensis and that of the extract from Hibiscus Rosa Sinensisin ethanol.

The absorption spectrum for the extracted dye in ethanol shows a peak at
wavelength of 548 nm where the absorption spectrum for that adsorbed onto TiO,
film shows a wider one at a wavelength of 585 nm. This refers to the red shifted
towards higher wavelength according to the bonding strength between anthocyanin
and TiO; ions [49].

— Dye solution in ethanol
- - --Dye adsorbed on TiO,

(a.u.)

~ -
- ———-

400 500 600 700 800
Wavelength (nm)

Fig. 4.6. Absorption spectra of Hibiscus Rosa Sinensis dye on TiO, film and the

extract of the same flower in ethanol.
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4.2. FTO acidic treatment

In this process, the FTO layer was pre-treated with hydrochloric (HCI), phosphoric
(H3POy), and nitric acids (HNOg3). The FTO substrates were immersed in 0.1M of one
of the acids for 5 minutes and then washed by distilled water and dried in an oven at
60 °C for 30 minutes. TiO, paste was distributed on the treated glass substrates using
doctor blade method then dyed with dye solutions at room temperature for 24 hours
and finally the DSSCs were assembled. The same steps of FTO acid pre-treatment
were repeated for atime of immersion of 10 minutes.

4.2.1. J-V characterizations

.0 0.2 0.4 0.6 .0 0.2 0.4 .0 0.2 0.4 0.6
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Fig. 4.7. Current density-voltage characteristics curves of DSSCs with the pre-
treatment of FTO layer with acids sensitized by: (1) Hibiscus Rosa Sinensis (2)
Hibiscus Sabariffa (3) Rosa Damascena (4) Hibiscus Rosa Sinensis (5) Hibiscus
Sabariffa (6) Rosa Damascena. The upper panels were presented in acids for
5 minutes whereas the lower panels for 10 minutes.

Table 4.2 and Table 4.3 shows the photovoltaic parameters of the pre-treated DSSCs

using the hydrochloric (HCI), phosphoric (H3PO,), and nitric (HNOs) acids for 5 then
10 minutes, respectively.



Table 4.2 Photovoltaic parameters of the DSSCs using the treated FTO with the acids

for 5 minutes.

: Vo Jc Vi N H
Dye Adds |y | maemd) | V) | malem) | T %

Hibi Untreated | 0.55 0.23 0.41 0.15 049 | 0.06
IDISCUS
Rosa H3PO4 0.56 0.20 0.45 0.15 0.60 | 0.07

Sinensis HCI 0.54 0.26 041 0.18 053 | 0.07

HNOs 0.56 0.28 0.45 0.19 055 | 0.09

Untreated | 0.46 1.18 0.32 0.89 051 | 028

Hibiscus HsPO, 0.46 1.20 0.34 0.87 054 | 0.30

Sabdariffa HCl 0.47 1.19 0.35 0.92 057 | 0.32

HNO3 0.46 1.13 0.32 0.78 048 | 025

Untreated | 0.53 0.35 0.41 0.26 056 | 011

Rosa HsPO, 0.51 0.28 0.40 0.19 052 | 0.08

Damascena HCl 0.51 0.29 0.40 0.20 0.54 | 0.08

HNO3 0.53 0.28 0.42 0.19 054 | 0.08

The J-V characteristics of DSSCs of the treated FTO with acids for 5 minutes under
an illumination of 100 mW/cm? are shown in the upper panels of Fig. 4.7. Table 4.2
presents the Photovoltaic parameters of the same DSSCs sensitized by the three
natural dyes under the previous conditions. The V. ranges between 0.46 V for DSSCs
sensitized with Hibiscus Sabdariffa extract when treating FTO with H3PO4 and HNO3
acids for 5 minutes and 0.56 V for the cells dyed with Hibiscus Rosa Sinensis when
treating FTO with H3PO, and HNO; acids for 5 minutes. The J¢ has a maximum
value of 1.20 mA/cm? for the DSSC sensitized with the dye extracted from Hibiscus
Sabdariffa when treating FTO with H3PO,4 acid for 5 minutes, and a minimum value
of 0.2 mA/cm? for the DSSC sensitized with the dye extracted from Hibiscus Rosa
Sinensis when treating FTO with H3PO, acid for 5 minutes.

Thefill factor of the fabricated cells changes from 48% to 60%. The highest fill factor
was obtained for the DSSC sensitized with the extract of Hibiscus Rosa Sinensis
when treating FTO with H3PO, acid for 5 minutes and the lowest fill factor was
observed for the cell dyed with Hibiscus Sabdariffa when treating FTO with HNO3
acid for 5 minutes. The highest efficiency has a value of 0.32% for the DSSC
sensitized with Hibiscus Sabdariffa when treating FTO with HCI acid for 5 minutes,
while the lowest efficiency has the value of 0.06% for the DSSC sensitized with
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Hibiscus Rosa Sinensis without treatment. The treatment of FTO layer by the three
acids for 5 minutes didn't improve the efficiency when the Rosa Damascena and
Hibiscus Sabdariffa dye solutions were used as photosensitizers. The pre-treatment of
the FTO with H3PO,4 and HCI for 5 minutes showed an improved efficiency of 116.7%
and 150% with HNOs for the DSSC sensitized with the dye extracted from Hibiscus

Rosa Sinensis.

Table 4.3 Photovoltaic parameters of the DSSCs sensitized by natural dyes using pre-
treatment the FTO by acids for 10 minutes.

