()
o

*. University of Venda
Creating Future Leaders
@)

STUDIES OF INTERACTION OF DYE MOLECULES WITH TiO, BROOKITE
CLUSTERS FOR APPLICATION IN DYE SENSITIZED SOLAR CELLS

g

&

University of Venda

By
Elegbeleye Ife Fortunate

16023582

Research Thesis for the
Doctor of Philosophy Degree in the Department of Physics

In the

School of Mathematical and Natural Sciences

University of Venda
Thohoyandou, Limpopo
South Africa

Student: Elegbeleye Ife Fortunate (University of Venda)

Promoter 1: Dr. EN Maluta (University of Venda)
Promoter 2: Prof. RR Maphanga (CSIR/UL)

© University of Venda



o

*. University of Venda
Creating Future Leaders

Declaration

I, Ife Elegbeleye declare that this research thesis titled “Studies of interaction of dye molecules
with TiO2 brookite clusters for application in dye sensitized solar cells” is my original work and
has not been submitted for any degree at any other university or institution. The research does not

contain other persons’ writing unless specifically acknowledged and referenced accordingly.

Signed (Student)...........coiiiiiiii Date

Elegbeleye Ife Fortunate

© University of Venda



9

o]

&= | University of Venda

Dedication

| dedicate this research to the Almighty God for making it possible for me to complete this
degree. To My lovely husband, Femi Elegbeleye, wonderful Children, Ore-Ofe Charis
Elegbeleye, Jesulona Emmanuel Elegbeleye and to my supervisors Dr NE Maluta and Prof RR

Maphanga without whom this work would not have been completed in record time.

© University of Venda



"

yyyyyyyyyyyyyyyyyyyyyy

Acknowledgement

My sincere thanks go to almighty God for his unending love and grace towards me.

| am indebted to my supervisor, Dr NE Maluta for his contributions and understanding. He
sacrificed so much time to guide me through this research work, reading and guiding me
through every stage of my proposal, methodology, results, analysis and write up to make
necessary corrections and always encouraging to do better and give my best to my endeavours.
May God reward you in multiple folds with more successful years to come sir.

I am very grateful to my Co- supervisor, Prof RR Maphanga for being both a mentor and
supervisor to me, I’m grateful to her for her guidance through the rudiments of my research
and for her tremendous contributions to the research and for the success of this work as a whole.

God bless you Prof.

| am forever grateful to my parents, Mr. and Mrs. Aseweje for their immeasurable love and
contributions spiritually, morally and financially towards my success in life and academics.

May God satisfy you with long life to enjoy the fruits of your labour.

The incessant love, understanding and care showed to me by Mr. Femi Elegbeleye has further
proved your worth, you are a blessing from God and a pillar of strength. I love you. To My
wonderful daughter, Ore-ofe Charis Elegbeleye and my Son Elegbeleye Jesulona, Emmanuel.
Thanks for your sacrifice and co-operation towards the success of this work. God bless keep

and preserve you.

I commend the significant contribution of my siblings: Mr. and Mrs. Omotoso, Ireti, Tolu and
Faith, towards my success in life. God made you beautiful fences around my life, you are
indeed wonderful. Thanks for the unconditional love and encouragement toward my success in
life.

To all the lecturers in the Department of Physics, University of Venda who contributed to this
work and to my success, thanks for the love | received in the department, the knowledge

imparted and support towards the success of the work.

I would like to acknowledge the financial support from DAAD. | also thank the University of
Venda for the support to carry out this research and Centre for High Performance Computing
(CHPC) for using their computing resources of CSIR, Capetown, South Africa. Special thanks

to the University of Limpopo Materials Modelling Centre for their support towards our

iv

© University of Venda



"

&) i
computational modelling. | specially acknowledge the centre for interactive material and
Bioinspired Technologies (FIT), Albert Ludwig University, Freiburg in Germany for using the
BwForCluster for Neuroscience, Elementary Particle Physics and Microsystems Engineering
(NEMO) computational facilities.

Thanks to Dr NE Maluta research modelling group at University of Venda and my research
group members Steve, Phuthu, Mlotshwa, Tshifhiwa, Lulu, Hulisani and my colleague Mr
Akin, | cannot but commend your tremendous contribution to the success of this work.

Teamwork makes the dream work. It was nice meeting you all.

Special thanks to Dr Walter, Oliver Brugner and the research group on Functional Nanosystem,
Freiburg Centre for Interactive Materials and Bioinspired Technologies (FIT), Albert Ludwig’s
University, Freiburg, Germany for their contributions to this research.

\"

© University of Venda



"

@ University of Venda

yyyyyyyyyyyyyyyyyyyyyy

Abstract

Dye sensitized solar cells (DSSCs) have attracted rapid interest over the recent years with
prospect of emerging as a viable alternative to conventional silicon based solar cells. The
photoanode of DSSCs comprises of dye molecules anchored to the surface of semiconductors
such as TiO,. However, the major drawback of Titanium dioxide (TiO.) is its wide band gap
(3.0 eV to 3.2 eV) which limits its photocatalytic activities to the ultraviolet region of the
electromagnetic spectrum. Understanding the interaction of dye molecules with the surfaces of
TiOz is crucial for optimizing light-harvesting, photoconversion function and photocurrent
densities in DSSCs. The three polymorphs of TiO are anatase, brookite and rutile. The optical
properties of brookite semiconductor have not been much studied although brookite has been
reported to have good photocatalytic properties.

In this work, Density functional theory (DFT) computational approach was used through
various computational softwares which are CASTEP, GAUSSIAN, GAUSSUM, GPAW, ASE,
and AVOGADRO with B3LYP, LANL2DZ, PBE, and GGA functional to explore the
photocatalytic properties of the typical ruthenium N3 complex, polyenediphenyl-aniline dye
moiety, croconate dye molecules and three modelled surfaces of brookite which are (TiO2)s,
(TiO2)s and (TiO2) es for application in DSSCs. We also studied the absorption of the

corresponding dye molecules on the three surfaces of brookite TiOo.

Our findings showed strong binding ability, good electronic coupling, efficient charge
separation, spontaneous electron injection and good spectral properties upon adsorption of the
dye molecules to brookite TiO2 semiconductor clusters. Our findings on the optical absorption
spectra of ruthenium N3 dye, croconate dye and polyenediphenyl-aniline dye molecule
absorbed on (TiO2)s and (TiO-)s brookite cluster shows bathocromatic shift of the absorption
maxima to higher wavelength and improve optical response of TiO brookite cluster. A red
spectra shift and absorption over a wide range of the solar spectrum in the visible and near
infra-red region of the solar spectrum was achieved upon absorption of the ruthenium N3

complex and polyenediphenyl-aniline dye molecules on (TiO2)s and (TiO2)s brookite cluster.

The results generally suggest that the absorption of dye molecules on TiO, brookite cluster
improves its spectra responsivity in the UV region and makes it possible to absorb over the
whole spectrum range, that is, the UV, visible and near infra —red region of the solar spectrum.
Our findings also showed good electron injection Kinetics from the dye to TiO2 brookite
clusters, which suggests higher photocurrents density and open circuit voltage in DSSCs.
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CHAPTER ONE

1.0 GENERAL INTRODUCTION

The escalating world’s population is posing unending increase in demand and consumption of
energy. According to BP (British petroleum) Statistical Review of World Energy 2015 of (see
Figure 1) [1], fossil fuels (coal, oil and natural gas) constitutes larger percentage of energy
being produced and utilized in meeting these demands around the world. The continuous
combustion of fossil fuel has resulted in emissions of CO2 and other greenhouses gases into
the biomass. High CO: levels have raised environmental concerns such as global warming,
acidic rain, unhealthy eco systems and deforestation etc. [2]. The Intergovernmental Panel on
Climate Change (IPCC), projected that, “the global average surface temperature might rise
from 1.8 °C to 4.0 °C this century, and up to 6.4 °C in the worst-case scenario,” if no active
measure is taken to reduce greenhouse gas emissions [3]. Climate change is undoubtedly one
of the major man-made threats globally encountered, as is the case presently. Increase in CO>
content and other greenhouse gas emissions has already induced high temperatures, extreme
floods, droughts, intensified tornadoes and tropical storms. If the alarming combustion of fossil
fuel is not checked, it will take humanity to a crossing point of not only floods, droughts and
heavier storms occurring but variations in ocean flow, sea rise, melting of glaciers and arctic

ice, which will be highly disastrous to mankind [4].

Apart from the climatic trauma of continuous combustion of fossil fuel, the unprecedented
flunctuation of fossil fuel prices poses serious threats to the economy and political stability of
oil producing nations [5] as economic activities largely require energy demand to boom. The
current policies of International Energy Agency (IEA) have projected 45 % increase in the
global energy demand by 2040 [6]. Since non-renewables constitute larger percentage
presently utilized in meeting energy demands globally, eventually there might be shortage of
resources in the future or the environment may become inhabitable to mankind. Hence, the
quest of clean, sustainable, environmentally friendly and affordable energy resources is of

extreme impo rtance.
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Figure 1: World energy consumption by fuel, showing each fuel separately, according to British

petroleum (BP) Statistical Review of World Energy 2015 [1].

According to IEA 2009, the practical global potential of other renewable energy sources such
as wind, hydroelectric, bio-mass, and geothermal is estimated to be approximately 13 %, with
hydroelectricity constituting a larger percentage. Sunlight provides by far the largest of all
carbon-neutral energy sources. More energy from sunlight strikes the Earth in one hour (4.3 x
102° J) than all the energy consumed on the planet in a year (4.1 x 10% J) [7], hence, solar
energy remains the most abundant clean and energy resource for mankind [8]. Photovoltaic

(PV) devices are utilized for harnessing solar energy.

The incident solar radiation that reaches the earth’s upper atmosphere is 174 petawatts (PW).
About 30 % is reflected to space, the rest is dissipated into clouds, oceans, and land masses.
The total solar energy absorbed by earth's atmosphere, oceans and land masses is
approximately 3,850 zettajoules (ZJ) per year [8]. According to physicist Steven Chu, US
Energy Secretary 2013 and former Director of Lawrence Berkeley National Laboratory “the
energy utilized by mankind on earth is approximately 500 exajoules per year which is around
0.01 % of the total yearly incoming solar radiation. All the energy utilized in a year on the

earth’s surface can be generated from solar radiation reaching the earth in one hour [9, 10]. If

2
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well harnessed and maximized, solar energy is a viable and sustainable energy source to
mankind [11].

1.1 Solar spectrum

Solar energy is the energy striking the earth from the sun, primarily as visible light, and in other
forms as electromagnetic radiation. The sun radiates colossal amount of energy in a year than
has been utilized on the earth’s surface in mileage [12]. This energy is accountable for virtually
all other forms of energy available on the earth’s surface. Moontides, radioactive material and
partly geothermal energy are the only exceptions. All other forms of energy are either directly
or indirectly a residual form of the solar energy. Hydroelectricity is a result of various water
cycling processes of transpiration, evaporation, denitrification, condensation and precipitation
owing to the sun’s radiant heat. The unequal distribution of sun’s heat between the equator and
the pole of the earth's atmosphere results in wind waves. Fossil fuels and biomass are remains
of organic debris fostered by the sun’s energy. Photovoltaic electricity is generated directly
from sunlight by utilizing light energy from the sun to separate charges within the photovoltaic
cell. Basically, most of the energy resources available in the earth are from the sun rays striking

the earth’s surface [12].

Solar radiation is emitted at the upper atmosphere at temperature of about 5800 K giving a
spectral distribution approximately to a black body temperature as shown in Figure 2. Solar
radiation spectrum can be characterized by two major quantities which are spectral irradiance
(F) and photon flux ¢pn (A) [13]. Spectral irradiance accounts for the electromagnetic radiation
incident on a surface at a wavelength per unit area while the photon flux gives information

about the numbers of the electrons generated for the flow of current in a solar cell.

From the basics of quantum theory, photon exhibit wave-particle duality and its energy can be

characterised by:
E = hf. (1)
Light travels in vacuum at a speed ¢ with wavelength A and frequency f given by:

¢ = hf. )

Combining equations 1 and 2, the energy of a photon can be expressed as:
3
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where h is the Planck’s constant and c is the speed of light. The energy of the photon in
electrons volts (eV) is thus:

1.24

E(ev) = 1005 (4)

The percentage of ultraviolet, visible and near infra-red solar radiation striking the earth’s

surface is shown in Figure 2.

UV | Visible | Infrared 14
; ; 5% ultraviolet (300-400 nm)
43% visible (400-700 nm)

E 21 52% near infrared (700-2500 nm)

:(.E : ¢ Sunlight without atmospheric absorption

g 1.5

‘('D’ 5778K blackbody

) ]

c 1

© H,0 Sunlight at sea level

©

g 0.5] Atmospheric

= absorption bands
HO cq o

500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

Figure 2: Solar radiation spectrum (illustrating solar radiation at the top of atmosphere, at sea

level and black body spectrum) [13].

TiOz as a semiconductor is only sensitive to UV radiation, which is relatively small compared
to visible and infrared radiation that constitutes 95% of the solar spectrum. The major
challenges of researchers is to find a way to effectively harness larger percentage of the solar
spectrum to achieve higher photon current density in dye-sensitized solar cells (DSSCs).

4
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1.1.1. Solar air mass

Solar radiation striking the earth’s surface is affected severely by various atmospheric effects
such as aerosols, dusts and clouds. Gases such as water vapour (H20), ozone (Os), carbon
dioxide (CO2) and methane (CH4) absorb incident photons with energies close to atmospheric
gases bond energies (see Figure 2). This results in diffuse or indirect constituent of solar
radiation and the variation of the incident power and spectral content of terrestrial solar
radiation. The magnitude to which these atmospheric effects affect sunlight available at the
earth’s surface is defined by the “air mass”. The air mass is the path length which light takes
through the atmosphere normalized to the shortest possible path length (see Figure 3). The air
mass estimates the reduction in the power of light passing through the atmosphere due to

scattering, absorption by air, dust and reflection in the atmosphere. The air mass is given by:

AM = — (5)

cosf

where 0 is the angle from the zenith referred to as the zenith angle.

Figure 3: Zenith angle [14]

The solar spectrum striking the earth's surface is called AM1.5G, where G stands for global

radiation. Both direct and diffuse radiation are components of global radiation. The AM1.5D

5
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designates the direct radiation, AMO is the solar spectrum at the top of the atmosphere when
the sun is directly overhead the earth’s surface as shown in Figure 4, the Air Mass is 1. The
AM 1.5G with power density of about 1000 W/m? is the standard solar spectrum used for

computing the efficiency of a solar/photovoltaic cell on the earth’s surface [15].

i T T T T T ]
2.0—_ —- 2.0

‘TE | i

c i i
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Figure 4: Air mass for solar spectrum: the extra-terrestrial solar radiation (AMO) and the

standard terrestrial solar radiation (AM1.5) [13].

1.2 Photovoltaics technologies

The major objective of universal photovoltaic (PV) technologies solar cell research is
technological improvement to reduce the cost of PV cells and modules to a level that will be
viable and economical than conventional ways of generating power. Increasing the power
conversion efficiency of PV materials and devices is instrumental to achieving this goal. Major
developments in enhancing the efficiency of most of the leading PV materials and devices
have been made in recent years with various extensive technological approaches which include:
choosing semiconductor materials with appropriate energy gaps to match the solar spectrum
and improving their structural, electrical, optical properties and inventive device engineering

for more effective charge collection and better utilization of the solar spectrum through single

6
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and multi-junction approaches [16]. PV cell technologies are classified into three generations
based on material engineering, power conversion efficiencies and commercialisations. Some
are already on the commercial scale while some are in the production stage, while others are

on the research phase [17, 18].

1.2.1. Performance of a photovoltaic cell

The performance and efficiency of a solar photovoltaic cell is described by its current-voltage
(IV) characteristics such as short circuit current density (Isc), open circuit voltage (Voc)
obtained under standard illumination conditions (AM 1.5) and fill factor (FF) [19]. The fill

factor is defined as:

FF = VMMPIymp , (6)

Voclsc

where Impp and Vwpp are the current density at maximum power point and voltage at the

maximum power point respectively.

The incident photon conversion efficiency (IPCE) is a measure of the useful range of the .

and is given by:

P
ANye

IPCE = € (7)

c

where A is wavelength, Pin incident optical power, e is the fundamental electron charge, h
Planck’s constant and c is the speed of light in vacuum.
The maximum power per unit area delivered by the solar cell is given by:

Pyax = FF X Voc X Isc (8)
The light-to-electricity energy conversion efficiency of the solar cell under standard
illumination condition is defined as the ratio of the maximum power produced by the cell
(W/m?) to the incident light intensity (W/m?)

_ Pmax
- Pin (9)

The classification, conversion efficiencies and limitations of PV technologies are presented in
Table 1.
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Table 1: Classification of photovoltaic technology [20]

Type

Photo

Features

Module’s
conversion
efficiency

uoaINIS

[e1sA1D

Monocrystal

Monocrystal about 200 micros thick
Is used as substrate. The conversion
efficiency and reliability are high,
but the price is high as well

Up to 22%

Polycrystal

Polycrystal consisting of relatively
small crystals is used as the substrate
compare with the monocrystal type
this is easy to manufacture and
inexpensive, but the efficiency is
low

Up to 19%

Thin Film

This type is made by forming an
amorphous or crystalline silicon film
(about 1 microns thick) on a glass
substrate, but the efficiency is lower
than that of crystalline silicon type

Up to 9%

punodwo)

CIS

This is a thin film PV cell made
from copper, indium and selenium.
The CIS type features resources
saving and mass production and is
expected to have high performance.

Up to 16%

CdTe

This is a thin film PV cell made
from cadmium and tellurium. The
CdTe features resources saving and
mass production and low price

Up to 16%

Condenser

This type is made by applying
multiple junctions and condensing
technologies to a compound
consisting of group 111 and group V
elements. The performance is high,
but the price is high

Up to 42%

a1uebio

Dye sensitizer

Dye adhering to titanium oxide
absorbs light and generates power.
The dye sensitizer solar cell type is
in the production and
commercialization stage

Up to 13%

Organic thin film

This type is made by coating a film
using an organic semiconductor. The
organic thin film is in the production
and commercialization stage

Up to 8%

8
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1.3 Generations of PV cell

1.3.1. First generation of PV cell

The first generation of PV employs the wafer-based crystalline silicon. Crystalline silicon cells
are made from thin slices (wafers) cut from a single crystal or a block of silicon [21]. Silicon
is a semiconductor and one of the most abundant element on the earth’s crust with energy band
gap of 1.1 eV, which makes it very suitable for PV applications. Crystalline silicon is classified
as single- crystalline silicon (c-Si), poly or multi-crystalline silicon (m-Si) depending on the
manufacturing process of the silicon wafer. Crystalline silicon PV cells have been widely
commercialized and account for 87% of PV modules available in the market today [17, 22, 23].
The efficiency of commercially manufactured Si-based PV modules ranges between 14% to
22%. However the major drawback of these cells is their high cost at around US$4 /Watt,
which is around 4 times too expensive for truly competitive commercial production [24]. c-Si
are produced by Czochralski method, which is energy intensive and relatively expensive due
to the high cost of purifying, crystallizing and sawing c-Si [25]. Thick Si wafers are required
to efficiently absorb sunlight in the m-Si PV cells, hence sophisticated processing and more
raw materials are wasted during sawing process. The innovative approach to overcome the

drawbacks of Si based PV cells open doors for thin film technologies.