. v J Y J
Dye Adds |\ | e | o | marem || %

N Untreated | 0.55 0.23 0.41 0.15 049 | 0.06

Hibiscus

Ros HsPO, | 053 0.31 0.42 0.21 053 | 0.09
Sinensis HCI 0.53 0.32 0.43 0.23 058 | 01

HNO; 0.53 0.29 0.42 0.20 055 | 0.08

Untreated | 0.46 1.18 0.32 0.89 051 | 0.28

Hibiscus HsPO, | 046 0.87 0.34 0.65 055 | 0.22

Sabdariffa HCI 0.45 1.07 0.33 0.82 056 | 0.27

HNO; 0.45 0.88 0.33 0.61 051 | 0.20

Untreated | 0.53 0.35 0.41 0.26 056 | 0.11

Rosa HsPO, | 051 0.23 0.38 0.14 045 | 0.05

Damascena HCl 0.51 0.34 0.38 0.22 048 | 0.08

HNO; 0.51 0.36 0.40 0.25 054 | 0.10

The treatment of the FTO layer with acids was repeated for 10 minutes and the J-V
characteristics of DSSCs are shown in the lower panels of Fig. 4.7. Table 4.3 presents
the Photovoltaic parameters of the DSSCs sensitized by the three natura dyes. The
Vo ranges between 0.45 V for DSSCs sensitized with Hibiscus Sabdariffa extract
when treating FTO with HCI and HNOj; acids for 10 minutes and 0.55 V for the cell
dyed with Hibiscus Rosa Sinensis without treating. The Ji. has a maximum value of
1.18 mA/cm? for the DSSC sensitized with the dye extracted from Hibiscus
Sabdariffa without treating, and a minimum value of 0.23 mA/cm? for the DSSC
sensitized with the dye extracted from Hibiscus Rosa Sinensis without treating and for
the DSSC sensitized with the dye extracted from Rosa Damascena when treating FTO
with HzPO, acid for 10 minutes.
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Thefill factor of the fabricated cells changes from 45% to 58%. The highest fill factor
was obtained for the DSSC sensitized with the extract of Hibiscus Rosa Sinensis
when treating FTO with HCI acid for 10 minutes and the lowest fill factor was
observed for the cell dyed with Rosa Damascena when treating FTO with H3PO, acid
for 10 minutes. The highest efficiency has a value of 0.28% for the DSSC sensitized
with Hibiscus Sabdariffa without treating whereas the lowest efficiency has the value
of 0.05% for the DSSC sensitized with Rosa Damascena when treating FTO with
H3PO, acid for 10 minutes. The treatment of FTO by the three acids for 10 minutes
didn't improve the efficiency when the Rosa Damascena and Hibiscus Sabdariffa dye
solutions were used as photosensitizers. The improvement of the efficiency of DSSC
was appeared when treated FTO with H3PO,, HCI and HNO3 acids for 10 minutes
showed 150%, 166.7% and 133.3% improves using Hibiscus Rosa Sinensis dye
solution.

The function of this treatment is to clean and events scratches on the FTO layer. This
leads to decreasing of the sheet resistance of the FTO glass substrate and cause more
adhesion and contact points between the TiO, film and FTO layers to improve the
efficiency and reduces the fast recombination rate and the photoelectrons can be
collected efficiently. Strong connection between material interfaces by these acids
treatment cause higher values of fill factor [47,48] as shown in Table 4.2 and Table
4.3.

4.3. Acidic treatment of TiO,

In this process, the TiO, layer was post-treated with phosphoric acid (H3POy), nitric
acid (HNOg3) and hydrochloric acid (HCI). The FTO layers were cleaned using an
ultrasonic bath for 20 minutes twice, washed with distilled water and then dried in an
oven at 60 °C for 30 min. The TiO, paste were spread on FTO glass substrate using
doctor blade method then sintered at 450 °C for 30 min and cooled down to 100°C in
ambient air. The sintered TiO, layers were immersed in 0.1M of one of the acids for
5 min and then washed with distilled water then dried in an oven for 30 min at 60 °C.
Finaly, the TiO, layers were immersed in the dye solutions at room temperature for
24 hours.
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4.3.1. J-V characterizations

Table 4.4 Photovoltaic parameters of the DSSCs sensitized by natural dyes using

post-treatment of TiO, film by acids for 5 minutes.

. VOC Jg; Vm Jm n
Dye Adds |y | makem) | ) | maem) | TP %
o Untreated | 0.55 0.23 041 0.15 0.49 0.06
Hibiscus
Rosa H1PO,4 0.55 041 0.43 0.29 0.55 0.12
Sinensis HCl 0.57 0.36 0.44 0.27 058 | 0.12
HNO3 0.54 0.50 0.42 0.38 0.59 0.16
Untreated 0.46 1.18 0.32 0.89 0.51 0.28
Hibi $US H3PO,4 0.43 0.23 0.32 0.15 0.48 0.05
Sabdariffa HCI 0.45 0.90 0.32 0.66 052 | 021
HNO3 0.40 0.46 0.26 0.28 0.39 0.07
Untreated 0.53 0.35 041 0.26 0.56 0.11
Rosa H1PO,4 0.52 0.23 041 0.17 0.58 0.07
Damascena HCI 0.53 0.28 0.42 0.20 0.56 0.08
HNO3 0.52 0.23 0.38 0.16 0.50 0.06
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Fig. 4.8. Current density-voltage characteristics curves for the DSSCs sensitized by