1.3.2 Second generation of PV cell (thin film solar cells)

Optical confinement technique is utilized in the thin film technology to lessen the amount of
silicon material in the cell. In this solar cell, continuous thin layers of materials about 1 to 4
pum thick are deposited on a large substrate, thereby minimizing the semiconductor materials
needed to absorb sunlight. The advantage of the thin film is; a wide class of multi-junction
materials can be fabricated and several deposition techniques can be used to grow materials on
substrates. The thin film technology gives room for production of cheaper, light and flexible
PV modules that could easily be incorporated into buildings structures. The main thin films
solar cells that have been commercialized are amorphous silicon (a-Si) solar cells, cadmium
telluride (CdTe), copper-indium-selenide (CIS), copper-indium-gallium-diselenide (CIGS)

and are briefly discussed in the next subsections.

9
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1.3.2.1 Amorphous silicon cells

Amorphous silicon solar cells are fabricated from thin layers of hydrogenated amorphous
silicon (a-Si: -H) deposited on a substrate. Amorphous silicon can be deposited on cheap and
very large substrates (up to 5.7 m? of glass) [17, 21], which makes their fabrication much easier
and economical than the crystalline silicon solar cells (c-Si). Currently, amorphous silicon PV
module efficiencies range from 4% to 8%. Very small cells at laboratory level may reach
efficiencies of 12.2 % [26]. However, the major drawback of a-Si PVs is their susceptibility

to light-induced degradation [2].

1.3.2.2. Cadmium telluride

Cadmium telluride (CdTe) has optimal bandgap of 1.44 eV and high absorption coefficient,
which makes it an appropriate material for PV application [16]. Cadmium and telluride are the
two major raw materials for the production of CdTe PV cells. It is one of the most economical
PV cell owing to its low-cost manufacturing technique, such as screen printing, closed-space
sublimation, spray deposition and electrodeposition. Efficiencies of over 16% have been
achieved with these cells in the laboratory [27]. Most recently, 16% efficiency has been
reported in a CdTe (3.5-pum) thin-film solar cell in which CdTe films are deposited by closed-
space sublimation (CSS) techniques [28]. However, the toxicity of the Cd content of the cell

raises true concern for its large-scale production and commercialization.

1.3.2.3. Copper-indium-gallium-di selenide (CIGS)

Copper indium diselenide (CIS) and copper indium gallium diselenide (CIGS) when gallium
is added offer the most promising efficiency of all the thin film technologies with
characteristics of excellent stability. Present module efficiencies ranges from 7% to 16% [29].
Power conversion efficiency of 12% has been achieved with these materials under laboratory
conditions [30]. CIGS is an improved version of the CIS PV technology with gallium added to
increase the energy absorption of the cells [18]. CIGSs are produced under high vacuum
evaporation conditions. The manufacturing process is quite complicated which increases
manufacturing cost. Toxic materials such as Se, Te and Cd in the cell limit their widespread
application. The thin film technology successfully reduces the actual material cost of the PV
cell, ultimately, the low-cost substrate will lessen the overall cost of the cell, but higher

efficiency is a key factor to maintaining the $/W cost reduction trend [24].

10
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1.3.3 Third generation of Photovoltaic cell/Emerging technologies

The possibility of novel potential materials and PV devices which outstrip the limits of single
junction devices with ultra-high efficiency and low $/W production costs drives the innovation
of third generation of photovoltaic technologies [31]. Third generation PV technologies vary
in materials and operational principle. The basic third-generation PV technologies are:
concentrating PV (CPV), organic solar cells (OSCs) and dye-sensitized solar cells (DSSCs)
and the perovskite solar cell. Third generation technologies that are at the pre-commercial stage

are regarded as the “emerging” technology and are briefly discussed in the next subsections.

1.3.3.1 Concentrating PV

Concentrated photovoltaic (CPV) technology utilizes optical devices such as lenses/mirrors to
concentrate direct solar radiation onto a multi-junction semiconducting material to generate
electricity as shown in Figure 5 [32]. CPV systems are characterized according to the amount
of solar concentration measured in suns. The solar concentration factor ranges from 2 to 100
suns (low to medium concentration) up to 1 000 suns (high concentration) as presented in Table
2. The lenses/mirrors must be permanently oriented towards the sun, using single or dual-axis
tracking system for it to be efficient. Low to medium concentration systems are associated
with silicon solar cells, although their efficiency is reduced at higher temperatures, while high
concentration systems (beyond 500 suns) are usually hinged with multi-junction solar cells
made from group Il and V semiconductors including Ge (0.67 eV). In GaAs (1.4 eV) and
GaAs and In Gap (1.85 eV) [33]. Theoretical efficiency of 59% can be achieved with multi-
junction cell with band gaps of 0.74, 1.2 and 1.8 eV [33]. Laboratory efficiency of more than
40 % has been achieved with CPV based on multi-junction solar cells [34] while silicon-based
commercial CPV modules gives efficiency in the range of 20% to 25%. The multi-junction
CPV cells are utilized for space applications or small area solar cells with high sunlight

concentration owing to their complexity and high cost [35].
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Table 2: Description of concentrating photovoltaic cell classes [36].

Class of CPV Typical Tracking Type of Converter
Concentration Ratio Systems

High  concentration 300-1000 Two-axes [11-V multi-junction

PV (HCPV) solar cells

Low concentration PV <100 One or two- c-Si or other cells

(LCPV) axis

The limitations of the CPV cell are the high costs of focusing, tracking, and multi-junction
solar cells. CPV modules rely on direct sunlight, they require clear skies and high direct solar

irradiation for optimal performance and can only be used in certain regions.

Figure 5: Concentrated PV systems [37].

1.3.3.2 Organic solar cells

Organic solar cells that include both fully organic and hybrid dye sensitized solar cells are
composed of organic polymers or small organic molecules [21]. Flexibility of these PVs and
ability to work under low light conditions is a significant competitive advantage in consumer
applications. Although organic PV modules have less efficiency than commercial solar cells,

their cost or per watt production is trice or fourth times lower than the silicon wafer based solar
12
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cells, which makes them better alternatives to the silicon based solar cells and are expected to
be widely utilized PV modules in the coming 20 years.

Organic PV module efficiencies are now in the range 4% to 5% for commercial systems and
6% to 8% in the laboratory [38]. Various innovative concepts that include multiple excitonic
concepts, band gap engineering, introduction of quantum dots and nanotechnology particles
having higher efficiencies are growing in scientific research and on laboratory scale production
to improve the absorption level and maximize the efficiency of these solar cells. The major
challenge limiting the widespread utilization of solar energy is cost and efficiency of PV cells.
Most PVs currently being manufactured and used worldwide are made of solar grade silicon
(Si) and widespread use of silicon-based PV technology is limited by the high cost $30/kg of
silicon [39]. DSSCs on the other hand offers a low cost and promising high efficiency
alternative to the silicon-based PV. The improvement of these DSSCs component/materials to

achieve minimum production cost and higher efficiency becomes expedient.

1.4 Dye sensitized solar cells

Dye sensitized solar cells (DSSCs) have attracted rapid interest in the recent years with
prospect of emerging as a viable alternative to conventional silicon based solar cells, owing to
their low production cost, simplicity in fabrication techniques, unelaborate manufacturing
equipment, low CO2emission, ability to function under low light conditions and their suitability
for indoor applications [40, 41]. The typical DSSC employs a photoanode, which comprises
organic dye that is chemically anchored onto a nanostructured TiO2 semiconductor oxide, a
catalyst coated transparent conducting oxide and a redox couple triiodide electrolyte (17/13") to
generate electricity from sunlight [42]. The dye plays a vital role in generation of electric
current because the basic function of light absorption, charge injection and regeneration of
electrons of the oxidized electrolyte is performed by the dye molecules [40, 43]. The dye
absorbs photons of solar radiation and transfers photo generated electrons into the band gap of

the semiconductor.

1.4.1. Basic configuration of dye sensitized solar cells
The main components of a typical DSSC is illustrated schematically in Figure 6. The DSSC
comprises of a transparent conducting glass electrode, nanocrystalline TiO: particles, dye

molecules (sensitizer) chelated unto the surface of the TiO, nanoparticle, electrolyte containing
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reduction-oxidation couple, and a catalyst coated counter electrode which enhances the
regeneration of the oxidized dye [19, 44]. The transparent conducting electrode and counter-
electrode are coated with a thin conductive and transparent film such as fluorine doped tin
dioxide (SnO) [45, 46]. Nanocrystalline TiO2 is deposited on the conducting electrode
(photoelectrode) to provide the necessary large surface area to adsorb sensitizers (dye

molecules) [47].

TiO; coated with dye

FTO (front contact)
]

O'_

Sensitizing dye molecules

Figure 6: Schematic components of DSSC [48].

1.4.2. Operating principle of DSSCs

The detailed operation of DSSC is illustrated in Figure 7, the operating principle of DSSCs is
based on light absorption by a dye anchored to the surface of TiO2 semiconductor. The
photoelectron is transferred from the dye to the wide bandgap semiconductor, the electron
moves by diffusion through the semiconductor to the transparent conducting oxide where the
photoelectrons are transferred to the external load; at the counter electrode, the holes are
transferred to redox electrolyte which also facilitates the regeneration of the sensitizer [40, 49].
The efficiency of the photovoltaic device depends strongly upon the dye and electrolyte used

[50, 51]. The conversion efficiency (1) of DSSC is expressed as:

1j:Iphxv()(,'XFF/IS, (10)
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where ip, is the short circuit photon current density, Voc is the open circuit voltage, ff is the

fill factor and I is the incident light intensity. The terms ip, and Voc are vital in optimizing

the efficiency of DSSC. The photoanode is a major component of the DSSC that determines

ipn, and Voc, hence the performance of the cell [52]. The semiconductor oxide and the dye also

play an important role and can be tuned to improve the performance.
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Figure 7: Operation principle of DSSC [53].
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The detailed operation of DSSC is illustrated in Figure 7 and can be summarized into six steps

as defined by the operational chemical equations outlined below:

(a) Photoexcitation

(b) Electron injection

D + hv— D*

D*— D* + & (TiO, CB)

(c) Electron Transport and energy generation

(d) Triiodide reduction

e (rioz) + C. E— TiOz + e+ Electricity

1,_ - 3,
_13 +e _)_I
2 2
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(e) Dye regeneration

D++§1-—>D+§13- (15)
(f) lodide ion oxidation

~I; +& (CE)~3I” (16)

The incoming photon is absorbed by the dye molecule adsorbed on the surface on the
nanocrystalline TiO> particle and an electron from a molecular ground state DO (HOMO) is
excited to a higher lying excited state D*(LUMO) in Equation (11). The excited electron is
injected to the conduction band of the TiO particle leaving the dye molecule to an oxidized
state D+ in Equation (12). The injected electron percolates through the porous nanocrystalline
structure to the transparent conducting oxide layer of the glass substrate (negative electrode,
anode) and through an external load to the counter-electrode (positive electrode, cathode) as
defined in Equation (13). At the counter-electrode the electron is transferred to triiodide in the
electrolyte to yield iodine in Equation (14). The oxidized dye is regenerated by the reduction
of the iodine in the electrolyte in Equation (15). The cycle is completed by the oxidation of the
iodide ion by the electron percolating through the external load in Equation (16) [19].

1.4.3. Kinetics of charge injection, transport and recombination in DSSCs

The photo conversion efficiency of DSSC depends on the energy levels of the semiconductor,
dye and the electron transfer kinetics processes at the sensitized semiconductor/electrolyte
interface and is given by:

p = FF o2, (17)

Pinc
where V. is the open circuit voltage, /s is the short circuit current density, FF is the fill factor
and P, is the incident solar power
Jsc = [ LHED) ®inject Neottect A1 (18)
LHE is the light harvesting efficiency, n.,... is the charge collection efficiency and ¢, ject
is the electron injection efficiency from the excited state of the dye molecules to the

semiconductor substrate [54].

The maximum photovoltage, at open circuit potential (Vo) produced by the cell is determined

by the energy separation between the electrolyte chemical potential (Eredox) and the Fermi level
16
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(EF) of the TiO2 layer. Small energy separation between the HOMO and LUMO ensures
absorption of low energy photons in the solar spectrum. Therefore, the photocurrent level is
dependent on the HOMO-LUMO levels separation. Electron injection into the conduction band
of TiOz is energetically favourable with increased energy separation of LUMO and the bottom
of the TiO2 conduction band. Furthermore, for the HOMO level to effectively accept the
donated electrons from the redox mediator, the energy difference between the HOMO and
redox chemical potential must be more positive [55]. Electron injection rate must be faster than
the decay of the excited state, also the kinetics of the reaction occurring at the counter electrode
must ensure fast regeneration of the sensitizer dye molecules for optimum performance of the
cell [52].

Organic dye molecules particularly have received increased interest as sensitizers and light
harvesting materials [56, 57], owing to their significant higher molar extinction coefficients
(50,000-200,000 M*cm™) than the ruthenium-based dye complexes. The organic sensitizers
widely compete with the traditional inorganic dye in the solid-state dye sensitized solar cell
structure. This is because of the benefit of high extinction coefficients of the dye for light
harvesting that is advantageous to charge transport limitations in solid-state devices [58]. The
organic dye are relatively cheap and easy to synthesize and are promising alternative to the

semiconductor sensitizers based on ruthenium complexes [59].

Although different monocrystalline mesoporous metal oxides such as ZnO, SnO3, Fe.O3, WOs3,
Nb20s, Ta20s, and TiO2 have been employed as semiconductors in DSSCs fabrication [57],
titanium dioxide exhibits superior performance as semiconductor for dye-sensitized
nanostructured electrodes and is most intensively employed due to its outstanding
electrochemical and photocatalytic properties. It has high resistance to heat, impervious to
chemicals, non-toxic and possesses high refractive index (n = 2.7) [60-63]. However, the major
drawback of naturally occurring TiO2 oxide semiconductor is that it exhibits photocatalytic
properties only in the ultraviolet region of the electromagnetic spectrum, which accounts for
only 5% of the solar spectrum, [64] owing to its wide band gap (3.0 eV to 3.2 eV) [65, 66].
This wide band gap limits its photocatalytic activity and electron/hole recombination under
visible and infra-red radiation [40, 67]. However, it can be energized by adding foreign

elements to absorb in the visible and near infra-red region.

Crystalline TiO2 occurs in three different phases under standard conditions with diverse
structures, crystal system, and photocatalytic properties. The three phases are anatase, rutile

17
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and brookite. Anatase and rutile crystallizes into tetragonal structure with space group

19 and P42/mnm—D14 respectively, while brookite crystallizes into

(4/mmm), I41amd—D4h ik

orthorhombic system with space group (mmm), Pbca—D%}Sl} [68]. Rutile is the most stable

polymorph while anatase and brookite are metastable; and are converted to rutile phase when
subjected to heat. Anatase is mainly synthesized from TiO2, powder by sol-gel method while
rutile can be obtained as a by-product of precipitation at low temperature in an acidic medium.
Several studies have been done to study the surface interactions of dye with TiO2 most of
which are centered on the anatase and rutile polymorphs of TiO2 [69, 70]. It is however difficult
to synthesize pure brookite without the presence of rutile or anatase phases. Hence, less
experimental studies have been done on brookite, such that until recently, there is limited
information on its photocatalytic and surface properties. In recent years, the interest in brookite
increased as pure brookite emerged to be a fascinating entrant in photocatalytic applications
[71, 72].

This current study uses computer simulation methods to investigate the surface properties and
interaction between the dye molecules and brookite TiO. clusters. In particular, an
investigation of reaction mechanism studies between inorganic and organic dye molecules and
brookite clusters was explored using density functional theory methods. The various dye
molecules were adsorbed on different brookite clusters, from which the formation energies,
ultraviolet-visible UV-Vis absorption, the energies of the HOMO, LUMO and HOMO- LUMO
energy gap, light harvesting efficiencies (LHE), energy level alignment and free energy of
electron injection of the dye/ brookite TiO2> complex were calculated. The main aim was to
understand the possible mechanism for optimization for light harvesting efficiency of TiO; in
the visible and near infra-red region of the solar spectrum to achieve optimum quantum yield
in DSSCs.

1.5 Aim and objectives

This research is geared at the optimization of the adsorption of dye molecules on brookite TiO>
cluster in order to improve the light harvesting efficiency. Specifically, investigate possible
ways of reducing the band gap of TiO2 such that it can absorb in the visible region and engineer
the dye molecules such that they can absorb towards the near infra- red region. Thus, improve

the quantum yield of DSSCs. The specific objectives will be to:
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e carry out Density Functional Theory (DFT) of UV-Vis absorption of inorganic and
organic based dye for determination of their optical absorption spectra, maximum
absorption wavelength, excitation energies, oscillator strengths via Gaussian
computational software.

e determine the HOMO-LUMO energy levels and gap and light harvesting efficiency of
the inorganic and organic based dye complexes using DFT method.

e carry out adsorption studies of dye molecules on TiO2 brookite clusters via bidentate
adsorption mode, which is energetically favourable for adsorption of dye molecules
using DFT .

e study the adsorption geometries of the dye molecules adsorbed on TiO2 brookite
clusters using DFT to exploit information about the formation and binding energies.

e determine the HOMO-LUMO energy levels and gap, UV-Vis absorption of the dye
adsorbed on TiO2 brookite cluster, computation of density of states and projected
density of states and isodensity surfaces of the key molecular orbitals involved in
excitation using DFT.

e carry out DFT calculation of the energy level alignment of the dye with brookite cluster.

e examine the possibility of charge injection and regeneration of the dye molecules.

1.6 Significance of study

Understanding the interaction of dye molecules with the surfaces of TiO2 is crucial because
light harvesting and electron collection determines the efficiency of DSSCs. Light harvesting
capability of DSSCs basically depends on the molecular properties and band gaps of the
interfacial components between the photoanode materials; which are TiO2 semiconductor and
dye molecules. Therefore, information about the interfaces is of great importance in
understanding and optimizing light harvesting, photo conversion function and photocurrent
densities in DSSCs.