(1) Hibiscus Rosa Sinensis (2) Hibiscus Sabdariffa (3) Rosa Damascena with post-
treated TiO; film by the acids for 5 minutes.
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The J-V characteristics of DSSCs of the treated TiO- film with one of the three acids
for 5 minutes under an illumination of 100 mW/cm? are shown in Fig. 4.8. Table 4.4
shows the photovoltaic parameters of the post-treated DSSCs using H3PO,4, HCI,
HNO; acids. The V. ranges between 0.40 V for the DSSC sensitized with Hibiscus
Sabdariffa extract affected by post-treatment with HNO; acid and 0.57 V for the cell
dyed with Hibiscus Rosa Sinensis affected by post-treatment with HCI acid. The J
has a maximum value of 1.18 mA/cm? for the DSSC sensitized with the dye extracted
from Hibiscus Sabdariffa without treating, and a minimum value of 0.23 mA/cm? for
the DSSC sensitized with the dye extracted from Hibiscus Rosa Sinensis without
treating, DSSC sensitized with the dye extracted from Hibiscus Sabdariffa when
treating TiO, layer with H3PO, acid and DSSCs sensitized with the dye extracted
from Rosa Damascena when treating TiO, layer with H3PO, and HNO; acids.

The fill factor of the fabricated cells changes from 39% to 59%. The highest fill factor
was obtained for the DSSC sensitized with the extract of Hibiscus Rosa Sinensis
using treated TiO, film with HNO3 acid and the lowest fill factor was observed for the
cell dyed with Hibiscus Sabdariffa using treated TiO, film with HNO3 acid. The
highest efficiency has a value of 0.28% of the DSSC sensitized with Hibiscus
Sabdariffa without treating the TiO, paste, while the lowest efficiency has the value of
0.05% of the DSSC sensitized with Hibiscus Sabdariffa when treating TiO, layer with
H3PO, acid. The technique of post-treatment of TiO, by the acids for 5 minutes
doesn't improve the output power and efficiency when the Rosa Damascena and
Hibiscus Sabdariffa dye solutions were used as photosensitizers because the lower in
the J¢. and optimum current. The post-treatment of the TiO, film with H3PO, acid for 5
minutes showed an improved efficiency of 200%, 200% with HCI acid and 266.7%
with HNO;3 acid using Hibiscus Rosa Sinensis dye solution as photosensitizer.

The reason for high short circuit density and fill factor obtained from the cell
sensitized with Hibiscus Rosa Sinensis pigment may be due to the high amount of dye
adsorbed onto the TiO, film against with other dyes [50]. The increase of fill factor
values may be due to the strong connection between materia interfaces [44].

The function of this treatment is to get TiO, film more acidic medium to faster
injection of the electrons from excited state of dye into conduction band of TiO, and
more free mobile electrons. The reason behind that behavior may be attributed to the

improvement of TiO, film electrical conductivity by enhancing the neck points

39



between the nanoparticles, increasing dye loading and minimizing the recombination
rate between the TiO, film and the mediator [44,51].

According to the Kubelka-Munk relationship, Fig. 4.9 shows the absorption spectra of
acid treated TiO, electrode after being dyed with Hibiscus Rosa Sinensis and that of
the extract from Hibiscus Rosa Sinensis in ethanol .

The absorption spectrum for the extracted dye in ethanol shows a peak at a
wavelength of 548 nm. It can be observed that the absorption spectrum for that
adsorbed onto acid treated TiO, film with HNOs;, HCI, H3PO, acids shows a wider
one at awavelength of (581 nm, 572 nm, 553 nm) respectively. This refers to the red
shifted towards higher wavelength according to the bonding strength between

anthocyanin and TiO, ions [49].

— Dye solution in ethanol — Dye solution in ethanol
- - -TiO, in HNO, ' |- - -TiO, in HCI

400 600 800 400 600 800
Wavelength (nm) Wavelength (nm)

— Dye solution in ethanol
- - -TiO, in H,PO,

-~

~
~

- -

400 600 800
Wavelength (nm)

Fig. 4.9 Absorption spectra of Hibiscus Rosa Sinensis extract in ethanol solution and
anthocyanin adsorbed onto TiO, film treated with HNOs, HCl and H3PO,.
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4.4. Effect of the pH of dye solution

Acetic and hydrochloric acids were used to control the pH of dye solutions. Four
different pH values ranging from 5.5 to 2.0 from Hibiscus Rosa Sinensis and Rosa
Damascena dye solutions and those ranging from 3.0 to 1.0 from Hibiscus Sabdariffa
dye solution were examined by adding 0.1 M acetic acid or 0.1 M hydrochloric acid
to the dye solutions. The starting pH of the Hibiscus Rosa Sinensis, Hibiscus
Sabdariffa and Rosa Damascena extracts in Ethanol were about 6.65, 3.23 and 6.15,
respectively. TiO, paste was distributed on the cleaned glass substrates using doctor
blade method then dyed with different pH dye solutions at room temperature for
24 hours then connected to the solar cell ssimulator and J-V measurements were

carried out.
4.4.1. J-V characterizations

The JV characteristics of DSSC of the different pH values of the dyes under an
illumination of 100 mW/cm? are shown in Fig. 4.10.

Table 4.5 Photovoltaic parameters of the DSSCs sensitized by the dyes with changing
the values of pH using acetic acid.