1.7 Problem statement

TiO2 metal oxide is typically employed as semiconductor in DSSCs owing to its less
susceptibility to corrosion under illumination and non-toxicity. However, the main limitation
of TiO> is its wide band gap (Eg = 3.23 eV), which makes it to absorb only UV portion of the
solar spectrum. The dye molecules chemically adsorbed to the surface of TiO are used for the

absorption of photons from the sun. The dye molecules become excited and inject electron into
19
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the wide band gap of TiO.. The photo-excited electron moves by diffusion through the
semiconductor to the transparent conducting oxide where they are transferred to the external
load. This work seeks to investigate the interaction of dye molecules with brookite TiO: clusters
to overcome the restricted spectral sensitivity of the wide band gap semiconductor and to
optimize light harvesting in the visible and near infra-red region of the solar spectrum to
achieve optimum quantum yield in DSSCs.

1.8 Research motivation

To improve light harvesting in DSSCs, efforts have been made towards the morphological
control of the band gap of TiO2 polymorphs (rutile, anatase, brookite), as a way of improving
the photocurrent yield [41, 50]. Amongst the studies are energy band modulation by elemental
doping, monodoping, codoping with non-metals and transition metals and adsorption of dye
molecules on TiO2 surfaces. The results showed improved spectral response and higher
photocatalytic performances of TiO [64, 73]. Surfaces of rutile and anatase polymorphs have
been greatly exploited and have been a prototypical model for basic studies on TiO> [74, 75].
Despite the fact that large synthetic crystals of anatase and rutile have long been available, this
is not the case for brookite; relatively little is known about brookite form of TiO, [76]. It is

only recently that researchers have started focusing on in-depth study of brookite TiO..

Recent studies have suggested that brookite is a good photocatalyst and may exhibit higher
photocatalytic activity than both rutile and anatase [76]. A previous study was done on the
optical absorption edge of brookite TiO. at room temperature using natural crystals. The
measurement extends up to 3.54 eV in photon energy and 2000 cm™ in absorption coefficient.
It was observed that the absorption edge of brookite is broad and extends to the visible region
of the solar spectrum, which is quite different from the steep edges in the visible region
observed for rutile and anatase polymorphs of TiO2 [75]. Since brookite surfaces have not been
studied much and the fact that it is reported to have better photocatalytic properties, it is of
keen interest to study the interactions of dye molecules with brookite TiO2. Brookite clusters
will be investigated, particularly its photocatalytic properties and possible ways to improve the

light harvesting efficiency in DSSCs.
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1.9 Hypotheses
The introduction of doping material (dye molecules or atoms) in TiO2 semiconductor could
narrow the wide band gap of TiO., which restricts its spectral characteristics to the UV region
of the solar spectrum. Surface modification of TiO2 with visible light absorbing dye molecules
can lower the band gap and improve its light harvesting efficiency. Optimization of the
adsorption of dye molecules on surfaces of TiO2 brookite semiconductor can narrow the band
gap of TiO2and improve light harvesting efficiency to absorb in the visible region. Engineering
of the dye molecules/TiO, complex may also result in absorption towards the near infra-red
region and hence improve the optimum quantum yield of DSSCs.

1.10 Structural models

The structural models for the most commonly known polymorphs of TiO> are shown in Figure
8. The TiOz brookite semiconductor material employed in this study is presented in Figure 8(c)
and was used to model TiO clusters. The structures of the three TiO, polymorphs were
exported from Material Studio Accerlrys Inc 2016 from Dassault Systemes BIOVIA [77].
Shown in Figure 8 are the structures of anatase, rutile and brookite polymorphs, wherein the
building blocks consist of a titanium atom surrounded by six oxygen atoms in a distorted
octahedral configuration while brookite has an orthorhombic crystalline structure with eight

formula units in the orthorhombic cell.
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(a) Anatase (b) Rutile

(c) Brookite

Figure 8: Crystallographic forms of TiO> (a) anatase (b) rutile (c) brookite. Throughout the
report the atoms are represented according to these colour scheme, whereby grey balls are

titanium atoms and red balls are oxygen atoms.

Figure 9 is a representation of the first Ruthenium N719 complex reported by Grétzel in

1991. The structure comprises of Di-tetrabutylammonium cis-bis (isothiocyanato) bis (2, 2’-
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bipyridyl 4, 4’dicarboxylato) ruthenium (II). The structure contains three ruthenium complex

at the centre. It was the first ruthenium dye to be reported in literature.

HOQC COOH

Figure 9: A ruthenium dye molecule structure as first reported by O’Regan and Grétzel in 1991

[48].

Figure 10 is an illustration of the ruthenium N3 complex, which was later reported by
Nazeeruzzin et al. The structure contains one ruthenium complex at the centre. The structure
comprises of Cis-di (thiocyanate) bis (2, 2-bipyridine-4, carboxylate) ruthenium (11), and is
coded (N3) [51]. In the context of the study, the structure was built using Gaussian 03 quantum
chemical package within the framework of Gaussview as presented in figure 10(b) [78]. The
ruthenium metal was selected from the periodic table within the Gaussian window, this was
followed by the attachment of the two bipyridine moiety and the carboxylic moiety and the two
thiocyanate ligands. The metal and the thiocyanate ligands form the donor unit, bipyridine and

the carboxylate moiety were the acceptor and anchor units respectively.
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(b)
Figure 10: (a) Cis-di (thiocyanate) bis (2, 2-bipyridine-4, carboxylate) ruthenium (N3) [51].
(b) Cis-di (thiocyanate) bis (2, 2-bipyridine-4, carboxylate) ruthenium (N3) built with Gaussian
03
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Figure 11 is an illustration of croconate dye molecule coded CR1 reported by Chitumela et al.
[79]. CR1 structure contains electron donating methyl group (CHs), which is an alkyl derived
from methane; containing one carbon atom bonded to three hydrogen atoms. The structure was
built using Gaussian 03 quantum chemical package within the frame work of Gaussview as
shown in Figure 11(b), the oxyallyl moiety was selected from the molecule group within the

Gaussian window and placed on the builder interface, this was followed by the two oxygen of

the diketo group, the methyl moiety was attached to the oxyallyl moiety and the oxygen.

=
O

O O
(a) (b)

Figure 11: (a) Croconate dye CR1 [79] (b) Croconate dye CR1 built with Gaussian 03

Figure 12 is an illustration of croconate dye molecule coded CR2 also reported by Chitumela
et al. [79]. The CR2 structure contains electron withdrawing carboxy! group (-COOH), which
is an organic compound containing carboxylic acid with one carbon atom bonded to two
oxygen atoms and one hydrogen atom [79]. The structure was built using Gaussian 03 quantum
chemical package within the framework of Gaussview as shown in Figure 12(b), the oxyallyl
moiety was selected from the molecule group within the Gaussian window and placed on the
builder interface. That was followed by placing the two oxygen of the diketo group and finally

carboxyl moiety was attached to the oxyallyl moiety and the oxygen.
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Figure 12: (a) Croconate dye CR2 [79, 80] (b) Croconate dye CR2 built with Gaussian 03

Figure 13 is an illustration of polyene-diphenylaniline dye molecule coded D5 reported by
Kuang et al. The D5 structure contains 3-(5-(4-(diphenylamine) styrl) thiophen-2-yl)-2-
cyanoacrylic acid. Similarly, the model was built using Gaussian 03 quantum chemical package
within the frame work of Gaussview as shown in Figure 13(b). The diphenylamine moiety was
selected from the molecule group within the Gaussian window and placed on the builder
interface. Thereafter, polyene and thiophene group were attached to system; and lastly the
cyanoacrylic acid was attached. The diphenylaniline was the donor unit, polyene and thiophene
were the m-conjugation to link or bridge the donor acceptor moiety while -COOH and -CN

were the acceptor and anchor units respectively.
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Figure 13: (a) Polyenediphenyl-aniline dye D5 [81, 82] (b) Polyenediphenyl-aniline dye D5
built with Gaussian 03.

Figure 14 is an illustration of polyene-diphenylaniline molecule coded D7 also reported by
Kuang et al. The D7 structure contains 3-(5-bis (4-(diphenylamine) styrl) thiophen-2-yl)-2-
cyanoacrylic acid. The structure was built using Gaussian 03 quantum chemical package within
the frame work of Gaussview as shown in Figure 14(b), the two-diphenylamine moiety was
selected from the molecule group within the Gaussian window and placed on the builder
interface. Then that was followed by the attachment of the polyene and thiophene group, and

lastly the cyanoacrylic acid. The diphenylaniline was the donor unit, polyene and thiophene
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were the m-conjugation to link or bridge the donor acceptor moiety while -COOH and -CN
were the acceptor and anchor units respectively. The donor unit for D7 and D11 was extended
by the addition of diphenylaniline. The diphenylanilines of D9 and D11 were then modified by
the addition of methoxy groups.

(a)

(b)
Figure 14: (a) Polyenediphenyl-aniline dye D7 [82] (b) Polyenediphenyl-aniline dye D7
built with Gaussian 03.
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Figure 15 is a representation of polyene-diphenylaniline dye molecule coded D9 reported by
Kuang et al [82]. The D9 structure contains 5-(4-(bis (4-methoxyphenylamino) styrl) thiophen-
2-yl)-2-cyanoacrylic acid. Similarly the structure was built using Gaussian 03 quantum
chemical package [78] within the frame work of Gaussview as shown in Figure 15(b). The
diphenylamine moiety was selected from the molecule group within the Gaussian window and
placed on the builder interface. The diphenylanilines of D9 were then modified by the addition
of methoxy groups, this was followed by the attachment of the polyene and thiophene group,
and the cyanoacrylic acid. The diphenylaniline was the donor unit, polyene and thiophene were
the -conjugation to link or bridge the donor acceptor moiety while -COOH and -CN were the

acceptor and anchor units respectively.
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Figure 15: (a) Polyenediphenyl-aniline dye D9 [82] (b) Polyenediphenyl-aniline dye D9 built
with Gaussian 03 [78].
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Figure 16 is an illustration of polyene-diphenylaniline dye molecule coded D11 reported by
Kuang et al [82]. The D11 structure contains 3-(5-bis (4, 4’-dimethoxyphenylamino) styrl)
thiophen-2-yl)-2-cyanoacrylic acid. The structure was built using Gaussian 03 quantum
chemical package within the frame work of Gaussview as shown in Figure 16(b) where the
two-diphenylamine moiety was selected from the molecule group within the Gaussian window
and placed on the builder interface. The diphenylamines of D11 were then modified by the
addition of methoxy groups, followed by the attachment of the polyene and thiophene group,
and the cyanoacrylic acid. The diphenylamines is the donor unit, polyene and thiophene were
the -conjugation to link or bridge the donor acceptor moiety while -COOH and -CN were the

acceptor and anchor units respectively.
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Figure 16: (a) Polyenediphenyl-aniline dye D11 [82] (b) Polyenediphenyl-aniline dye D11 built

with Gaussian 03.

1.11 Outline of the study

The thesis is arranged into seven Chapters and summarised below:

Chapter 1 gives an introduction to the thesis by describing the general background to solar
energy and the solar spectrum, the generations and status of photovoltaic technology, the
possibilities for cost reductions of the solar cells. A general overview of dye sensitized solar
cells was also discussed, the aims, significance, statement of problem, purpose of the study,

research motivation, hypotheses as well as the outline of the thesis are presented in this chapter.

Chapter 2 gives a review on some components of dye-sensitized which include the dye
sensitizer, nanostructured TiO, and the adsorption of dye unto TiO2. Review of relevant
literature on these aforementioned components of DSSCs was presented. The components of

the cell are treated individually at each time making a cut-through to the literature by examining
31
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the used materials and their key properties. The application of titanium dioxide, its three
polymorphs, its properties and the reviews on semiconductors were highlighted.

Chapter 3 describes the theoretical and computational methods used to carry out the study.
Thus, the chapter gives the background information on density functional theory, local density
approximation, generalized gradient approximation, pseudopotentials, basis set, k-point
sampling. The step by step computational procedures and the software employed in this study
were also described in this chapter.

Chapter 4 discusses the results obtained from density functional theory (DFT) and time
dependent DFT (TD-DFT) studies of the dye sensitizer molecules. The structural properties
obtained by geometrical optimization, UV-VIS, light harvesting efficiencies, HOMO, LUMO,
HOMO-LUMO energy gap and isodensity surfaces of the ruthenium N3 complex and metal-
free organic dye including polyenediphenyl-aniline dye and the croconate dye are presented

and discussed.

Chapter 5 is centred on the results of the computational studies of TiO2 brookite clusters. The
ground state structural properties obtained by structural optimization were presented. The UV-
VIS, the density of states and projected density of states of (TiO2)n brookite cluster where n

=5, 8 and 68 were presented .

Chapter 6 presents the results of the dye molecules absorbed on TiO; brookite cluster. The
UV-VIS absorption spectra, formation energies, HOMO, LUMO, HOMO-LUMO energy gap,
isodensity surfaces, free energy of electron injection of both organic and inorganic dye
molecules adsorbed on TiO: clusters, density of states, the projected density of states and the
isodensity surfaces of the key molecular orbital involved in excitations are presented and

discussed.

Chapter 7 gives summary and conclusions obtained from the results of this study. Also,

recommendations for future studies are also presented.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Sensitizers

Sensitizing dye molecules are used in DSSCs to sensitize the wide bandgap nanostructured
photoelectrode/semiconductor. The sensitizing dye is usually chelated to the semiconductor
metal oxide surface in DSSC architecture [47]. The dye molecules absorb energy from sunlight
usually photons, the dye molecules upon absorption of photon; the dye molecule gets oxidized
and the excited electron is injected into the nanostructured TiO> [48]. An efficient dye sensitizer
for solar cell should bind strongly to the surface of the semiconductor oxide via the anchoring
groups, exhibit strong absorption in the UV, visible and near infra-red part of the spectrum,
and possess appropriate energy level for alignment of the dye excited state and the conduction
band edge of the semiconductor [19]. Three classes of dye sensitizers are used in DSSCs: metal
complex sensitizers, metal-free organic sensitizers and natural sensitizers [46]. The ruthenium

metal complex sensitizers and the metal free organic sensitizers are the main focus in this study.

2.1.1 Ruthenium sensitizers

Among the first kind of promising sensitizers were the N719 ruthenium complexes shown in
Figure 9, which was first reported in 1991 by O’Regan and Gritzel. Conversion efficiency of
7.1 % was achieved with the N719 ruthenium dye [83]. However, this ruthenium dye contained
three ruthenium metal at the centres and the structures were complex. In 1993, a new ruthenium
dye sensitizer (N3, [cis-di (thiocyanate) bis(2,2-bipyridine-4,4-dicarboxylate) ruthenium])
shown in Figure 10 was published by Nazeeruzzin et al. with 10.3 % DSSC conversion
efficiency [84]. The N3 dye has one ruthenium at its center and the structure was much simpler
than the ruthenium N719 dye reported in 1991.

The ruthenium complexes have been investigated extensively. Many researchers have focused
on molecular engineering of ruthenium compounds. Nazeeruddin et al. reported on the “black
dye” as promising charge transfer sensitizer in DSSCs [84]. Kelly et.al studied other ruthenium
complexes Ru(dcb)(bpy)2 [85] while Farzad et al. explored the Ru(dcbH2) (bpy)2(PF6)2 and
Os(dcbH2)(bpy)2-(PF6)2 [86]. Other authors investigated various dye molecules and they
include, Qu et al. who studied cis-Ru(bpy)2 (ina)2(PF6)2 [87] , Shoute et al. who investigated
the cis-Ru(dcbH2)2(NCS) [88], and Kleverlaan et al. who investigated OsllI-bpa-Ru [89]. So
far, the best performances in excess of 12 % power conversion efficiency reported in literature
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have been obtained with cells composed of a titania nanoparticle thin film sensitized by a
ruthenium (N3) polypyridine complex dye [47, 90-92].

2.1.2 Organic sensitizers

Organic dye are consequently attracting a lot of attention as alternative sensitizers to the
ruthenium complexes for DSSCs application [48]. The advantages of the organic dye include
higher extinction coefficient, low cost, environmentally friendly and electrochemical
properties [93, 94, 82]. The organic dye with basic configuration donor-m-acceptor are
relatively cheap, easy to synthesize and possess chemical structure that can easily be altered to
optimize photocatalytic properties of the semiconductor [95].

Several organic dye such as coumarins [53], indolines [96], anthocyanidin [54] porphyrins,
perylenes, cyanines, mecrocyannines, quinolones, croconate [80], phenothiazine [59],
triphenylamine [97] polyene-diphenyl aniline [82], have been reported as sensitizers for
DSSCs. These metal-free organic dye have high molar absorption coefficient, various

structures, low cost and relatively simple synthesis procedure.

Boschloo et. al. [81] carried out investigations on series of synthesized dye and tested them in
DSSCs. It was discovered that polyene-diphenyl aniline dye (D5) was easy to synthesize. The
study established that D5 demonstrated 5% efficiency with iodide/triiodide based redox
electrolyte. The study compared the organic sensitizer (D5) with the standard ruthenium
complex sensitizer Ru(dcbpy)2(NCS)2 (N719) using a thin layer of TiO, semiconductor to
fabricate the DSSCs. It was observed that D5 outperformed the N719 because of its high
extinction coefficient and it displayed a better performance for sensitization of mesoporous
ZnO with iodide/triiodide electrolyte and amorphous hole conductor (spiro-OMeTAD). The
report concluded that the hole conductivity observed in monolayers of D5 absorbed at TiO>

may possibly lead to improved performance [81].

Diabin et. al. [82] experimentally investigated a series of polyene-diphenyl aniline organic
based dye coded as D5, D7, D9, and D11 for application in ionic liquid electrolyte-based dye

sensitized solar cells. A conversion efficiency of 6.5% under standard 1.5 sunlight at 100
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mW/m? was obtained with the D11 dye in combination with a binary ionic liquid electrolyte
[82].

Chitumella et al. studied two croconate dye, CR1 with electron-donating substituent and the
other dye CR2 with electron withdrawing substituent using density functional theory. The study
calculated electronic and optical properties of these two dye to determine the effect of electron
donating/withdrawing substituent on the properties of the dye. The study reported that a

bathochromic shift was observed on the dye with the electron withdrawing substituent [79].

Kensuke et al. investigated some croconate dye with donor-acceptor-donor structure. The
croconate dye were deposited on a thin film on optically transparent electrode film, forming
the croconate dye-TiO2 complex. It was found that H- aggregates with a blue shifted absorption
maximum around 660 nm. The excitons formed upon excitation of the dye aggregates undergo
charge separation at the surface of TiO,. The H-aggregates in the film are photoactive and
produce anodic current (IPCE = 1.2 % at 650 nm) when employed in photoelectrochemical cell
[98].