Voe Js Vi N

Dye PH ) | marem) | ) | maiem) | T %
g Untrested | 055 | 023 | 041 | 015 | 049 | 006
c 9 2.0 031 | 005 | 014 | 002 | 019 | 0003
25 35 039 | 007 | 025 | 004 | 036 | 001
2% 45 051 | 019 | 035 | 012 | 043 | 004
e 55 049 | 030 | 032 | 016 | 035 | 005
o | Untrested | 046 | 118 | 032 | 089 | 051 | 028
R 15 040 | 077 | 028 | 061 | 055 | 017
s % 2.0 042 | 084 | 028 | 060 | 047 | 047
30 046 | 103 | 034 | 076 | 054 | 026

< | Untrested | 053 | 035 | 041 | 026 | 056 | 011

5 B 2.0 046 | 024 | 034 | 016 | 049 | 005
g g 35 048 | 025 | 037 | 017 | 053 | 006
§ 45 049 | 025 | 037 | 014 | 042 | 005
55 049 | 023 | 038 | 016 | 054 | 006
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Fig. 4.10. Current density-voltage characteristics curves for the DSSCs sensitized by
(1) Hibiscus Rosa Sinensis (3) Hibiscus Sabdariffa (5) Rosa Damascena using acetic
acid to change pH of the dye, and those sensitized by (2) Hibiscus Rosa Sinensis (4)

Hibiscus Sabdariffa (6) Rosa Damascena using hydrochloric acid to change pH of the
dye.
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Table 4.5 shows the photovoltaic parameters of the DSSCs sensitized by Hibiscus
Rosa Sinensis, Hibiscus Sabdariffa and Rosa Damascena by changing the pH values
using acetic acid. As shown in Table 4.5, the V. ranges between 0.31 V for DSSC
sensitized with Hibiscus Rosa Sinensis of pH of 2.0 to 0.55 V for DSSC sensitized
with Hibiscus Rosa Sinensis of natural pH. The J¢ has a maximum value of
1.18 mA/cm? for the DSSC sensitized with the dye extracted from Hibiscus
Sabdariffa of natural pH and a minimum value of 0.05 mA/cm? for the DSSC
sensitized with the dye extracted from Hibiscus Rosa Sinensis of pH of 2.0. The fill
factor of the fabricated cells changes from 19% to 56%. The highest efficiency has a
value of 0.28% for the DSSC sensitized with Hibiscus Sabdariffa of natural pH
wheresas the lowest efficiency has a value of 0.003% for the DSSC sensitized with
Hibiscus Rosa Sinensis of pH of 2.0.

The acetic acid treated dyes showed poor performance in the power conversion
efficiency which may be due to changing of the molecular structure of the dye and
confirms that the acetic acid treatment does affect the dye molecules for minimizing
absorbance and upward the conduction band of the TiO, that decreasing the values of
V oc connected with low photocurrent.

Fig. 4.11 shows the DSSC efficiency as a function of the pH of the three dyes extract
solutions using acetic acid. As observed from the Fig. 4.11, the efficiency is
diminished with decreasing the pH for all cells except of the cell dyed with Rosa
Damascena where the efficiency is enhanced from 4.5 to 3.5 pH values, after that it

declines towards lowest value at pH of 2.0.
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Fig. 4.11. DSSC efficiency versus the pH of the extract solution of three dyes using
acetic acid.

The changing of pH of dyes was repeated using hydrochloric acid. The JV
characteristics of DSSC with pH was changed using HCI are shown in Fig. 4.10.

Table 4.6 Photovoltaic parameters of the DSSCs sensitized by the dyes with changing

the values pH using hydrochloric acid.

Dye pH Ve N Vi N == n
V) (mA/cm?) | (V) (mA/cm?) %
g Untreated | 0.55 0.23 0.41 0.15 049 | 006
z 2 2.0 0.44 1.02 0.33 0.72 051 | 024
20 35 0.46 0.14 0.35 0.09 042 | 003
f—i % 45 0.49 0.33 0.37 0.22 051 | 008
T 55 0.53 0.35 0.40 0.23 048 | 0.09
o & | Untrested | 0.46 1.18 0.32 0.89 051 | 028
SRS 15 0.38 0.17 0.30 0.11 051 | 003
i=iys 2.0 0.39 0.20 0.30 0.13 050 | 004
L ﬁ 3.0 0.47 0.63 0.35 0.49 0.58 0.17
< | Untreated | 053 0.35 0.41 0.26 056 | 0.11
5 5 2.0 0.45 0.85 0.34 0.59 052 | 020
g 2 35 046 | 048 | 036 | 031 | 050 | 041
S 45 0.48 0.31 0.36 0.20 048 | 0.07
o 55 0.52 0.37 0.41 0.26 055 | 0.11




Table 4.6 shows the photovoltaic parameters of the DSSCs sensitized by Hibiscus
Rosa Sinensis, Hibiscus Sabdariffa and Rosa Damascena by changing the pH values
using hydrochloric acid.