Emildo explored the absorption spectra, excited states and electronic properties of anthocynin
pigments for application in dye sensitized solar cells using DFT method. The study reported
that the distribution of the HOMO and LUMO for the dye molecules spread over the entire
molecules, which lead to an efficient electronic delocalization while the methoxy group in the
peodin molecule leads to largest oscillator strength and the calculated light harvesting

efficiencies are near unity [54].

Jiwon et al. performed density functional theory and time dependent density functional theory
calculations to elucidate the electronic and optical properties of naphthoxaphospholes (R-
NOPs) dye. The results suggested that the poor © overlap between the 3p; orbital and the 2p,
orbitals of the other atoms and increasing polarity of P atom results in a reduced energy gap
between the highest occupied molecular orbital and the lowest unoccupied molecular orbital.
The study elucidated the role of P atom in the control of the electronic and optical properties
of R-NOPs [99].
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Reda et al. investigated the electronic absorption spectra, ground state geometries and
electronic structures of symmetric and assymetric squararine dye (SQD1-SQD4) using density
functional theory and time-dependent density functional theory at B3LYP/6-311++G** level.
The calculated ground state geometries revealed pronounced conjugation in the dye. Long-
range-corrected time-dependent density functionals Perdew, Burke and Ernzerhof (PBE,
PBE1PBE1 (PBEO)) and the exchange functionals of Tao, Perdew, Staroverov and Scuseria
(TPSSH) with 6-311++G** basis set were employed to examine the optical absorption
properties of dye molecules. Extensive comparison between the optical data and DFT
benchmark calculations indicated that B3LYP functional with 6-311++G** basis set was found
to be most appropriate in describing the electronic absorption spectra of the symmetric and
assymetric squararine dye. Also, the aromaticity computation of the dye are in good agreement
with data obtained optically and geometrically with SQD4 as the highest aromatic structure
[100].

Malki et al. studied twelve series of novel acceptor-donor organic materials containing
thiadiazolothienopyrazine linked to cyanoacrylic acid via dithiophene based alternating donors.
The geometries, electronic absorption and emission spectra of the dye were investigated using
DFT and TD-DFT calculations. The study reported that the calculated geometries indicated
that the molecules are all co-planar. The study also revealed that the electronic excitations to
the lowest singlet excited state of the studied models are dominated by HOMO to LUMO+1

electronic transition [101].

Cai-Rong et al. studied the geometry, electronic, polarizabilities and hyperpolarizabilities of
organic dye sensitizer TA-St-CA containing a n-conjugated oligo-phenylenevinylene unit with
an electron donor-acceptor moiety using density functional theory. The electronic absorption
spectrum of the dye was investigated using time dependent (TD-DFT) with several hybrid
functionals. The calculated geometry indicated strong conjugated effects in the dye molecule.
The absorption bands in the visible and near UV regions were attributed to the photoinduced
electron transfer process and the diphenylaniline group was the major chromophore that

contributed to the sensitization [91].
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Zhang et al. studied the geometry, electronic, polarizabilities and hyperpolarizabilities of D5,
DST and DSS organic dye sensitizer using density functional theory. The calculated
geometry indicated that strong conjugated effects were formed in the dye. The polarizabilities
were found to depend on the length of the conjugated bridge, also the UV-Vis features were
assigned to the n-m* transitions according to qualitative agreement between the experiment and
the TD-DFT calculations. The absorption spectra in the visible region were attributed to the
photoinduced electron transfer process and the diphenylaniline group in D5 and aniline group

in DST and DSS was the major chromophore that contributed to the sensitization [102].

2.2 Titanium dioxide

Titanium dioxide (TiO2) belongs to the family of transition metal oxides [103], also known as
titania. TiO2 has been a subject of increasing interest due to its application in pigments, proven
ability to function as a photocatalyst and facilitation of important environmentally beneficial
reactions, such as water splitting to generate hydrogen and treatment of polluted air, water and
semiconductor material in dye sensitized solar cells [64, 104-106]. Also it has been widely used

in the medical field, and environmental protection and renewable energy [107].

2.3 Applications of titanium dioxide

2.3.1 Environmental improvement applications

The non-toxicity of TiO, makes it an environmental benign. Also, TiO. is an effective
photocatalyst that when exposed to sunlight results in excitation of supra-band gap photons,
which enhance the removal and breaking down of environmental pollutant substances such as
NO; emitted by exhaust gas into the air and hazardous inorganic matter like SO; in the

atmosphere, which is washed away by rainfall [108].

2.3.2 Deodorization applications

The good photocatalytic properties of TiO> make it applicable in antiseptic and antibacterial
compositions. It causes degradation of organic contaminants and germs. It actually attacks the
root of the smell by causing the breakdown of the origin of the odour resulting from ammonia
and aldehyde gas (smoke). When light strikes titanium dioxide, a chemical reaction is initiated

in its immediate region and causes the breakdown of organic toxins, odors, etc. [108].
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2.3.4 Water purification applications

TiO, causes the removal of organic matter such as organic chlorine compounds,
tetrachlorethylene, trihalomethane, and trichloroethylene and methyl-tert-butyl ether from
water, and inhibits toxins produced by bluegreen algae and other harmful substances in water
to be broken down [109]. For example, chloroform breaks down according to the process

shown below:

H20 + CHCI; + (1/2) 02 — CO; + 3HCI (19)

2.3.5 Pharmaceutical applications

TiO, photocatalyst can destroy the membrane of cells, solidify the proteins of viruses and
restrain virus activation. It has widely been used in the pharmaceutical industries for
sterilization of equipment and restraining of virus. A study reported that TiO> can kill up to
99.97% bacteria [110]. TiO2 can kill coliform, green suppuration bacillus, golden grape coccus,
mildew, suppuration fungus. The ability of sterilization has been tested through coliform and
golden grape coccus. According to John et al. [110] at the beginning of the experiment, there
were 3.3x10° coliforms and 3.2x10° golden grape coccus and after 24 hours of the reaction
with TiO, only ten were left [110].

2.3.6 Photocatalytic application

Photocatalysis refers to the chemical reaction that occurs when light strikes a chemical
compound that is light sensitive and photons are emitted from the surface of the compound.
Under illumination the TiO, photocatalyst absorbs photons with energy equal or higher than
its band gap energy (A < 385 nm). This will delocalize a valence electron and excite it to the
conduction band of the semiconductor. The photo excited charge carriers can initiate the
degradation of the adsorbed chemical species by one or more forms of electron transfer
reactions. However, they can recombine radiatively or non-radiatively and dissipate the input
energy as heat [109]. To improve the efficiency of TiO2 under light illumination, additives can
be added to TiO so that it can be active in the visible region as the band gap energy reduces
[108].

TiO> thin films are extensively studied owing to their fascinating chemical, electrical and
optical properties. The interest in TiO2 as semiconductor for dye sensitized solar cell is

motivated by its non-toxicity and good stability upon illumination [53, 64, 76, 104]. Despite
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the existence of various semiconductor metal oxide with wide band-gap such as SnO2 and ZnO,
TiO> thin films are the most investigated material as photo-electrode for DSSCs application
owing to their less susceptibility to photo degradation under illumination to sunlight. Also, the
efficiency of DSSCs constructed with TiO> electrodes yields the highest values of Isc, Voc, 1
and the incident photon conversion efficiency (IPCE) [111].

2.4 Physical properties of TiO>

Titanium oxide is quite abundant in nature with combination of other elements such as iron. It
occurs in small amounts in igneous, sedimentary and metarmorphic rocks. Titanium dioxide
nanoparticles appear in the form of black hexagonal crystals. The chemical composition of
titanium dioxide is 40.55% oxygen and 59.45% titanium atoms and its chemical formula is
TiO2 [112]. Electronic configuration for Ti is [Ar] 3d?4s? and O, is [He] 2s22p*,

With molar mass of 79.938 g/mol, density of 4.23 g/cm® melting point of 1.843 °C and boiling
point of 2.972 °C.

2.5 Crystal structural properties of TiO2

Titanium dioxide exists in three commonly known crystalline structures, namely; rutile,
anatase, and brookite and were shown previously in Figure 8. Rutile is the most stable while
anatase and brookite are metastable. These polymorphs exhibit different properties as listed in

Table 3 and consequently different photocatalytic performances [103].
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Table 3: Properties of rutile, brookite and anatase polymorphs of TiO> [63, 105].

Lattice Space Group System Type Energy Band
Parameter Gap (eV)
A)
Rutile a=4.594 p 42/mnm_D41};t Tetragonal 3.0
c =2.958
Anatase a=3.784 | 41amd_DzllZ Tetragonal 3.4
c =9:515
Brookite a=9.166 Phca — D%i Orthorhombic 3.3
b =5.436
c=5.135

Figure 8 shows the structures of anatase, rutile and brookite polymorphs of TiO2. In the
structures of anatase and rutile, the building blocks consists of a titanium atom surrounded by
six oxygen atoms in a distorted octahedral configuration. In each structure, the two bonds
between the titanium and the oxygen atoms of the octahedron are slightly longer, the octahedral
in the rutile phase forms chains that share edges along the c-direction and shares vertices in the
ab-plane, while in anatase structure the octahedral forms zigzag chains along the a- and b-

directions with each octahedron sharing four edges [63, 103, 104].

Brookite has an orthorhombic crystalline structure with eight formula units in the orthorhombic
cell, its unit cell is described by the space group Pbca [63, 65, 71]. Brookite formation may be
envisioned as the joining of TiOs distorted octahedral sharing three edges, each with a titanium
atom at its center and oxygen atoms at its corners as shown in Figure 8. The octahedral share
edges and corners with each other to such an extent as to give the crystal the correct chemical
composition. The octahedral are distorted and present the oxygen atoms in two different
positions [65]. The bond lengths between the titanium and oxygen atoms are all different [71].
Rutile and anatase polymorphs have been widely employed in DSSCs architecture [76, 113].

However brookite has been least employed and explored owing to its difficult synthetic route.
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2.6 Semiconductor properties of TiO>

Electrons in an isolated atom have certain discrete energy levels, when large groups of atoms
combine to form molecules or solid mass, atomic interaction causes varying energy level due
to the mass amounts of different molecular orbital which may be close or even completely
degenerate. These energy levels are said to form continuous bands of energy. The band of
energy in the highest energy molecular orbital (HOMO), where all the valence electrons reside
is the valence band (VB) and it may be completely or partially filled. The band energy where
positive or negative mobile charge carriers exist is the conduction band (CB). The maximum
attainable valence-band energy is denoted Ev and the minimum attainable conduction-band
energy is denoted Ec. The energy difference between the edges of these two bands is called the
band gap energy or band gap (Ec) and the description is illustrated in Figure 17. Thus

Ec=Ec-Ev (20)

At low temperatures, the valance band is full while the conduction band is empty. Positive
mobile charge carriers are holes while negative mobile charge carriers are simply electrons.
When the electrons acquire enough energy, they escape the valence band leaving holes behind
and jump to the conduction band where they are able to move freely throughout the crystal

lattice and are directly responsible for conduction in semiconductor materials [114,115].

Conduction band

> Band Gap
bo o
TETE Pt  S rmi energy
c
w
Valence band
Metals Semiconductors Insulators

Figure 17: Conduction bands (blue), valence bands (peach), Fermi energy levels and band gaps

for insulators, semiconductors and conductors.
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In metals, the conduction band lies directly above the valence band as shown in Figure 17, and
the highest occupied energy level sits at the boundary between these two bands, electrons at
the top of the valence band needs only infinitesimal amount of energy to jump into the
conduction band [114]. In insulators, the energy gap that separates the valence band and the
conduction band is very large. The forbidden gap is of the order of a few electron volts and is
so large that it is not usually practicable to obtain sufficient energy to move electrons across
from the valence band to the conduction band. Thermal excitations and conventional electric
circuit voltages within a material provide energies that are smaller than 1 eV on an atomic
scale. This energy is not enough to overcome the energy gap between the valence and the
conduction band in insulators [115]. In order to increase the conductivity of semiconductors,
small amounts of doping material can be used. This results in significant increase in
conductivity as a result of the narrowing of the band gap between the conduction and valence
bands. Semiconductors are basically characterized by charge carriers, which are holes and
electrons. The charge carriers exhibit conductivity intermediate in magnitude between
conductors and insulators. Their resistivity ranges between 10° and 102 Qcm. [114]. The
concentration of free electrons and holes increases with increasing temperature.
Semiconductors that conduct in chemically pure states are called intrinsic semiconductor,

examples include silicon and germanium.

Semiconductors have similar band structure as insulators but with a much smaller band gap.
Some electrons can jump to the empty conduction band by thermal or optical excitation. The
working principle of the photovoltaic cells is based on the optical excitations and photovoltaic
effect [116]. The photovoltaic effect was innovated by a French experimental physicist
‘Edmund Becquerel’ in 1839 while conducting experiment with an electrolytic cell consisting
of two metal electrodes, where discovered that two brass plates immersed in a liquid produced

current when exposed to light [117].

The photovoltaic effect describes the phenomenon in which electromagnetic radiation incident
on a material creates charge carriers (hole-electron pair) within the materials that are separated
and recombined through an external circuit to generate electricity. The photovoltaic cell (PV)
captures photons from sunlight, proficiently separates charges, and creates a potential

difference/voltage and a corresponding electric current when illuminated. The separation of the
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photo-generated charges typically occurs in semiconductor materials. The operation of the

photovoltaic cell is hinged on semiconductor materials [118].

When photons are absorbed by a photovoltaic cell that contains semiconducting materials
sandwiched together, a p-n junction that is formed by the intimate contact of p-type and n-type
semiconductors exist within the PV cell. The p-n junction creates an internal electric field
within the cell and the energy from the photon is transferred to an electron in an atom of the
PV cell as shown in Figure 18. The energized electron is excited to a higher energy level
thereby leaving a hole behind. The holes move in the opposite direction from electrons, thereby

producing electric current with a given load resistance.

Cotiduction batd

v v
Load Band gap

- 000000000000 "

Figure 18: How Photovoltaic cell generates electricity [14].

2.6.1 Direct and indirect band gaps

The energy-momentum (E-k) relationship for carriers in a lattice and the interactions of photons
and phonons where energy and momentum must be conserved (electrons and holes) leads to
the concept of energy gap. The band structure of a crystalline solid, that is, the energy-
momentum (E-k) relationship, is usually obtained by solving the Schrédinger equation of an

approximate one-electron problem [119].

(% 72 + V(R)) o(r, k) = E()o(r, k) (21)
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The energy E of a particle is always associated with a wave vector k (or momentum), hence for
any transition between bands, both energy and momentum must be conserved. When an
electron acquires enough energy to exceed the energy gap Eg, the electron can jump from the
valence band into the conduction band. The source of the energy could be photons, phonons,
or electric field. [120].

The band gap in semiconductor material is essential for its application in electronic devices,
thermoelectric devices, solar cells and lasers. The two types of band gaps in semiconductors
are direct and indirect band gap. In direct-band gap semiconductors, the minimum of the
conduction band and maximum of the valance band lie at the same momentum (k) values as
shown in Figure 19. When an electron sitting at the bottom of the CB recombines with a hole
sitting at the top of the VB, there will be no change in momentum values. Energy is conserved
by means of emitting a photon and such transitions are called a radiative transition. In indirect
band gap material, the minimum of the CB and maximum of the VB lie at different k-values
as shown in Figure 19. When an electron and hole recombine in an indirect-band gap

semiconductor material, phonons must be involved to conserve momentum [121].
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Figure 19: photon emission in direct and indirect band gap semiconductors [55].
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2.6.2 Fermi levels in semiconductors

The conduction band in a semiconductor material consists of many allowed empty energy
levels. The probability function called the Fermi-Dirac distribution function f (E) is the
probability that a level with energy E will be filled by an electron at thermal equilibrium. Fermi-
Dirac distribution function f (E) is given by the expression:

1

fE) = (22)

1+exp(E_EF> ’

kpT

where kg is Boltzmann’s constant, T is the temperature in Kelvins and Er is the Fermi energy
or Fermi level. The Fermi energy is the electrochemical potential of the electrons in a

semiconductor material. It represents the average energy of electrons in the material. f(E) is
the probability that the energy level E will be filled by an electron while (1 — f(E)) is the

probability that the energy level E will be empty or the probability that the energy level E in
the valence band will have a hole equivalently [114, 122].

2.6.3 Density of states and carrier concentration

Energy band can be described as a collection of discrete energy states. In quantum mechanics,
each state represents a unique spin (up and down) and unique solution to the Schrédinger’s
wave equation for the periodic electric potential function of the semiconductor [120]. For an
intrinsic semiconductor, the number of electrons (occupied conduction-band levels) is given
by the total number of states N(E) multiplied by the occupancy F (E), integrated over the

conduction band as presented in Equation (23),

n= fE": N(E)F(E)dE ; (23)

Each state can hold either one electron or none. The number of states in a small range of energy

AE in the energy bands is the density of states [18] given by:

numberofstatesAE

D(E) =

(24)

AEXVolume
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The density of states of conduction-band CB and valence-band VB, denoted by Dc and Dv

respectively is a function of E where AE is located.

D,(E) = Zmnd Zgn(E‘Ec) E>E, (25)
8mmy [2my(Ey—E)
D,(E) =— T~ —E<E, (25)

where m,, and m,, are the effective masses of electrons and holes respectively, averaged over
different directions to take anisotropy into account. Dc(E) and Dv(E) have the dimensions of
number per cubic centimeter per electron Volt. The product Dc(E) dE and Dv(E) dE are the
numbers of energy states located in the energy range between E and E + dE per cubic centimeter
of the semiconductor volume. The photovoltaic effect and separation of charge carries in
semiconductors is the operating principle applied in photovoltaic technologies to generate

electricity.

Significant studies established that TiO2 is much more effective as a photocatalyst in the form
of nanoparticle than in bulk structure. It was reported that the reduction in the diameter of a
crystalline semiconductor particle below a critical radius of 10 nm makes the charge carrier
appear to behave quantum mechanically as a simple particle in a box [123]. Mill and Le Hunte
[124] reported that because the absorption edge blue shifts with decreasing particle size, the
redox potential of photogenerated holes and electrons increases in a quantized semiconductor
particle; implying that quantized particles show higher photoactivity than microcrystalline

semiconductor particles.

Tong et al. [103] used DFT-GGA+D+U calculations to study the enthalpies of nine TiO;
polymorphs under hydrostatic pressure from 0 to 70 GPa. An enthalpy order agreeing with the
experimental order of rutile < brookite < anatase was obtained. Amongst all the polymorphs
studied brookite and tridymite structured TiO2 polymorphs were reported to have a direct band
gap [105].