As shown in Table 4.6, the V. ranges between 0.38 V for DSSC sensitized with
Hibiscus Sabdariffa of pH of 1.5 to 0.55 V for DSSC sensitized with Hibiscus Rosa
Sinensis of natural pH. The J¢ has a maximum value of 1.18 mA/cm? for the DSSC
sensitized with the dye extracted from Hibiscus Sabdariffa of natural pH and a
minimum value of 0.14 mA/cm? for the DSSC sensitized with the dye extracted from
Hibiscus Sabdariffa of pH of 2.0. The fill factor changes from 40% to 58% that
affected with a low series resistance, a high shunt resistance, the connection between
material interfaces and for a values of V. [44]. The highest efficiency has a value of
0.28% for the DSSC sensitized with Hibiscus Sabdariffa of natura pH, while the
lowest efficiency has a value of 0.03% for the DSSC sensitized with Hibiscus
Sabdariffaof pH of 1.5 and with Hibiscus Rosa Sinensis of pH of 3.5.

The changing of pH using the hydrochloric acid showed an improved efficiency of
400%, 133.3% and 150% at pH of 2.0, 4.5 and 5.5, respectively using Hibiscus Rosa
Sinensis dye solution as photosensitizer and of 188% at pH of 2.0 using Rosa
Damascena. The reason of the high improvement of the conversion efficiency of the
DSSC sensitized with Hibiscus Rosa Sinensis dye at pH of 2.0 and pH of 5.5 and with
Rosa Damascena dye at pH of 2.0 may be attributed to the strong bond between dye
molecule and TiO, film and this lead to faster injection of the electrons from excited
state of dye into conduction band of TiO, or to the increase of the optical absorption
of the dye, as shown in Fig. 4.12. The small red shifting of the wavelength of the
optical absorption peak can be considered to be due to the change of the molecular
structure of the dye [44] as aresult of change in pH especially at pH of 5.5 as shown
in Fig. 4.12. The reason for highest short circuit density may be due to the higher
amount of dye adsorbed onto the TiO, film [50]. Some factors caused high FF, the
resistance for the electron transportin TCO substrate, large electrolyte thickness
(distance between TiO, layer and Pt electrode), and the poor quality of Pt layer.
According to the Kubelka-Munk relationship, Fig. 4.12 shows the absorption spectra
of TiO, electrode after being dyed with Hibiscus Rosa Sinensis and that of the extract
from Hibiscus Rosa Sinensis in ethanol.
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The absorption spectrum of the extracted dye at pH of 6.65 in ethanol shows a peak at
a wavelength of 548 nm where the absorption spectrum of that at pH of 5.5 adsorbed
to TiO, film shows a wider one at a wavelength of 562 nm. This refers to the red
shifted towards higher wavelength according to the boning strength between
anthocyanin and TiO, ions [49], where no red shifting in the absorption spectrum of
the extracted dye at pH of 2.0 adsorbed to TiO, film but show a high absorption peak
of 5 timesthat of the extracted dye.

Fig. 4.13 shows the DSSC efficiency as a function of the pH values of the extract
solutions of three dyes using hydrochloric acid. As observed from the Fig. 4.13, the
efficiency when dyeing the cells of DSSCs dyed with Hibiscus Rosa Sinensis is
enhanced dramatically with decreasing the pH vaues from 6.56 to 5.5 then it is
diminished with decreasing the pH from 4.5 to 3.5 and then it is enhanced again with
pH of 2.0 which corresponds the highest efficiency. For Hibiscus Sabdariffa dye, the
efficiency is diminished with decreasing the pH from 3.23 to 1.0. It is diminished with
decreasing the pH from 5.5 to 4.5 and then it is enhanced again with pH of 3.5t0 2.0
which corresponds the highest efficiency when using the Rosa Damascena as

photosensitizer.
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Fig. 4.12. Absorption spectra of Hibiscus Rosa Sinensis extract in ethanol solution
and anthocyanin adsorbed onto TiO, film of pH of 2.0 and pH of 5.5.
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4.5, Effect of SILAR method to improve the efficiency of DSSCs

The TiO, film was soaked in Zinc chloride (ZnCl,) solution with concentrations of
0.01, 0.05 and 0.1 M for 15 sec. after heating the film to 100 °C then immersing in
boiling distilled water at temperature of 90 °C for 30 seconds then, the TiO, layers
were dyed at room temperature for 24 hours. The J-V characteristics of DSSC of the
treated TiO, with ZnCl, solution are shown in Fig. 4.14. This treatment was
performed only for DSSCs sensitized with Hibiscus Rosa Sinensis dye.

0.
0.00

-0.06 H

012}

J (mA/cm?)

-0.18

-0.24

voltage (V)

Fig. 4.14. Current density-voltage characteristics curves for the DSSCs sensitized by
Hibiscus Rosa Sinensis using SILAR Method.

Table 4.7 Photovoltaic parameters of the DSSCs sensitized by Hibiscus Rosa
Sinensis dye using SILAR Method with three different molarities of Zncl, solution.

i Vo NS Vi I
Molarities | )y | maemey | (v) | (maem) | T %
Untrested | 055 | 023 | 041 | 015 049 | 006
00IM | 058 | 015 | 045 | 009 047 | 004
005M | 060 | 011 | 046 | 007 048 | 003
0.10M | 058 | 013 | 045 | 008 048 | 004

As shown in the Table 4.7, the V. ranges between 0.55 V for DSSC without SILAR
treatment to 0.60 V for DSSC when treating the TiO, paste with 0.05 M. The J¢ hasa
maximum value of 0.23 mA/cm? for the DSSC without SILAR treatment and a
minimum value of 0.11 mA/cm? for the DSSC when treating the TiO, paste with
0.05 M. The fill factor of the fabricated cells changes from 47% to 49%. The highest
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efficiency has a value of 0.06% for the DSSC without SILAR treatment, whereas the
lowest efficiency has a value of 0.03% for the DSSC when treating TiO, paste with
0.05 M. The reason of the low values of the conversion efficiency of the DSSC with
SILAR treatment may be attributed to the poor bonding between dye molecule and
TiO, film and this leads to slow injection the electrons from excited state of the dye
into the conduction band of TiO, or may be according to the poor connection between

material interfaces.