Recent studies have suggested that brookite is a good photocatalyst and may exhibit higher

photocatalytic activity than both rutile and anatase [61]. Density functional theory studies
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performed on brookite (210) and anatase (101) surfaces demonstrated that brookite (210)
surface has similar building blocks as anatase (101) surface. Brookite (210) surface is one of
the most stable and relaxed surface of brookite polymorphs [61].

Beltran et. al. [104] used density functional theory to investigate the structural and electronic
properties of the low index surfaces of brookite form of titania. The surface energies, band
energy values and hydrostatic pressure response of the bulk structure were investigated. The
study reported that the orthorhombic structure and fractional coordinates of brookite vary
isotopically with the rise in pressure. The calculated band gap for bulk brookite was found to
be 3.78eV while the surface stability follows the sequence (010) < (110) < (100). The minimum
gap energy was observed for brookite (110) surface [104].

Zallen et. al. [75] measured the optical absorption edge of brookite TiO2 at room temperature
using natural crystals. The measurement extended up to 3.54 eV in photon energy and 2000
cm? in absorption coefficient. The study reported that the absorption edge of brookite was
broad and extends to the visible region of the solar spectrum which is quite different from the

steep edges in the visible region observed for rutile and anatase polymorphs of TiO2 [75].

Again recent study on TiO> brookite suggested that it is a good photocatalyst and may exhibit
higher photocatalytic activity [76]. The absorption edge of brookite observed in a prior study
was also reported to be broad and extends to the visible region of the solar spectrum in contrast
to steep edges in the visible region observed for rutile and anatase polymorphs of TiO2 [75].
Since brookite surfaces have not been studied much and the fact that it is reported to have better
photocatalytic properties, it is of keen interest to study the interactions of dye molecules with

brookite TiO> for optimization of photon current density in dye sensitized solar cell.

2.7 Adsorption of dye to TiO: surfaces and anchor group

Dye molecules are absorbed to the surface of nanocrystalline semiconductors through one or
more anchoring groups. The binding modes of dye to the surface of TiO2 and the electronic
coupling between the dye-excited states and the unoccupied states of the semiconductor affects
the performance of DSSCs. There are various binding modes of an adsorbate to a metal oxide

surface through adsorbate oxygen atoms and surface metal atoms. The coordination can either
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be mono (1M), bi (2M) or tridentate (3M), depending on how many oxygen atoms the molecule
use to coordinate to the surface metal atom. When there are several metal-oxygen bonds, the
adsorption modes can also be distinguished by the number of metal atoms involved (1M, 2M)
in the adsorption process. The carboxylic acid group together with the phosphonic acid is the
most frequently used anchor group for attachment of sensitizers to semiconductor surfaces [50,
125, 126]. Figure 20 schematically shows some of the possible structures for various adsorption
modes for carboxylic acid.

O{fcxo PN _,..C..

l \\ / - :
. \ ' I
Ti Ti Ti Ti
@ © ©

Figure 20 (a) monodentate (b) bidentate chelating (c) bidentate bridging. [127, 128].

Recent studies on the adsorption of dye bearing carboxylic acid on TiO, surfaces reported that
the preferred adsorption mode is bidentate bridging (BB) depicted in Figure 20c with one
proton transferred to a nearby surface oxygen. [50, 125, 129, 130, 131].

A systematic density functional theory on adsorption geometry of Ru and YEO5 sensitizer on
TiOz substrate for DSSCs application was reported by Fillipo et. al. [50]. The results showed
that the dye bearing two bipyridine ligands functionalized with four carboxylic groups adsorb

onto TiO2 surface by exploiting the carboxylic groups [50].

Prajongtat et al. studied the structural and electronic properties of eight isolated azo dye (Ar-
N=N-Ar, where Ar and Ar’ denote the aryl group containing benzene and naphthalene
skeletons) and its absorption unto anatase TiO> using density functional theory. The calculated
adsorption energies indicate that the adsorbed dye preferentially take configuration of the
bidentate bridging rather than chelating or monodentate geometries. Furthermore, the azo

compounds having two carboxyl groups are coordinated to the TiO> surface more preferentially
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through the carboxyl group connecting to the benzene skeleton than the naphthalene skeleton
[132].

Babara et al. used vacuum tight attenuated total reflection infrared (ATIR-IR) and vacuum
spectrometer to monitor infiltration of dye molecules unto porous TiO> film at high sensitivity
and the influence of anchor and backbone of perylene dye molecules. Their findings showed
that the dye with acidic anchor group adsorb better to the thin films than those with anhydride
group. The simulation results generally suggest that anchoring group has a strong effect on the

adsorption rate [41].

Chiara et al. used FTIR measurements and computer simulations to study the energetically
favourable TiO. adsorption mode of acetic acid as a meaningful model for realistic organic
dye. The findings showed that a bridged bidentate adsorption mode was found to closely match
the FT-IR frequency pattern and was found to be the most stable binding for realistic organic
dye bearing cyanoacrylic anchoring groups. For rhodamine-3-acetic acid anchoring group,
undissociated monodentate adsorption mode was found to be of comparable stability, although
a stronger coupling and faster electron injection were obtained for the bridged bidentate mode.
The assessment generally showed that the structural differences induced by the different
anchoring groups were related to the different electron injection/recombination with oxidized

dye properties [133].

A significant number of studies has been done on surface modification of TiO; crystals with
atoms/sensitizing dye molecules to subsequently reduce the band gap and further enhance its
activities in the visible and near infra-red region of the solar spectrum. Anatase and rutile
polymorphs of TiO2 have been commonly used models for such studies to improve
photocurrent yield and light harvesting in DSSCs [41, 53]. Energy band modulation by
elemental doping, monodoping, codoping with nonmetals and transition metals and adsorption
of dye molecules on TiO> surfaces have been attested. The results showed improved spectral
response and enhanced photocatalytic performances of TiO2 [73, 134]. Surfaces of rutile and

anatase polymorphs have been greatly exploited and have been a prototypical model for basic
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studies on TiO oxide [74, 75]. Thus, relatively limited work has been done on brookite form
of TiOz in contrast to rutile and anatase polymorphs that have been greatly exploited [76].

Hou et al. studied the electronic band structures of TiO, 3d transition doped metal ions (V, Cr
and Fe) using ab initio band calculations based on a self-consistent full potential linearized
augmented plane-wave method within the first principle formalism. The experimental and
calculated results show that the optical band gap of TiO> films is narrowed by ion implantation.
The study established that the 3d state of V, Cr and Fe ions plays a significant role in the red
shifting of UV-Vis absorbance spectrum [134].

Jun et al. studied alkaline earth metal Ca and N co-doped anatase TiO> sheets with exposed
(001) facets obtained though hydrothermal methods. The X-ray diffractometer and X-ray
photoelectron spectroscopy results confirm that Ca and N co-doped TiO2 have higher
crystallinity than N monodoped TiO. The study reported that the hydroxyl radicals (OH)
producing the photocatalytic experiment reveals that Ca and N co-doped can effectively
decrease the generation of recombination centres and enhance the separation efficiency of

photo-induced electrons and holes as well as photocatalytic activity of TiO2[135].

Yagqin et al. studied the electronic structures, formation energies and band edge positions of
anatase TiO> doped with transition metal using ab initio band calculations based on density
functional theory with planewave ultrasoft pseudopotential method. The model structures of
transition metal doped TiO. were doped by replacing one Ti atom with a transition metal atom.
The results indicated that transition metal doping can narrow the band gap of TiO;, thus

improve the photo-reactivity of TiO> and simultaneously maintain strong redox potential [64].

Xu et al. studied transition metals (V or C) and non-metals (N or C) co-doped anatase TiO; to
modify the photoelectrochemical properties of anatase TiO.. The dopant formation energies
and electronic structures were performed to investigate the stability and visible light
photoactivity by first principles plane wave ultrasoft pseudopotential calculations. The study

showed that co-doping with transition metals facilitates the enhancement of the concentration
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of p-type dopants. Compensated co-doping reduced the energy gap, enhanced the optical
absorption, improved the carrier mobility and conversion efficiency and also kept the
oxidation-reduction potential of the conduction band edge [136].

Puyad et al. studied two model croconate dye labelled CR1 and CR2, one with an electron-
donating substituent (CR1) and the other with an electron-withdrawing group (CR2) and its
adsorption on the stoichiometric TiO, anatase (101) surface using the periodic density
functional theory to understand the adsorption of the diketo (-COCO-) groups. The findings
showed that the acidic group (-COOH) possesses a strong binding ability to the TiO> surface.
Other theoretical studies also predicted the binding strength of the diketo group to be significant
and comparable with that of the -COOH group. This causes a competitive binding between the

diketo groups and the acid groups on the TiOz surface in the case of croconate dye [78].

Chitumalla et al. later reported on the two croconate dye, CR1 and CR2 using density
functional theory. The study was based on calculations of the electronic and optical properties
of these dye. The work investigated the adsorption behaviour of the two dye on a TiO, (101)
anatase surface by employing periodic DFT simulations. The periodic and electronic-structure
calculations revealed that the diketo group of CR1 bind more strongly to the TiO, surface than
that of CR2, with a binding strength comparable to that of a typical organic d—n—a dye. The
study suggested that the nature of the substituent plays a vital role on the electronic, optical and

adsorption properties of the croconate dye [77].

Leonardo et. al. [137] reported a periodic density study of adsorption of a tertiary
trimethylamine on the three most exposed surfaces of stoichiometric anatase TiO2 nanorods.
The energetic, structural and electronic properties were studied and characterized and
trimethylamine was found to introduce new molecular states at the edge of the valence band of
TiO; [137].

Hao Yang et. al. [53] investigated the adsorption behaviour of ruthenium (N3) sensitizer on
anatase TiO> (001) surface employing density functional theory. The study concluded that the
interplay of N3 with the (001) surface is considerably stronger than N3 interacting with (101)
surface resulting in a larger dye coverage on (001) surface. The energy gap of the N3 sensitizer
decreased upon adsorption, suggesting larger range for the absorption spectrum than the
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isolated N3 sensitizer. Moreover, the TiO2 (001) surface was found to have higher conduction
band minimum compared with the TiO, (101) surface, which indicated higher open circuit
voltage. The results gave useful clues and insight in understanding the high solar to electricity

conversion efficiency of DSSCs with nanocrystals of TiO2 (101) exposed surfaces [53].

Corneliu et. al. 2013 [66] reported DFT studies of several coumarin based dye: C343, NKX-
2398, NKX-2311, NKX-2766 and NKX2700 adsorbed on TiO2 nanoclusters. The findings
showed that NKX-2398 and NKX-2311 have good energy level alignment and electron transfer

properties and these dye systems are expected to perform better as DSSCs sensitizers [66].

Monique et al. studied the interactions of CO2 with (210) surface of brookite TiO> using first
principle calculations on cluster and periodic slab systems. The charge spin density analyses
were implemented to determine the charge transfer to CO, molecule and compared to the
charge transfer to anatase TiO2 (101) surface. The study reported that brookite (210) surface
provide energetically similar CO; interactions as compared to the anatase (101) surface. The
findings suggested that the modification of brookite surface through the creation of oxygen
vacancies may enhance the reduction of CO.. The laboratory data generated using diffuse
reflectance Fourier Transform Infra-Red spectroscopy confirms the presence of CO; at

significant levels of the oxygen deficient brookite [61].

Veronica et al. studied the interaction of TiO> surface reactivity with H>O, CH3sOH, H20> and
HCO;H with anatase (101) and rutile (101) surfaces in aqueous solution employing a
continuum model in a DFT framework with periodic boundary conditions. Their findings
showed that molecular adsorption was found to be most stable for water and methanol, positive
adsorption energy obtained suggests that CHsOH and H.O> will poorly absorb from aqueous
solution at titania surface. Formic acid was found to exhibit higher affinity for the surface of
TiO2[138].

Density functional theory and time-dependent density functional calculations of the

geometries, electronic structures and absorption spectra of phenothiazine-based dye were

52
© University of Venda



"

&) i
reported by Asif et. al. [59]. Phenothiazine dye with electron deficient thiadiazole derivatives
as 7 spacer and the binding of the dye to TiO, were investigated. Enhanced spectral responses
in the red spectral region of the solar spectrum were observed with the phenothiazine dye with
electron deficient thiadiazole derivatives when adsorbed on TiO2. The dye also demonstrated
desirable energetic and spectroscopic parameters and are regarded as efficient organic dye for
DSSCs [59].

To the best of our knowledge, no work has been done on the adsorption and studies of the
interaction of dye molecules on brookite TiO». Hence this research work is tailored towards the
investigation of interaction and the study of the adsorption of ruthenium dye and some organic
dye molecules on brookite clusters using computer simulation based on Gaussian 03 quantum
chemical package and other computational softwares implemented in first principle density
functional theory calculations. The UV-Vis absorption, electronic excitations energies and light
harvesting efficiencies of the dye molecules were investigated. The dye were then adsorbed on
various brookite (TiO2) n cluster with n=5, 8 and 68. Their formation energies, UV-Vis
absorption, HOMO- LUMO energy levels and energy gap, energy level alignment and free
energy of electron injection, density of states and projected density of states of the dye/brookite
TiO2 complex were studied. The aim is to optimize the optical properties of dye/ brookite TiO>
interface to further understand the absorption mechanisms and subsequently improve the

photon to current conversion efficiency in DSSCs.
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CHAPTER THREE

3.0 THEORETICAL METHODS

3.1. Schrodinger Equation

The Schrédinger equation is the fundamental equation of physics for describing quantum
mechanical behaviour of a system. It is a partial differential equation that describes how the
wave function of a physical system evolves over time. The time-dependent one-dimensional

Schrodinger equation is given by:

.. 0p(r,t) —h?
ih 22 = (2272 +v) o(r, 1), (27)

where ¢ is a wavefunction, r is the position, t is the time, 72 is the Laplace operator, V is the

potential energy, A is Planck’s constant divided by 27 and m is the mass of the electron. The

—h2 . . . .
term (% V2 + V) is the Hamiltonian operator defined as:

H=(v2+v) (28)

When the Hamiltonian operates on a wavefunction, it gives the energy of the wavefunction

(;—Zj 72+ V(R)> o(r, k) = E(k)o(r, k), (29)

The band structure of a crystalline solid, that is, the energy-momentum (E-K) relationship, is
usually obtained by solving the Schrodinger equation of an approximate one-electron problem
[68, 69].

3.2. Density Functional Theory

Density functional theory (DFT) is a quantum mechanical theory of correlated many-body
systems in which the ground state energy and other electronic properties of atoms, molecules
and solids are described from ground state electron density p(r). DFT is a ground-state theory
in which the emphasis is on the charge density as the relevant physical quantity [139, 140]. The

theory has proved to be highly successful in describing structural and electronic properties of
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a vast class of materials, ranging from atoms and molecules to simple crystals and complex
extended systems. Furthermore, DFT is computationally flexible. Hence, DFT is a common
tool in first-principles calculations aimed at describing and predicting properties of molecular
and condensed matter systems [140].

Thomas and Fermi [141, 142], first reported using electron density as a functional for the
ground state energy, based on the uniform electron gas. Thomas and Fermi proposed the
following functional for the kinetic energy:

Trelp(r)] = 15 3?3 [ p/3(P)dr. (30)

The energy of an atom is finally obtained using the classical expression for the nuclear potential
and the electron-electron potential [141, 142]. Hohenberg and Kohn [143] illustrated that the
external potential Vex(7) is a unique functional of p(7); since, in turn Vex(7) fixes H, the
Hamiltonian is a unique functional of the electron density. For many-electron Hamiltonian is
given by:

H=T+U+V, (31)

with ground state wavefunction ¥. The parameter T is the kinetic energy, U is the electron-

electron interaction, V is the external potential. The charge density p(r) is defined as:

p(r) =N [o. (32)

Thus, p(#) determines N and Vex(7) and hence all the properties of the ground state, for
example the kinetic energy T[p], the potential energy V [p], and the total energy E[p]. The

total ground state energy is thus given as:

Elp]l = Exelpl + Tlpl + Ecelpl = [ p(#)Vye (AT + Fuklpl (33)

where Fyk[p] is a functional of the charge density, Fyx[p] contains the contributions of the
Kinetic energy, the electron electron interactions, the classical Coulomb interaction and the

non-classical portion given as [143]:

Fyuklp] = Tp] + Ec.[p]+ J [p], (34)

55
© University of Venda



"

&) i
Eee [P] = Enq [p] +][,0] (35)

E,.; is the non-classical contribution to the electron-electron interaction: self-Interaction
correction, exchange and Coulomb correlation. Only J[p] is known, the exact form of T[p] and
E.clp] is not known, if the mathematical form of the universal functional were known, the
exact electron density function of the ground state would provide a reference for the utilization
of the variational principle [144]. This form is not known and cannot be precisely determined
or systematically improved. This leads to the formalism of the DFT which was developed by
Kohn and Sham who proposed that the exact density for interacting electrons should also be

specified in terms of the spin orbitals, {1;(r)} and can be illustrated as [145]:

ps(P)=XY X (r,5)? = ps(®). (36)

They further proposed the exact kinetic energy of a non-interacting reference system with the

same density as the real, interacting one.

Ts = = XN 721, (37)

where 1; denotes the orbital of the non-interacting system. Ts is not the true kinetic energy of
the system. Kohn and Sham accounted for that by introducing the following separation of the
functional [145].

Flpl = Tslpl +Jlp]l + Exclpl, (38)

Exclp]l = (Tlp] = Ts[pD) + (Ecelp] = J1pD), (39)

where Ex.[plis the exchange-correlation energy, considering the corrections with respect to a
system of non-interacting electrons. Correction to the kinetic energy (T[p] — Ts[p]) and
correction to the electron-electron interaction energy (E,.[p] — J[p]), Exc[p] replaces the exact
Hatree- Fock (HF) exchange for a single determinant by a more general expression, including
terms accounting for both exchange energy and the electron correlation (while the latter is

omitted from HF energy). The exchange and correlation energy Ey. is the functional that
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contains everything that is unknown. This idea paved way in quantum chemistry since a system
with complicated N electron wave functions can be described by one scalar function p(r) with
three variables.
Exc[p] also, has an associated exchange-correlation potential, V. (r):

_ 8Excp(®)
Ve (r) = #‘;)r- (40)

The ensuing eigenvalue equation (Kohn-Sham equations) has the form:

(G V2V + [ dr + Ve () = subi (). (41)

(r-7

3.2.1. Local Density Approximation

Local Density Approximations (LDA) is central to all approximation for the exchange
correlation functional. The LDA approximates the exchange correlation energy at each point
of the system as the energy of a uniform electron gas emanating from the same density.
However, for the study of molecular systems, it underestimates the exchange energy by -10%,
thus introducing errors that are larger than the whole correlation energy while the normally

much smaller correlation energy is generally overestimated by up to a factor of two.

ELRA = [ p(r) excp(r)dF . (42)

The exchange correlation potential is given by:
LpA _ SE%CY_ N az < dexc () 1
Vic " = T_I excp(r) df + [ p(r) —ap  POdr. (43)

In LDA method, only the electron density (p) at a point 7 is considered for the approximation
of the exchange correlation energy, the gradient of the charge density (Vp) is not utilized to
approximate the exchange correlation energy, this led to the development of generalized

gradient approximation (GGA) method.

3.2.2. Generalized Gradient Approximation
The Generalized Gradient Approximation (GGA) method is an improvement of the LDA in

which not only the electron density (p) at a point 7 is considered, the gradient of the charge
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density (Vp) is also utilized to approximate the exchange correlation energy to account for the

non-homogeneity of the true electron density given by [146]:

ESSA = E[p(r), Vo (D] . (44)

The generalized gradient approximation includes only the first derivatives of the density (plus
the condition that the Fermi and Coulomb holes integrate to the required values). Although
there are various GGAs, one of the most commonly employed one is the GGA by Perdew,
Burke, and Ernzerhof (PBE) [147]. GGA-PBE is the default exchange-correlation functional.
It is recommended, especially for studies of molecules interacting with metal surfaces, although
it is also reliable for bulk calculations. Generalized gradient approximation provides a better
overall description of the electronic subsystem than the LDA functionals.

3.2.3. Hybrid Density Functionals

Hybrid density functionals mix a portion of the density functional exchange energy for electron
gas (i.e. GGAs or the LDA) with the exchange energy from Hartree-Fock calculation [148]. A
popular gradient-corrected exchange functional is the one proposed by Becke in 1988 [149]. A
widely-used gradient-corrected correlation functional is the LYP functional of Lee, Yang and
Parr [150]. The combination of the two functionals (Becke for the exchange component and
LYP for the correlation component) is denoted as B-LYP. The B3LYP is one of the most
widely used hybrid functionals from the Becke’s three-parameter formulations.

The mathematical form of B3LYP functional contains three semi-empirical parameters, a, b
and ¢, whose values enable one to reproduce the exchange-correlation energy of 31 pre-selected

molecular species.
EFEMP = (1 — a)ERP + aEFT + bAEGESXY + cEEP + (1 — c)acEE™™N, (45)

ELPA is the exchange energy from the local density approximation, EXF is the exchange energy
from a Hartree-Fock calculation, AEEECKY is the gradient correction to the LDA exchange by
Becke [151], EE"Pis the gradient corrected correlation energy by Lee, Yang and Parr [150],
and EZ"Nis the LDA correlation energy by Vosko, Wilk, and Nusair which are used as basis
set in the computational aspect of the work [152]. The mixing parameters take the values a =
0.2, b=0.72, ¢ = 0.81[153]. All the DFT calculations that are performed in this work utilize
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the B3LYP functional. Density functional theory is often the preferred electronic structure
method to study moderate to large systems. This preference reflects the efficiency of DFT
compared to correlated wave function theories such as coupled cluster theory, even though
accuracy and, more importantly, predictability (i.e., systematic convergence to the right
answer), are sacrificed [149, 153].

3.3 DFT Plane wave basis set approximation

Basis sets are set of (non-orthogonal) one-particle functions used to build molecular orbitals.
[154]. In 1951 Roothaan [155] and Hall [156, 157], proposed the development of the orbitals
as a linear combination of a known basis set. The molecular orbitals in a molecule are written

as a linear combination of atomic orbitals (LCAO).

3.3.1 Linear combination of atomic orbitals method

The general equation for the expansion of a molecular orbital i is

i = Xt e, (1) (46)

The y1, %2 ... is called the basis set and each function y1 is called a basis function. The ¢; are
the molecular orbital expansion coefficients which express the contribution of each atomic

function to the given molecular orbital and are calculated variationally.

When including this development of the orbitals in the HF equations, a set of algebraic
equations is obtained, which is known as Hartree-Fock-Roothaan-Hall equations. The equation
can be solved using matrix techniques if the set in which the orbitals are expanded were a
complete basis set. The expansion of the wavefunction as a linear combination of basis
functions affects the accuracy of the Hartree-Fock-Roothaan-Hall equations. Since the basis

set is not complete its choice is a source of error in the ab initio molecular calculations.

3.3.2 Grid based projector augmented wave method (GPAW)

The projected augmented-wave method was developed by Blochl [158]. The projected
augmented approach is similar to the pseudo-potential approach. The spheres around the atoms
are called augmentation spheres in PAW formalism. In PAW formalism, there is pseudo (PS)

wave function |s) that is defined everywhere in space as:
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W) =) +X,ca(l9®) — 16%)) (47)

The real implementation of real space called GPAW was derived by Monrtesen et al. [159]
GPAW is a DFT code wherein the wave functions and densities are stored in a real space grid.

The memory requirement can be cut by the use of different grids.

3.3.3. Gaussian basis functions

Functions that resemble hydrogen atomic orbitals (AOs) are very suitable for expansion of
Molecular Orbitals (MOs) because they have the correct shape near the nucleus and far from
the nucleus. Gaussian functions are most preferable for quantum mechanical calculation
because they are much easier to compute and allow for efficient computation of molecular

integrals.

g,T = e—avrz — e—av(x2+y2+zz) (48)

where «a is the GTO exponent.

A single Gaussian function is called the primitive Gaussian type function (GTOs), there are
spherical GTOs and cartesian GTOs. The spherical GTOs were proposed for the first time by
Boys [160] and McWeeny [161]. These functions are defined by:

guT = Yl,m (9, ¢)rle—av(x2+y2+zz) (49)

With o being the GTO exponent, [ and m are the azimuthal and magnetic quantum numbers
respectively, where m = —I[ .....[. Cartesian GTOs are used in molecular calculations because
the multicenter integrals are easily evaluated due to the Gaussian theorem that allows to express
the product of two Gaussian functions centered in two different points of the space as another
Gaussian function centered in a third point located on the line that joins the two initial points.
These cartesian GTOs are defined by:
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gpT = xkymzne—av(x2+y2+zz), (50)

k, mand n are components of angular momentum quantum number [, where | = k + m + n.

Spherical and cartesian functions are the same for up to [ = 1 (p functions) but differ slightly
for [ = 2 or higher. The main advantage of the GTO is the fact that their mathematical form is
much more convenient for the calculation of integrals, above all the electron repulsion
integrals. Because of their simplicity, the GTOs enable all the integrals required for a molecular
calculation to be evaluated analytically, easily and efficiently [162] and they have therefore

become the preferred basis functions for molecular calculations.

Fixed linear combinations of primitive Gaussian function are called Contracted Gaussians

(CGs). CGs are expressed as:

Go(r) = Zgil cygv(T) (51)

€C_ 9%

These basis sets are approximate Slater-type orbitals (STOs) by “n” primitive Gaussians, the
simplest kind of CGs are the STO-nG basis set. STO-nG basis sets are not satisfactory because

they include only one CG per orbital, these basis sets can be improved by either including:

(1) More than one CG per atomic orbital, examples are: double zeta (DZ), Triple zeta (TZ)
and quadruple zeta (Q2)

(ii) One CG per core atomic orbital and more than one for the valence atomic orbitals,
examples are 3-21G, 4-31G, 6-31G and 6-311G.

3.4 The composition and size of the basis set
The composition and size of a basis set are more simply and clearly discussed in terms of
atomic orbitals as their functions. To this purpose, the atomic orbitals can be classified as

follows:

(1) core orbitals, i.e. the orbitals pertaining to shells that are completely occupied;

(1) valence orbitals, i.e. the orbitals pertaining to the outer most, partially occupied shell;
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(iii) virtual orbitals, i.e. the orbitals that are unoccupied in the ground state.
The basis sets differ in size according to the types of constituting orbitals. The most commonly
utilised basis sets are described in the next subsections.

3.4.1. Minimal basis sets

The minimal basis set of a given molecule contains only the occupied orbitals of all the atoms
constituting that molecule. Minimal basis sets that are widely used are those in which STOs
are approximated by means of contracted GTO. These basis functions are denoted with
acronyms informing about the number of GTO utilized in the expansion of a single orbital. In
general, STO-nG is a minimal basis set in which each orbital is the linear combination of n
Gaussian primitives. For example. STO-3G is a minimal basis set in which each orbital is a

linear combination of three Gaussian primitives.

3.4.2. Split-valence basis sets

In these basis sets, the core orbitals and the valence orbitals are described differently. The
functions describing the valence orbitals are doubled, or tripled, etc., while the functions
describing the core orbitals are each represented by only one function. The resulting linear
combination expressing the molecular orbital allows the atomic orbitals to adjust independently
for a given molecular environment. Split valence basis sets are characterized by the number of
functions assigned to valence orbitals and are termed accordingly: double zeta basis set, triple

zeta basis set and so forth.

The general notation N-MPG [149] is used for double zeta basis sets, where N is the number
of Gaussian functions used in the expansion of each core orbital (Equation 51) and the hyphen
stands for the split of the description of orbitals. The numbers M and P are the numbers of
Gaussian primitives utilized in the expression of the more contracted basis functions and the
more diffuse one, respectively. For example, the split-valence basis set 3-21G is a basis set in
which each core orbital is a linear combination of three primitive GTO, while, each valence
orbital is represented by a more contracted function expanded as a linear combination of two
primitive GTO and a more diffuse function represented by a single primitive GTO. In the split
valence basis set 6-31G, there are six GTO for the core orbitals; the inner orbitals are

represented by three GTO while the outer orbitals are represented by a single GTO.
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3.4.3. Polarization basis sets

These basis sets contain also basis functions with higher angular momentum quantum number
than that of any occupied orbital of the atomic ground state. The addition of these functions is
done to account for the distortion of the charge distribution (polarization) of the atom due to
the molecular context [163] and the added orbitals are called polarization functions. Adding or
mixing a p-type orbital to an s-type orbital can distort the s-type orbital; similarly, adding or
mixing a d-type orbital to a p-type orbital can distort the p-type orbital. In this way, orbitals are
allowed to change shape depending on the molecular context.

Polarization functions are usually indicated by asterisks (*) or by indicating the added functions
explicitly in parentheses. Thus, one asterisk (e.g., 6-31G*) indicates that polarization functions
are added for the heavier atoms but not for the hydrogen and helium atoms; two asterisks (e.qg.,
6-31G**) indicate that polarization functions are added also for hydrogen and helium atoms.
Similarly, 6-31G(d) indicates that d-type polarization functions are added for the 2" row atoms
and 6-31G (d, p) indicates that d-type functions are added for the 2" row atoms and p-type
functions are added for the H (and He, if concerned) atoms. The addition of p-orbitals to
hydrogen is particularly important in systems where hydrogen is a bridging atom, i.e., where

hydrogen bonds are present [163].

3.4.4. Diffuse basis sets

Diffuse Gaussian functions have much smaller exponents than standard functions and therefore
they decay slowly with the distance from the nucleus. The addition of these functions is
important for species with significant electron density far away from the nuclear centres, to
account for the outermost weakly bound electrons. Such species include anions and excited-
state systems. Diffuse basis sets do well for calculation of electron affinities, proton affinities,
inversion barriers and bond angles in anions. The addition of diffuse s- and p-type Gaussian
functions to non-hydrogen atoms is denoted by a plus sign + before the G (e.g., 6-31+G); the
addition of diffuse functions also for the hydrogen atoms (as well as for the heavier atoms) is
denoted by ++ (e.g., 6-31++G). Diffuse functions on hydrogen atoms seldom make a

significant difference in accuracy [149]
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3.5. Pseudopotentials
The concept of a pseudopotential is related to replacing the effects of the core electrons with
an effective potential. The pseudopotential generation procedure starts with the solution of the
atomic problem using the Kohn-Sham (KS) approach [145]. Once the KS orbitals are obtained,
an arbitrary distinction between valence and core states is made. The core states are assumed
to change very little due to changes in the environment, so their effect is replaced by a model
potential derived in the atomic configuration and it is assumed to be transferable. The valence
states are seen to oscillate rapidly close to the core regions. With the introduction of the new
potential, the valence states are made smoother.
For a Hamiltonian H with core states @) and core eigenvalues E,, ) and for a single valence
state ) the valence states can be replaced with ¢) and expand in terms of the core states as

follows:
QD) = ¢) + Z%ore an V)(n> (52)

For orthogonality of the valence states:
(Xnlo) = Otnldn) + 25776 an(XnlX,) = 0 (53)

In terms of the pseudopotential

(P) = d)) - Zn(Xm VoV Xn) (54)

Applying the Hamiltonians:

Ho) + X5 (E — E) VX XX V @) = E@) Xn(Xin V @ V Xp) (55)

The pseudo wavefunction satisfies an effective equation with the same eigen energy of the real
valence wave function. In the case of isolated atoms, the indices n correspond to the combined
index nIml including the principal quantum number n, the angular momentum quantum number

I and the magnetic quantum number ml.

(H+V)9) = E@) (56)
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where V,,; is the extra potential and E is the repulsive potential.

3.5.1 Norm-conserving pseudopotentials

Electron-ionic core interactions are typically represented by a nonlocal Norm-conserving
pseudopotential (NCPP): a soft potential for valence electrons only having pseudo-
wavefunctions (see equation 57) containing no orthonormality wiggles [164].

In many systems, NCPP’s allow accurate calculations with moderate-size plane-wave basis
sets. From an all-electron self-consistent DFT calculation in an atom with a given reference

configuration.

2 2 2
_h 2N | (L W Ly —Ez) $:(r) =0 (57)

2m dr? 2m 12

To generate pseudopotential V,,; for valence state in such a way that ¢; and E; obey the norm

conserving conditions, the Kohn Sham equations is inverted as:

an,totalr = El - (58)

2 S
0+1) :?tﬁfil )
2r? by ()

The potential V,,;:,:4; (r) Obtained by inversion of the Schrédinger equation is not only the ionic
potential that is required but includes also contributions from the Hartree and exchange-
correlation terms. Therefore subtract the contributions from the Hartree and exchange-

correlation terms are subtracted as:

V(1) = Viotar (1) - Viize (1) (59)

This operation is called unscreening.
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3.5.1.1 Features of Norm-conserving pseudopotentials
Transferability: transferability can be estimated from atomic calculations on different
configurations. In many cases simple unscreening produces an unacceptable loss of

transferability. May require the nonlinear core correction

V(1) = Vi(1) - ViiZe(r) + nP*(r) (60)
Softness: atoms with strongly oscillating pseudo-wave functions (first-row elements, elements
with 3d and 4f valence electrons) will produce hard pseudopotentials requiring many plane
waves in calculations. Larger core radius means better softness but worse transferability. This
is a recipe to get optimal smoothness without compromising transferability [164].

3.5.2 Ultrasoft pseudopotentials

In 1990, Vanderbilt [165] proposed a new and radical method for generating pseudopotentials
by relaxing the norm-conservation constraint. Pseudopotentials generated in this way due to
their softness require a much smaller planewave cutoff and thus a much smaller number of
planewaves. For this reason, they are usually called ultrasoft pseudopotentials. When the
ultrasoft pseudopotential is integrated into the Kohn-Sham equations, the total energy in the

presence of ultrasoft pseudopotentials is written as:

N n(r)nr

E, =2 Z<¢1V__V2+VNL¢)+ ffd rdr — =+ Excl In] + [ diVioc (Dn(@)  (61)

where the Hartree, exchange-correlation, local and kinetic terms have the usual form. The
nonlocal part of the pseudopotential instead is given in terms of a new set of projection

operators as:

Vnr = Dpm V Bﬁ)(Bfn Vv, (62)
where the superscript | indicates that the projector is centred on atom I. The norm-conserving
condition is relaxed by introducing a generalized orthonormality condition through the

overlap matrix

S:6ij =1+ an,l Anm \ Brll)(BrIn \Z (63)
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where g, = [ d7Qum (7).

Because the norm-conserving condition is now relaxed, the electronic density needs to be
augmented in order to preserve the correct number of electrons. The new density is then:

n(r) =Xl ()12 + X X | B;) Qi () (Bre ) (64)

where Q;; are the augmentation charges.
Qij(r) = ¢ () p;(r) — ; (NP} (1) (65)

|B;) are projectors where |B;) = ¥ (B~ 1ij V x;), Bi; = (¢i|x,) and |B;) satisfy (B;|¢;)
|¢p;) are atomic states
|¢p,) are pseudowaves such that ¢, (r) = @, (r) for r>r,

|x;) are set of functions vanishing for r>r,

Lxi) = (Ei-T-Vioe)lb:)

In practical ultrasoft pseudopotential, the Q ;. are pseudized. The matching radii 7, may be set
to large values than norm-conserving pseudopotential without transferability. For a local

pseudopotential Vi, (1), V,,.(r) = V(r) for r>r
D;j = Bij + E;Qy; (66)
where Qi = [\, (#7()¢;(1) = $i (NG; (1)) dr.

Unscreening D;; and V,:

Dio': Dij - fij(T') Vloc(r)drn (67)

where VI = Voo (r)-f dr 22 - 17, (r)

The ultrasoft pseudopotential is finally given as:
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Vus = Viee" Zij DJ}|By)- (68)

The ultrasoft pseudopotential was adopted for this study because it is good for computational
accuracy, saves lot of CPU on calculations and all electron potentials are possible.

3.6 Cutoff energy

Each of the Fourier basis functions e!“” represents a plane-wave travelling in space,
perpendicular to the vector G. There are an infinite number of allowed G, but the coefficients
C¢i become smaller and smaller as G2 becomes larger and larger. A cut-off energy is defined

in equation (69) and only includes plane waves with energies less than the cut-off.
C t_ﬁ 2
E**t'=—|G]|*. (69)

The cut-off energy must always be high enough to give accurate results. This can be achieved
by repeating the calculations with higher and higher cut-off energies until the properties have

converged.

3.7 K-points sampling

Bloch’s theorem eigenstates in a system under a periodic potential U(r) can be written as:

Wi(7 k) = e*7U,(7.K) (70)

Operators such as the Hamiltonian are block-diagonal by k-point:

hy 0 0
0 hy, O (71)
0 0 hys

It is important to describe waves and correlation lengths longer than unit cell in solids

(especially conductors / semiconductors), when only the I point is sampled (k = 0).
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P (r) = e CNU(r) (72)
where U, (r+L) = U, () and e!®*™) are arbitrary phase factor
Ui (r + L)=e* Dy, (r + L) (73)

el (r) (74)

In principle, we need to integrate over all possible k when constructing the density. Fortunately,
the wave functions changes slowly ask is varied, such that the integral is approximated with a

summation.
P() =/ i (M)|?d® k (75)

P() Xk [ ()% (76)

To get accurate results, enough k-points must be used.