4.6. Electr ochemical impedance spectr oscopy

Electrochemical impedance spectroscopy (EIS) was carried out for three DSSCs using
Autolab PGSTAT 302N with frequency response analyzer FRA 32 Module. EIS of
the DSSCs sensitized by Hibiscus Rosa Sinensis without treatment, with dye of pH of
5.5 and with post-treated TiO; layer with nitric acid for 5 minutes, were studied.

4.6.1. Electrochemical impedance spectroscopy of the untreated cell
The electrochemical impedance spectroscopy measurements were carried out in the
dark and under an illumination of 100 mW/cm? at -0.4V, -0.6V, and -0.8V. Fig. 4.15
shows the Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis without
any treatment at -0.4V, -0.6V, and -0.8V applied voltages in dark and under
illumination.
As shown in Fig. 4.15 and Table 4.8, there is a decrease in the charge-transfer
resistance (Rcr). Electrochemical circle fit was obtained as shown in Fig. 4.16. The
estimated interfacial capacitance (C) can be calculated according to the Mansfield and
Hus relationship as shown in equation (4.1) from a depressed semicircle model:
C=Q* ((Dmax)(n-l) (4.1)
where C is estimated interfacial capacitance, Q, is the CPE coefficient, om IS the
characteristic frequency at which the imaginary part of the impedance reaches its

maximum magnitude, and n is the exponent.
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Fig. 4.15 Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis without any
treatment at -0.4 V, -0.6 V and -0.8 V in the dark and under an illumination of

100 mW/cm?.

Fig. 4.16 The equivaent circuit for the DSSC sensitized by Hibiscus Rosa Sinensis

without treatments.

As shown in Fig. 4.16, Rs is the series resistance, CPE is the constant phase element,
and Rcr is the charge-transfer resistance. Table 4.8 shows the equivalent circuit
component values obtained from modeling the DSSCs sensitized by Hibiscus Rosa

Sinensis without any treatment.
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Table 4.8 Electrochemical impedance spectroscopy results from data-fitting of

Nyquist plotsto the equivalent circuit model in Fig. 4.16 for the DSSC sensitized by

Hibiscus Rosa Sinensis without any treatment.

Without treatments Rs(QQ) Reri(kQ) | Ci(uF) | Rera(kQ) | Co(uF)
-0.4v dark 40.6 74.30 1.56 - -
-0.4v illumination 40.1 3.47 2.80 21.00 2.09
-0.6v dark 40.4 10.10 1.36 1.28 3.35
-0.6v illumination 40.0 1.60 76.30 5.05 0.93
-0.8v dark 39.0 0.28 201.00 1.91 0.84
-0.8v illumination 38.4 1.47 0.87 0.40 0.001

4.6.2. Electrochemical impedance spectroscopy of the DSSC sensitized by

Hibiscus Rosa Sinensiswith post-treated TiO, layer with Nitric acid.
Fig. 4.17 shows the Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis
with TiO, was post treated with Nitric acid at -0.4V, -0.6V and -0.8V applied

voltages.

Table 4.9 presents the equivalent circuit component values obtained from modeling
the DSSCs sensitized by Hibiscus Rosa Sinensis with post treated TiO, with Nitric

acid. Electrochemical circle fit was obtained as shown in Fig. 4.18. According to

Fig. 4.18 and Table 4.9, there is a decrease in the charge-transfer resistance (Rcrt)

upon exposure to an illumination of 100 mW/cm? at all applied voltage.
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Fig. 4.17. Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis with post
treated TiO; layer with Nitricacid at -0.4 V, -0.6 V and -0.8 V in the dark and under

an illumination of 100 mwW/cn?.

Fig. 4.18. The equivalent circuit for the DSSC sensitized by Hibiscus Rosa Sinensis
with post treated TiO, layer with Nitric acid.
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Table 4.9 Electrochemical impedance spectroscopy results from data-fitting of
Nyquist plotsto the equivalent circuit model in Fig. 4.18 for the DSSC sensitized by

Hibiscus Rosa Sinensis and TiO, post-treatment with Nitric acid.

Tio, p?\lslt;ggjg]?t with Rs(Q) | Reri(kQ) | Cu(MF) | Rera(QQ) | Ca(uF)
-0.4v dark 335 92.10 1.28 - -
-0.4v illumination 33.2 6.70 1.76 7.31 9.69
-0.6v dark 34.4 2.08 1.05 5.37 0.28
-0.6v illumination 32.9 1.44 63.30 3.34 0.78
-0.8v dark 33.1 1.23 0.94 0.40 2.09
-0.8v illumination 33 1.30 0.75 0.34 0.0007

4.6.3. Electrochemical impedance spectroscopy of the DSSC sensitized by
Hibiscus Rosa Sinensis solution of pH of 5.5

Fig. 4.19 shows the Nyquist plots for DSSC sensitized by Hibiscus Rosa Sinensis of
pH of 5.5 in the dark and under an illumination of 100 mW/cm? at -0.4 V, -0.6 V and
-0.8 'V applied voltages.