3.8 Finding the ground state

Planewave basis is used to express the wave functions when finding the ground state in
calculations, and these are sampled at a discrete number of k-points. The ground state is found
by iteratively improving an initial guess until the change in energy differences is small to make

sure the structure converges as shown in Figure 21.

The concept of a pseudopotentials is related to replacing the effects of the core electrons with
an effective potential, the use of pseudopotentials reduces the number of states needed from

Schrédinger equation.

Yo (1) = Xk Compe HEHOT (77)

The Hamiltonian Ay [Pl = Epimx Must be solved to get the lowest energy states for
each k, but the Hamiltonian depends on the electron density p(r), which depends on the wave

functions as:

p(N)= 2o, Sk (s (1) (78)
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Figure 21: Algorithm for finding the ground state

In order to test for the acceptable energy change, an energy convergence tolerance is set
accordingly. The smaller this tolerance, the closer it is to get to the ground state. The forces
can also be computed, and a convergence tolerance can be set on the forces as well as the
energies. For many spectral properties, the force is an accurate measure of how far the
calculation is from the true ground state. There are two different methods used in finding the
ground state, that is;

Q) Density Mixing (DM)
The advantages of the density mixing methods is that it estimates density, it is fast and the
energy converges quickly. However, the disadvantage of DM method is that the forces
converge slowly, and it can be unstable.

(i) Ensemble Density Functional Theory (EDFT)
Similarly to DM, The advantage of the ensemble density functional theory method is that it
computes density, it is stable and the energy and forces converge quickly although it can be
sometimes slow.
The EDFT method is adopted in this study because the energy and forces converge quickly and

are stable.
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3.9 SOFTWARE

3.9.1 Gaussian Quantum Chemical Package

Gaussian quantum chemical package is an electronic structure package capable of predicting
many properties of atoms, molecules and reactive systems. Properties of systems are
studied/predicted utilizing ab initio, density functional theory, semi-empirical, molecular
mechanics, and hybrid methods [78]. Gaussian is an electronic structure-based program used
by chemists, chemical engineers, biochemists, physicists and other scientists worldwide.
Starting from the fundamental laws of quantum mechanics, Gaussian package can model
reactions of very large systems, carry out geometrical optimizations, study excited states in the
gas phase and in solution, predict the energies, molecular structures, vibrational frequencies
and molecular properties of molecules and reactions in a wide variety of chemical
environments. With Gaussian package, larger systems and more complex problems can be
solved. Gaussian models can be applied to both stable species and compounds which are
difficult or impossible to observe experimentally (e.g., short-lived intermediates and transition
structures). Gaussian offers new features and performance enhancements which will enable
users to model molecular systems of large/increasing size, with more accuracy, and/or under a
broader range of real world conditions. In this work Gaussian package was used to build the
ruthenium and the organic dye molecules used for this study. The geometrical optimization of
the dye molecules, TD-DFT simulation of their absorption spectra, HOMO-LUMO energy
levels, HOMO-LUMO energy gap and the isodensity surfaces of the key molecular orbitals

were computed using Gaussian 03 quantum chemical package.

3.9.2 CASTEP

CASTEP is a commercial software package which uses density functional theory with a plane
wave basis set to calculate the electronic properties of crystalline solids, surfaces, molecules,
liguids and amorphous materials from first principles [166]. The abbreviation stands for
Cambridge Serial Total Energy Package. CASTEP permits geometry optimization and finite
temperature molecular dynamics with implicit symmetry and geometry constraints, as well as
calculation of a wide variety of derived properties of the electronic configuration. Using density
functional theory, it can simulate a wide range of properties of materials proprieties including
energetics, structure at the atomic level, vibrational properties, electronic response properties
etc. It has a wide range of spectroscopic features that link directly to experiment, such as infra-
red and Raman spectroscopies, NMR, and core level spectra. In this study CASTEP was used
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for first principle calculations based on density functional theory with GGA combined with the
PBE functional/approximation for geometrical optimization and investigation of the
convergence parameters (cutoff energy and k-points) of TiO2 brookite bulk structure, the

brookite (TiO2)n with n =5, 8, 68 cluster was modelled from the optimized bulk structure.

3.9.3 Gaussum Software

Gaussum software is an application that helps to analyse, extract and monitor the progress of
SCF cycles, geometrical optimizations, plot density of state spectrum, crystal overlap
population spectrum, UV-Vis spectrum, molecular orbital and molecular orbital contributions,
circular spectrum, IR and Raman spectra [167]. It is especially designed for parsing output files
of ADF, GAMESS, GAMESS UK, Gaussian, Jaguar and PC GAMESS calculations to extract
and display useful data. Files are imported into the working environment using built in browse
button, OUT, LOG and ADFOUT file format and can also handle compressed log files such as
ZIP, GZ and BZ2. In this work, Gaussum software was used in this study to compute the total
density of states plot of (TiO2)s from the LOG output file.

3.9.4 Avogadro software

Avogadro software is an advanced molecule editor and visualizer designed for cross-platform
use in computational chemistry, molecular modelling, bioinformatics, materials science, and
related areas. It offers flexible high quality rendering and a powerful plugin architecture [168].
In this study, Avogadro software was used to import and visualize the dye molecules and the

(TiO2) n, brookite cluster with n=5, 8 and 68 for computational analysis.

3.10 COMPUTATIONAL PROCEDURES

The Gaussian03 program chemical package [78] within the frame work of the Gauss View 4.1
software of Gaussian Inc. was used for first principle calculation based on density functional
theory to study the electronic structures and UV-Vis simulated spectra of the dye molecules
and dye complex adsorbed on the TiOz brookite systems. The dye molecules that were studied

in the thesis are the ruthenium N3 complex, polyene diphenyl-based dye and the croconate dye.

3.10.1. Building of dye molecules
The dye model structures were built using the Gauss View molecular builder interface within

the Gaussian package [78]. The ruthenium N3 dye molecule was built as illustrated in Figure
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22. Firstly, a ruthenium metal was selected from the periodic table within the Gaussian window
and was placed in the built window. This was followed by the attachment of the two bipyridine
moiety, the carboxylic moiety and the two thiocyanate ligands. The structures were cleaned for
reorientation of the atoms in their lattice positions. Same procedure was followed for the dye
molecules that were investigated in this study, the detailed description of building the dye was
presented in section 1.10 of Chapter 1. The structural properties of the modelled dye molecules’
such as the number of atoms, empirical formula of the dye were obtained from the Gauss view
and compared with the theoretically reported values to validate the accuracy of the built dye

model structures.

Figure 22: Detailed description for building of ruthenium N3 complex (Ru
metal—Ru-+bipyridine—Ru+bipyridine+carboxylate—Ru-+bipyridine+carboxylate+

thiocyanate)

3.10.2. Structural optimization

Structure optimization of the ground state geometries of the dye molecules in vacuum was
performed by DFT using the hybrid B3LYP (equation 45) exchange correlation functional and
Pople’s slit valence basis set with polarization and diffuse functions 6-311 + G*(d, p) basis set
for metal free organic dye while LANL2DZ basis set was used for the metal based complexes
to account for the formation charge of the metal based complexes. The optimized structure of
the ruthenium metal is illustrated in Figure 23. The minimum geometry of the dye structures
obtained was used for further studies. The optimization energy, maximum internal forces and
stress acting on the atoms of the molecules were computed from the geometrical optimization

calculations.
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Figure 23: Optimized structure of ruthenium N3 complex

3.10.3. Computing the absorption spectrum of the dye structures

The UV-Vis simulated absorption spectrum of the dye molecules was calculated by TD-DFT
in gas phase. The Pople’s slit valence basis set with polarization and diffuse functions 6-311 +
G*(d, p) was used for metal free organic dye while LANL2DZ basis set, the same functionals
and basis set was used for the ruthenium N3 complex. 30-100 singlet to singlet electronic
transitions for the excitations depending on the size of the dye molecules [125]. The UV-Vis
simulated absorption spectra for ruthenium N3 complex is illustrated in Figure 24.

The UV-Vis spectra, maximum excitation wavelength, excitation energies, oscillator strength
and light harvesting efficiency (LHE) of the dye were computed from the calculations. Their

matching with the solar spectrum will also be discussed later and are related by the relation:
LHE =1-10"". (79)

where f is the absorption also called the oscillator strength of the dye associated with the

maximum absorption of the dye [59, 79, 95].
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Figure 24: The UV-Vis simulated absorption spectra for the ruthenium N3 complex

3.10.4. Determination of electron transfer properties of the dye complex

To investigate the charge injection possibility unto the semiconductor, the HOMO-LUMO
energy gap of the dye molecules was computed. The HOMO-LUMO isodensity surfaces of the
dye molecules were computed as illustrated in Figure 25. The electron density of molecular
orbitals, DFT calculation of the energy levels alignment of the dye excited state and the
conduction band edge of the semiconductor were investigated using TD-DFT
(B3LYP/LANL2-DZVP). Electron injection into the conduction band of TiO; is energetically
favourable with increased energy separation of LUMO and the bottom of the TiO2 conduction
band. Furthermore, for the HOMO level to effectively accept the donated electrons from the
redox mediator, the energy difference between the HOMO and redox chemical potential must

be more positive [59, 125].

Figure 25: Isodensity surfaces of ruthenium N3 dye molecule.
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3.11. Structural optimization of TiO brookite crystal
The Cambridge Serial Total Energy (CASTEP) program package [166] within the frame work
of the Materials Studio software of BIOVIA [77] was used for first principle calculations based
on density functional theory with GGA-PBE functional/approximation for geometrical
optimization and investigation of the convergence parameters (cutoff energy and k-points) of
TiO brookite structures. Structural optimization was performed to obtain the ground state
properties of the brookite nanocluster. The EDFT and Ultrasoft pseudopotential were used
throughout the DFT calculations. Shown in Figure 26 is the bulk TiO, brookite structure used

for this study.

Figure 26: Bulk TiO; brookite structure.

3.11.1. Determination of convergence parameter (cutoff energy and K- points) for the
bulk structure of TiO2 Brookite

Several values of plane wave basis set cut-off energy were selected for geometrical
optimizations to investigate the convergence of bulk TiO; structure. The cut off energies were
plotted against the total energy to obtain the convergence energy of the bulk structure and dye
molecules. The k-point will be set to Monkhorst Pack grid [169]. The grid parameters were
varied to obtain close spacing of the bond length followed by geometrical optimization. Then
the number of iterations obtained for the grid parameters was plotted against the energy values

obtained from the optimization to determine the k-points at which the system converges.
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3.11.2. Cleaving of TiO2 brookite nanocluster

The ground state bulk structure obtained through geometrical optimization was optimized with
the convergence parameters to obtain the minimum structure. The minimum structure was then
imported into a new 3D atomic window. Then TiO brookite cluster was cleaved from the
optimized ground state bulk structure using a Build module of Materials Studio. The TiO>
brookite nanocluster was built using a simple box shape with dimension 5 A in x, y, z directions
with stoichiometry (TiO2)» where n =5 for Ti atoms and n = 10 for O, atoms as shown in Figure
27. The brookite nanocluster was imported to Gauss view within the framework of Gaussian
03 quantum chemical package software. The imported structure of the TiO. brookite
nanocluster was cleaned in the Gaussview interface of Gaussian 03 for reorientation of the

atoms. The electronic properties, density of states and optical properties were calculated for the

!

brookite TiO, nanoclusters.

Figure 27: Brookite (TiO»)s cluster

3.12 Adsorption of dye molecules on TiO2 complex

The dye molecules were absorbed unto the TiO2 cluster via the carboxylic group. The bidentate
bridging (BB) adsorption mode in which each of the oxygen of the carboxylic moiety binds to
a four-fold coordinate titanium atom was used because it was previously reported to be more
energetically favorable, the picture of ruthenium N3 complex adsorbed on (TiO)s brookite
cluster is depicted in Figure 28 [59, 125].
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Figure 28: Ruthenium N3 complex adsorbed on (TiO2)s brookite cluster

3.12.1 The excitation spectra (UV/VIS)
The absorption spectra of the semiconductor/dye complex excited states were calculated using
TD-DFT simulation of the UV-Vis spectra of the TiO2/dye complex via TD-DFT B3LYP

calculations of 30-100 singlet to singlet transitions.

3.13. Calculation of properties

3.13.1 Adsorption energy of the dye molecules @ TiO2 brookite semiconductor

The dye molecules were adsorbed on the brookite nanocluster structure by bidentate bridging
mode because it is energetically favourable [59, 125, 129, 130]. The formation/adsorption

energies of the dye/TiO2 complex were calculated using equation 80 below:

Eads = Eslab + molecule — (Eslab + Emolecule), (80)

where Egap is the energy of the slab surface complex (surfaces in the slab), Emolecule is the energy
of the adsorbate, and Esiab + molecule IS the total energy of the slab with the molecule placed in the
centre of the vacuum gap, where the interaction with the surface is very small. This approach
allows an effective cancellation of errors from the two terms in the right-hand side of equation
(80) and cancels out the small contributions from lateral interactions between the molecule. A

positive value of Eags > O indicates stable adsorption [53, 125].
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3.13.2 Free energy of electron injection (AG™e¢t)
Calculation of (AG™ect) is crucial for investigation of electron injection efficiency into the
semiconductor and is given by equation 81:

(AG™Iect) = Eox ™" — Egp. (81)

where Eox®¢* is the oxidation potential energy of the excited state of the dye, E,z is the
reduction potential energy of TiO2 conduction band. The more positive is (AG 7/¢¢t), the higher

the electron injection efficiency (¢inject) because (AG™/¢¢t) is proportional to (dinject) [95].

ondye*=ondye—AE (82)

J

Eox®¢ is the ground state oxidation potential (negative Enomo) [54, 59, 127] and AE is the
lowest absorption energy associated with maximum wavelength [54, 59, 95].

3.13.3. Convolution of density of states and projected density of states spectrum

The density of states (DOS) was simulated using the keywords “pop=full” and the output log
file obtained from the simulation imported Gausssum software to view the spectrum for the
total density of states (TDOS) for the occupied and the unoccupied orbitals. The total density
of states spectrum for (TiO2)s brookite cluster was convoluted using full weight at half

maximum value of 0.3 and energy scale of -20 eV to 20 eV as shown in Figure 29.

—— DOS spectrum
—— Occupied orbitals
—— Virtual orbitals

Ul

—20 —15 —10 =5 o] 5
Energy (eV)

_— T —

Figure 29: Total density of states spectrum for (TiO2)s brookite cluster.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSIONS
4.1 Studies of ruthenium Il and organic dye molecules

In this chapter, employed first principles density functional theory (DFT) and time-dependent
DFT (TD-DFT) were employed to study the molecular structures, geometrical optimization
parameters, UV/VIS, light harvesting efficiencies, HOMO, LUMO, HOMO-LUMO energy
gap and isodensity surfaces of ruthenium N3 complex owing to its excellent performance for
application in DSSCs. Also, using the same methods, some promising metal free organic dye
which are polyene diphenyl-aniline dye and the croconate dye are investigated.

4.2 Ruthenium (N3) Complex
4.2.1 Introduction

The so-called N3 dye developed by Gratzel and co-workers [83] is one of the most successful,
widely investigated and applied dye in DSSCs. Some of the salient features of the ruthenium
N3 complex are good chemical strength under illumination, proficient metal-to-ligand charge
transfer (MLCT), long life-time excited state and suitable energy levels for electron injection
with the use of TiO2 nanostructures as photoanode. The acidic ligands (carboxylic) in the dye
are attracted to the surface OH of TiO2 semiconductor [53]. Efficiencies of 12.3% have been
achieved with the use of ruthenium dye as TiO2 semiconductors sensitizer. The ruthenium N3

has been reported as one of the most efficient sensitizer for DSSCs [56-59].

4.2.2. Computational Procedures

Gaussian 03 quantum chemical package [78] software was used to carry out first principle
calculations based on density functional theory. The structure of ruthenium N3 complex was
built as discussed in section 1.10 as shown in Figure 10 using the Gaussview molecular builder
interface within the Gaussian package. The structure was cleaned for reorientation of the atoms
in their lattice positions. Geometrical optimization of the ruthenium N3 structure was
performed to obtain the ground state geometries of the dye molecule in vacuum. The
geometrical optimization of the ruthenium N3 was performed using DFT with hybrid B3LYP
exchange correlation functional [150, 151] and LanL2DZ basis set to account for the charge
formation of the ruthenium N3 complex. The minimum geometry of the dye structure was

obtained and further used for subsequent calculations.
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The UV-Vis simulated absorption spectrum of the ruthenium dye molecule was calculated
using TD-DFT in vacuum. The LanL2DZ basis set was used to compute the optical excitation
spectrum while considering 80 singlets to singlet electronic transitions for the excitation. The
UV-Vis spectra, maximum excitation wavelength, excitation energies, oscillator strength and
light harvesting efficiency of the dye were computed from the calculation. Their matching with

the solar spectrum was discussed.

The light harvesting efficiency at Amax Was computed for the ruthenium N3 complex using
Equation 79. The HOMO, LUMO, HOMO-LUMO energy gap and isodensity surfaces of the
molecular orbital involved in excitation of the ruthenium N3 complex were computed from

the FCHK file obtained from the simulations and will be discussed in detail.

4.2.3 Structural properties of ruthenium N3 complex

Structural optimization of the ground state geometries of the dye molecules in vacuum were
performed by DFT using the hybrid B3LYP exchange correlation functional and LanL2DZ
basis set to account for the charge formation on the ruthenium metal. The optimized structure
is presented in Figure 30. The dipole moments obtained after optimization was 2.863 Debye.
The geometrical optimizations converged when the internal forces acting on all the atoms were
less than 4.9 x 10° eV and a threshold value of 4.5x10* eV/A. The optimized structure of
ruthenium complex in Figure 30 shows that ruthenium metal is octahedrally coordinated to six
nitrogen atoms provided by the two thiocyanate ligands and the four carboxylic acids of the
two bipyridyl ligands. Selected bond lengths (A) and bond angles (degrees) of the ruthenium
N3 after optimization are presented in Table 4. The angle between the ruthenium metal and the
nitrogen atom of the thiocyanate ligands is <NRuN =180° while the angle between the

ruthenium metal and the nitrogen atom of the carboxylic acid is <NRuN= 90°.
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Table 4: Selected bond lengths (A) and bond angles (°) for ruthenium N3 complex

Bond Length Bond Angles
(A) ()

Ru-N2 2.096 N2-Ru-N12 89.800

Ru-N12 2.109 N2-Ru-N12 89.800

Ru-N22 2.096 N32-Ru-N59 89.800

Ru-N32 2.109 N12-Ru-N59 89.210

Ru-N58 2.065 N32-Ru-N12 90.300

Ru-N59 2.065 N58-Ru-12 89.800
N22-Ru-N59 90.560
N58-Ru-N59 178.600
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Figure 30: Optimized structure of ruthenium N3 complex [cis-di (thiocyanate) bis(2,2-
bipyridine-4,4-dicarboxylate) ruthenium]]) Ru(dcbpy)(NCS)2 (Colour- Olive green represents
ruthenium atoms, blue represents nitrogen atoms, yellow represents sulphur atoms, grey

represents carbon atoms and red represents oxygen atoms).