Electrochemical semicircle fit were obtained at -0.4V, -0.6V, and -0.8V applied
voltages and shown in Fig. 4.20. A summary of the equivalent circuit component
values obtained from modeling the DSSCs sensitized by Hibiscus Rosa Sinensis of
pH of 55 in the dark and under an illumination at chosen applied voltage can be
found in Table 4.10.

According to Fig. 4.20 and Table 4.10, there is a decrease in the charge-transfer
resistance (Rer) upon exposure to an illumination of 100 mW/cm? of the DSSC
sensitized by Hibiscus Rosa Sinensis of pH 5.5 with hydrochloric acid at -0.4V,
-0.6V and -0.8V applied voltage.

53




18 E - —
—— pH=5.5, illumination, -0.4 v o pH=5.5, illumination, -0.6 v
- — -pH=5.5, da_rk, -04v - - -pH’=5.5\, dark, -0.6 v
12 -7 RN 5, RN
E Ve - N\ § / \
~ \ 5/ 2 \
/ \ - -/ \
’\l' 6} // \ N / \
| \\ 1[\’“ \
\
(\ ‘ .
O M 2 O N N N
0 14 28 42 0 3 6 9
Z' (kw) Z' (kw)
o9l —— pH=5.5, illumination, -0.8 v| 6F — — pH=5.5,-0.4v
' - — -pH=5.5, dark, -0.8 v ----pH=5.5,-0.6v
- - \—pH=5.5 , -0.8v
= 4t / ~
= / N
b / N
N ) ’ \
' - \
/.. \
1, .. N
v,-\ F}
0 :.l M N N .
0 4 8 12 16
Z' (kw) Z' (kw)

Fig. 4.19. Nyquist plots of the DSSC sensitized by Hibiscus Rosa Sinensis of pH of
5.5 at -0.4V in the dark and under an illumination of 200 m\W/cm?.

Fig. 4.20. The equivalent circuit for the DSSC sensitized by Hibiscus Rosa Sinensis
of pH of 5.5.



Table 4.10 Electrochemica impedance spectroscopy results from data-fitting of

Nyquist plotsto the equivalent circuit model in Fig. 4.20 for the DSSC sensitized by

Hibiscus Rosa Sinensis of pH of 5.5.

hygrgcilso\rlivci:tgci d Rs(Q2) | Rera(kQ) | Co(MF) | Rera(k€) | Co(pF)
-0.4v dark 44.2 5.76 1.36 36.20 1.73
-0.4v illumination 44.6 6.66 0.87 6.81 4.62
-0.6v dark 43.7 5.85 0.66 3.35 6.89
-0.6v illumination 43.9 3.46 0.59 157 99.20
-0.8v dark 43.4 0.52 7.21 155 0.65
-0.8v illumination 43.5 0.56 226.3 0.31 0.61

Figs. 4.21, 4.22 and 4.23 represent Nyquist plots of DSSCs sensitized by Hibiscus
Rosa Sinensis for the three studies mentioned above under an illumination of
100 mW/cm? at -0.4V, -0.6V, and -0.8V applied voltages. As shown in these Figures
and Tables 4.11, 4.12 and 4.13, there is a decrease in the Rcr for DSSCs with post
treates of TiO, layer with nitric acid and pH of 5.5 compared with the DSSC without
any treatments. The treatments lead to reduce the charge recombination at the
electrolyte/TiO,/dye interfaces and increase the electrical conductivity and the
number of injected electrons from the conduction band of the dye into excited state of
TiO, film [52,53,54]. Generadly, the decrease in the Rcr for three cells is due to the
leakage current across the cell edge that caused for example from the TiOz electrode is
in direct contact with counter electrode indicates that the current has alternative ways
of crossing the cell other than the desired one [55].

Giving the datain Fig. 4.24, which represents Bode plots for the DSSCs sensitized by
Hibiscus Rosa Sinensis for the three studies under an illumination of 100 mW/cm? at -
applied voltages, the reduction of Rct means there is a decrease in the recombination

rate and indicates fast electron-transfer processes in the DSSCs [56].
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Fig. 4.21. Nyquist plots of DSSCs sensitized by Hibiscus Rosa Sinensis at -0.4V
applied potential under an illumination of 100 mW/cm?.
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Fig. 4.22. Nyquist plots of DSSCs sensitized by Hibiscus Rosa Sinensis at -0.6V
applied potential under an illumination of 100 mW/cm?.
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applied potential under an illumination of 100 mW/cm?.
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Fig. 4.24 Bode plots of DSSCs sensitized by Hibiscus Rosa Sinensis for the three
studies mentioned before under an illumination of 100 mW/cm? at -0.4 V, -0.6 VV, and
-0.8 V applied voltages.
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Table 4.11 EIS results from data-fitting of Nyquist plots to the equivalent circuit
model in Fig. 4.21 for the DSSCs sensitized by Hibiscus Rosa Sinensis at -0.4V

applied voltage.
The tlrﬁitrﬁin;“aotr; 04V Rs(€2) | Rera (k) | Ca(uF) | Rera(k€2) | Co(MF)
without treatments 40.1 3.47 2.80 21.00 2.09
nitric acid post-treatment | 45, 670 | 176 | 731 9.69
of TiO,
pH 5.5 with hydrochloric 146 6.66 0.87 6.81 462

acid

Table 4.12 EIS results from data-fitting of Nyquist plotsto the equivalent circuit
model in Fig. 4.22 for the DSSCs sensitized by Hibiscus Rosa Sinensis at -0.6V

applied voltage.
The treatment at -0.6V
illumination Rs(€2) | Rer (kQ) | Ci(UF) | Rera(kQ) | Co(uF)
without treatments 40.0 1.60 7.63 5.05 0.93
nitric acid post-treatment | 5, o 1.44 6330 | 334 0.78
of T|02
PR 5.5 with hydrochloric | 5 o 1.46 0.59 157 99.20

acid
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Table 4.13 EIS results from data-fitting of Nyquist plots to the equivalent circuit
model in Fig. 4.23 for the DSSCs sensitized by Hibiscus Rosa Sinensis at -0.8V
applied voltage.

The treatment at -0.8V R(Q) |Rer (kKQ) | Ci(uF) | Rera(kQ) | Co(uF)

illumination
without treastments 38.4 1.47 0.87 0.40 0.001
nitric acid post-trestment | 45 1.30 0.94 0.39 2.09
of T|02
PH S.5with hydrochloric | 4 ¢ 056 | 22630 | 031 061

acid

Table 4.14 Electron lifetime cal cul ations from Bode plots.

Thetreatment f (frequency) (Hz) Tdectron (MS)
-0.4V without 138.54 115
-0.4V nitric acid post-treatment of TiO; 380.98 0.42
-0.4V pH 5.5 with hydrochloric acid 213.18 0.75
-0.6V without 298.58 0.53
-0.6V nitric acid post-treatment of TiO; 692.45 0.23
-0.6V pH 5.5 with hydrochloric acid 421.28 0.38
-0.8V without 549.90 0.29
-0.8V nitric acid post-treatment of TiO, 1179.77 0.13
-0.8V pH 5.5 with hydrochloric acid 617.00 0.26

Lifetime indication for the recombination rate. Lower recombination rate is good for

high efficiency.
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Chapter Five

Conclusions
In this thesis, the DSSCs were fabricated using TiO, as a semiconducting layer dyed
with natural dyes extracted from dried flowers. Natural dyes from three flowers were
tested as sensitizers for DSSCs and they are Hibiscus Rosa Sinensis, Hibiscus
Sabdariffa and Rosa Damascena. The aim of this thesis was to study the influences of
severd treatment process on the performance of DSSCs including the effect of
changing the pH values of the dye solution using hydrochloric acid and acetic acid.
Better performance was obtained with the hydrochloric acid treatment of the dye
solution of Hibiscus Rosa Sinensis than the acetic acid. As observed from the results,
the efficiency is enhanced dramatically with decreasing the pH values of Hibiscus Rosa
Sinensis dye solution from 6.56 to 5.5 then it is diminished with decreasing the pH
from 4.5 to 3.5 and then it is enhanced again with pH of 2.0 which corresponds the
highest efficiency enhancement of about 400% using hydrochloric acid where the
efficiency is diminished from Hibiscus Sabdariffa and Rosa Damascena dye solutions
except it enhanced dramatically with decreasing the pH values from 3.5 to 2.0.
The pre-trestment of the FTO with H3PO, for 10 minutes showed an improved
efficiency of 140%, 160% with HCl and 135% with HNO3 by using Hibiscus Rosa
Sinensis dye solution. Pre-treatment leads to decreasing of the sheet resistance of the
FTO glass substrate and cause more adhesion and contact points between the TiO,
film and FTO layers to improve the efficiency and reduces the fast recombination rate
and the photoel ectrons can be collected efficiently.
HNO;, HCl and H3PO, post-treated cells showed an efficiency of 0.16%, a short
circuit current of Js. of 0.5 mA/cm?, an open circuit voltage of V. of 0.54 V and afill
factor (FF) of 0.59, efficiency of 0.12%, a short circuit current of J of 0.36 mA/cm?,
an open circuit voltage of Vo of 0.57 V and a fill factor of 0.58 and efficiency of
0.12%, a short circuit current of J. of 0.41 mA/cm?, an open circuit voltage of V. of
0.55 V and a fill factor of 0.55, respectively when the Hibiscus Rosa Sinensis dye
solution was used where the normal cell gave an efficiency of 0.06%, a short circuit
current of Ji. of 0.23 mA/cm?, an open circuit voltage of V. of 0.55V and afill factor
of 0.49. The HNOs;, HCI and H3PO, treated cells showed an efficiency enhancement
of about 266.7%, 200% and 200% respectively.
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SILAR treatment was applied and was found to decrease the DSSC response. The
reason of the low vaues of the conversion efficiency of the DSSC with SILAR
treatment may be attributed to the poor bonding between dye molecule and TiO; film
and this leads to slow injection of the electrons from excited state of the dye into the
conduction band of TiO, or may be according to the poor connection between
material interfaces.

These observations could be conferring to that the acid treatment contributed regular
arrangement of the photoelectrode by the dispersion of TiO, nanoparticles which
improved the anchoring geometry of the dye on their surfaces and led to faster
electron injection. The improvement of TiO, film electrical conductivity is achieved
by enhancing the neck points between the nanoparticles, minimizing the
recombination rate between the interfaces and increasing dye loading.

The application of natural dye to DSSCs as a photosensitizer is promising for the
realization of high cell performance, low-cost production. Incorporation of these
treatments for DSSC with existing large scale manufacturing processes could open
new directions for the development of low-cost solar cellsin the future.
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