4.2.4. UV/VIS absorption spectrum of ruthenium N3 complex

An efficient photosensitizer must have good excited state properties and intense absorption in
the visible and near infra-red region of the solar spectrum. To understand the excited state
properties and the absorption spectra of the ruthenium N3 complex, TD-DFT calculations in
gas phase were performed using B3LYP and LanL2DZ functional. The 80 singlets to singlet

transitions were considered in order to account for the whole spectrum.

The absorption spectrum of ruthenium N3 sensitizer in gas phase is presented in Figure 31.
The ruthenium sensitizer shows a good absorption in the UV and visible region of the solar

spectrum with intense absorption around 311 nm, 388 nm and 480nm. However, the peak/Amax
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is more notable at 480 nm. The simulated absorption peak of the ruthenium N3 sensitizer is in
close agreement with experimental and theoretical reported literature values [95, 170]. Hence
B3LYP/LANZ2DZ level of theory is suggested to be appropriate for simulation of absorption

spectra of ruthenium N3 complex dye molecule.

Ruthenium N3]

0,16 -
0.14-
0.12-
0,10 -
— 0,081
0,06 -
0,04 -

0,02

0,00 T T T T T T T T
200 300 400 500 600
Wavelenght (nm)

Figure 31: Simulated absorption spectra of ruthenium N3 complex

4.2.5. Light harvesting efficiency of ruthenium N3 complex

High LHE designates a good photocatalytic/light harvesting property. The light harvesting
efficiencies of the dye molecules were calculated theoretically using Equation (79). The highest
oscillator strength of the ruthenium N3 complex is 0.15, yielding a corresponding calculated
light harvesting efficiency value of 0.292, as shown in Table 5. The ruthenium complex has an

average LHE value of 0.23.
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Table 5: Computed light harvesting efficiencies of ruthenium N3 complex at Amax

Wavelength Absorption LHE LHE
(nm) (%)
312 0.050 0.108 10
388 0.110 0.224 22
467 0.150 0.292 29

4.2.6 Electronic properties of ruthenium N3 complex

The simulated HOMO, LUMO, HOMO-LUMO energy gaps of the ruthenium N3 complex are
presented in Table 6. The HOMO of N3 lies at -5.03 eV while the LUMO lies at -3.01 eV,
therefore the HOMO-LUMO energy gap is 2.02 eV compared to other findings whereby -5.67
eV, -3.63 eV, 1.96 for the HOMO, LUMO and HOMO-LUMO energy gap respectively were
obtained using the same level of theory. The experimentally reported values for the HOMO,
LUMO and HOMO-LUMO energy gap of the ruthenium N3 complex are -5.36 eV, -3.47 eV
and 1.89. Our results compare favourably well with the simulated and experimental result [95,
170].

Table 6: HOMO, LUMO, HOMO-LUMO energy gap of the ruthenium N3 complex

Dye (N3) HOMO (eV) LUMO (eV) H-L gap (eV)
Experimental work [170] | -5.360 -3.470 1.890
Simulated [95] -5.670 -3.630 1.960
This work -5.030 -3.010 2.020

The isodensity surfaces of HOMO and LUMO of ruthenium N3 complex are presented in
Figure 32. The HOMO of the ruthenium N3 sensitizer is localized on the centre of the
thiocyanate ligands while the LUMO is delocalized over the two dcbpy 4, 4 -dicarboxy-2, 2_-
bipyridine ligands. The different position/localization of the HOMO- LUMO indicates good
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electron injection properties of the ruthenium N3 complex. Our findings on the ruthenium N3
complex generally corroborated with findings from other authors reported in literature [95,
170].

(a) Ruthenium N3 HOMO (b) Ruthenium N3 LUMO

Figure 32: Isodensity surfaces of ruthenium N3 complex (a) highest occupied molecular orbital

and (b) lowest unoccupied molecular orbital

4.3 Metal free organic sensitizers

The ruthenium (11) polypyridyl complexes (N3) have demonstrated good chemical stability and
excellent performance as sensitizer for DSSCs. Conversion efficiencies of more than 12 %
have been achieved with the use of ruthenium N3 as dye sensitizer for TiO, semiconductor in
DSSCs architecture [47, 53, 80, 90, 125]. However, ruthenium dye are relatively scarce and
expensive, while their toxicity has raised environmental concern, thus limiting their application
as a sensitizers for DSSCs [49]. Consequently, organic dye have now attracted a lot of attention
as alternative sensitizers for DSSCs applications [48]. The advantages of the organic dye
include higher extinction coefficient, low cost, good environmental compatibility and
electrochemical properties [82, 93, 105]. The organic dye with basic configuration donor-z-
acceptor are relatively cheap, easy to synthesize and possess chemical structures that can easily

be altered to optimize photocatalytic properties of the semiconductor [56].
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Several organic dye such as coumarins [125], indolines [96], porphyrins, perylenes, cyanines,
mecrocyannines, quinolones, croconate [79, 80], phenothiazine [59], triphenylamine [97] and
polyene-diphenylaniline [63, 64] have been reported as sensitizers for DSSCs. These metal-
free organic dye have high molar absorption coefficients, various structures, low costs and
relatively simple synthesis procedures. Efficiency of about 5- 9 % has been achieved with
organic sensitizers [93, 97, 125, 171]. On the other hand, DSSCs based on natural sensitizers
have efficiency of about 3.04 % [172]. Organic sensitizers steered up lots of interest from

research community owing to their better efficiencies than the natural sensitizers.

4.4 Polyenediphenyl-aniline dye

4.4.1 Introduction

In this section, we employed density functional theory to study the geometrical, electronic and
optical properties of D5, D7, D9 and D11 to gain more insight into the spectral characteristics
that influence their light harvesting properties and a key factor to achieving higher incident
photon to power conversion efficiency [125, 133]. Time-dependent density functional theory
(TD-DFT) was employed to compute the ground state, excited state, absorption spectra and

light harvesting efficiency of the series polyenediphenyl-aniline dye.

The polyenediphenyl-aniline dye shown in Figures 13-16 belong to the group of organic
sensitizers which have demonstrated promising performance as DSSCs sensitizers. They have
a short synthesis route and are readily adsorbed on TiO2 under a variety of dye-bath conditions.
The overall solar-to-energy conversion efficiency of the polyenediphenyl-aniline was reported
to be over 5% in the preliminary tests. Boschloo and co-workers successfully synthesized
polyene-diphenylaniline (D5) dye and compared the results with the performance of the
standard N719 when tested on DSSCs [41]. The D5 outperformed the standard ruthenium
N719 for sensitization of mesoporous TiO> with iodide/triiodide electrolyte and amorphous
hole conductor (spiro-OMeTAD) (D5) when absorbed on TiO2. A series of polyene based
organic dye coded (D5, D7, D9, D11) was later reported by Kuang and co-workers. These dye
demonstrated excellent stability under standard 1.5 air mass (AM) illumination while used with

ionic liquid electrolyte with power conversion efficiency of 6.5 %.
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4.4.2 Computational Procedures

In this study, the structures of four dye molecules were built using Gaussview molecular builder
interface. All DFT/TD-DFT calculations were executed by Gaussian 03 quantum chemical
package [78]. The structural optimization of the ground state of the polyenediphenyl-aniline
dye in gas phase was performed using the hybrid density functional B3LYP and 6-31G* basis
sets [149, 150]. The same basis sets were used to simulate the UV-Vis spectra of the dye in gas
phase. About 70-100 singlet-singlet transitions were considered in order to account for the

excitation energy in the whole of the absorption spectrum.

4.4.3 Structural Properties
Four organic dye were considered in this study and are listed below:
1. (D5): 3-(5-(4-(diphenylamine) styrl) thiophen-2-yl)-2-cyanoacrylic acid
2. (D7): 3-(5-bis(4-(diphenylamino) styrl)thiophen-2-yl)-2-cyanoacrylic acid
3. (D9): 5-(4-(bis(4-methoxyphenylamino) styrl) thiophen-2-yl)-2-cyanoacrylic acid
4. (D11): 3-(5-bis (4, 4’-dimethoxyphenylamino) styrl) thiophen-2-yl)-2-cyanoacrylic

acid.

The structures of the four dye listed above were built in Gauss View as reported by Kuang and
co-workers [82]. The optimized structures of D5, D7, D9 and D11 are shown in Figures 33,
34, 35 and 36 respectively. In these structures, the diphenylaniline was the donor unit, polyene
and thiophene were the m-conjugation to link or bridge the donor acceptor moiety while -COOH
and -CN were the acceptor and anchor units respectively. The donor unit for D7 and D11 was
extended by the addition of diphenylaniline. The diphenylaniline of D9 and D11 were then
modified by the addition of methoxy group as shown in Figures 35 and 36.
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Figure 33: Optimized structure of D5: 3-(5-(4-(diphenylamine) styrl) thiophen-2-

cyanoacrylic acid. Atoms are represented according to colour with carbon in grey, nitrogen in

blue, sulphur in yellow, oxygen in red and hydrogen in white.

&*&4
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Figure 34. Optimized structure of D7: 3-(5-bis (4-(diphenylamino) styrl) thiophen-2-yl)-2-
cyanoacrylic acid. Atoms are represented according to colour with carbon in grey, nitrogen in

blue, sulphur in yellow, oxygen in red and hydrogen in white.
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Figure 35: Optimized structure of D9: 5-(4-(bis (4-methoxyphenylamino) styrl) thiophen2yl)-
2-cyanoacrylic acid. Atoms are represented according to colour with carbon in grey, nitrogen

in blue, sulphur in yellow, oxygen in red and hydrogen in white.

Figure 36: Optimized structure of D11: 3-(5-bis (4.4-dimethoxyphenylamiono) styrl) thiophen-
2-yl) -2-cyanoacrylic acid Atoms are represented according to colour with: carbon in grey,

nitrogen in blue, sulphur in yellow, oxygen in red and hydrogen in white.
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4.4.3.1 Structural parameters
In this study, the molecular structures of the four dye were fully optimized in their ground state

without symmetry constraints using hybrid density functional theory B3LYP and the 6-31G*
basis set. The dipole moments and the internal forces obtained for the dye structures after

optimization are summarized in Table 7.

Table 7. Internal forces (eV) and dipole moments (Debye) of optimized dye.

Sensitizer Internal  forces threshold value | Dipole moment (Debye)
(eV/atom)

D5 4.5x10* 6.784

D7 4.5x10* 5.930

D9 4.5x10* 4.852

D11 4.5x10* 7.550

The geometrical optimizations converged when the internal forces acting on all the atoms were
less than a threshold value of 4.5x10* eV/A. D5 and D11 show the highest dipole moments,
which explains the polarity between the molecules. For further analysis on structural properties,
selected bond lengths, bond angles and dihedrals of D5, D7, D9 and D11 are listed in Tables
8, 9, 10 and 11 respectively. The numbers represents the number of atoms on the molecules,
The bond lengths is the distance between the two atoms in the molecules, the bond angle is the
angle between the three atoms in the molecule while the dihedrals is the dihedral angle between

four atoms in the molecule.
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Table 8. Selected bond lengths (A), bond angles (°) and dihedral (°) of D5 dye.

D5 Bond length
1-2 1.413
1-12 1.435
1-23 1.435
41-43 1.328
9-35 1.412
35-36 1.379
Bond Angles
2-1-23 120.600
2-1-12 120.600
9-34-35 178.800
41-43-44 177.800
Dihedral
4-2-1-23 31.500
2-1-12-14 46.700
43-44-45-47 0.100

Table 9. Selected bond lengths (A), bond angles (°) and dihedral (°) D7 dye.

D7 Bond length
1-2 / 59-56 1.419
1-12 /59-60 1.435
1-23/59-70 1.419
39-41 1.312
9-32 /49-32 1.491
33-34 1.311
Angles
2-1-22 / 56-59-60 120.380
22-1-12 / 60-59-70 120.0
9-32-33/49-32-33 120.130
39-41-42 179.600
Dihedral
3-2-1-12 /52-56-59-60 35.400
2-1-22-24 | 56-59-70-72 44.500
41-42-43-44 0.500
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D9 Bond length

1-2 1.413
1-12 1.421
1-23 1.421
41-43 1.323
9-35 1.403
35-36 1.372

Angles

2-1-23 120.2
2-1-12 120.3

9-34-35 179.25
41-43-44 177.2

Dihedral

4-2-1-23 37.2
2-1-12-14 40.0
43-44-45-47 1.224

Table 11. Selected bond lengths (A), bond angles (°) and dihedral (°) of D11 dye.

© University of Venda

D11 Bond length
1-2 / 59-56 1.448
1-12 /59-60 1.389
1-23/59-70 1.389
39-41 1.312
9-32 /49-32 1.495
33-34 1.311
Angles
2-1-22 / 56-59-60 118.72
22-1-12 / 60-59-70 122.5
9-32-33/49-32-33 120.13
39-41-42 179.6
Dihedral
3-2-1-12 /52-56-59-60 51.08
2-1-22-24 | 56-59-70-72 32.0
41-42-43-44 0.1
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The calculated geometrical properties of D5 dye are in close agreement with those reported in
the literature [102]. Similar geometrical characteristics resulting from similar geometry of the
dye structures were observed for D5, D7, D9 and D11. The distances between the C atom in
carboxyl and N atom in aniline were 1.435 A, 1.435 A, 1.421A and 1.389 A for D5, D7, D9
and D11, respectively. These values account for the lengths of the conjugation bridges. These
conjugation lengths aid electron transfer in the conjugation chain [173].

4.4.3.3. UV-Vis absorption spectra of the dye
The UV-Vis spectra of the dye were calculated using TD-DFT/B3LYP in gas phase for all the
dye. The absorption spectra graph is shown in Figure 37.
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Figure 37: Simulated absorption spectra of D5, D7, D9 and D11 dye.
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The absorption peak for D5 dye is located at 400 nm while that of D7 dye is located at 380 nm.
D9 shows an absorption peak at 490 nm while D11 shows an absorption double peaks at 330
nm and 504 nm. The highest absorption wavelength was notable for both D9 and D11. The
molar absorption reported by Kuang’s electrochemical experiment are 33,000 M cm? (441
nm) 31,000 M cm? (441 nm) 33,000 M cm™ (464 nm) 38, 000 M cm™? (458 nm) for D5,
D7, D9 and D11 respectively. The study reported that D9 and D11 show spectral red shifts and
better current-voltage characteristics than the corresponding D5 and D7 [82]. This explains the
red shifted spectral peak observed for D9 and near infra-red absorption observed for D11. The

calculated results agree fairly well with Kuang’s findings.

Interestingly, the HOMO-LUMO energy gaps obtained for D9 and D11 were found to be
relatively low as compared to D5 and D7. This suggests the bathochromic shift observed in
their absorption spectra. The light harvesting efficiencies of the dye were calculated using

equation (79) and are  presented in Table 12.

Table 12. Computed maximum absorption(A,,,,/nm), excitation energy (eV), oscillator

strength (f) and light harvesting efficiency (LHE) of the dye.

Dye Amax(mm) | E (eV) F LHE
D5 400 3.09 0.58 0.74
D7 380 3.26 0.46 0.65
D9 490 2.53 0.75 0.82
D11 504 2.46 0.72 0.81

From the calculation results in Table 12, D9 and D11 show the highest light harvesting
efficiencies. This is in agreement with simulated absorption spectra as presented in Figure 37
whereby D11 showed more spectral red shift absorption than D5, D7 and D9. This explains the
highest current-voltage characteristics observed for DI1 as reported by Kuang’s
electrochemical experiment [82]. The results obtained from this study agree very well with
Kuang’s report. The calculated LHE values range from 0.653 to 0.822 and are relatively high,
suggesting that the dye molecules will demonstrate good performance when used as

photosensitizers for DSSCs.
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4.4.3.4. Energy levels of the dye

The energy levels (HOMO, LUMO, energy gap) provide the driving force for electron charge
transfer of the dye sensitizer [80, 82, 173]. Low band gap energy between the HOMO and
LUMO of the photosensitizers enhances absorption of photons in the red spectral region of the
solar spectrum [52, 96]. The HOMO and LUMO isodensity plots of the photosensitizers were
calculated and are presented in Figure 38.

The HOMOs in D5 is more delocalized over the entire molecular region whereas the HOMOs
in D7, D9 and D11 are mainly distributed in the electron donor moiety but extend to linker
groups in D7. The LUMOs in D5, D7, D9 and D11 are localized over the cyanoacrylic acid
anchor and the linker groups although they extend to some of the polyenediphenyl in D11 dye.
Different electronic density distribution between HOMO and LUMO results in intermolecular
charge separation between the donor and the acceptor group of the sensitizer when excited [91].
Computed HOMO levels of D5, D7, D9 and D11 lie at -4.90 eV, -5.13 eV, -4.46 eV and -4.44
eV respectively. The HOMOs are in the order D7<D5<D9<D11. The LUMO levels are located
at -2.62 eV for D5, -2.41 eV for D7, -2.94 for D9 and -2.90 eV for D11. Thus, the LUMOs are
in the order D9<D11<D5<D7. However, the HOMO- LUMO gaps are 2.27 eV, 2.72 eV, 1.51
eV and 1.53 eV for D5, D7, D9 and D11 respectively. Smaller HOMO- LUMO gaps observed
in D9 and D11 suggest that the addition of methoxy groups to the donor moiety of the
photosensitizers influences their energy levels. The computed values of -4.90 eV, -2.62 eV,
2.27 eV for HOMO, LUMO, HOMO- LUMO energy gap of D5 are in good agreement with
literature results -4.96 eV, -2.68 eV, 2.28 eV [91] and -5.14 eV, -2.66 eV and 2.48 eV [102]
that were obtained using the same level of theory. Hence the hybrid B3LYP/6-31G* basis sets

are effective for computing molecular energy levels and isodensity plots for dye molecules.
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Figure 38: Frontier molecular orbitals calculated using B3LYP/6-31G* theory and isodensity
surfaces of HOMO and LUMO of D5, D7, D9 and D11 dye.
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4.5 Croconate dye

4.5.1 Introduction

In this work, DFT and TD-DFT methods were used to study the optical and absorption
properties of two croconate dye. The two croconate dye are CR1 and CR2 as described in
section 1.10 of chapter 1 and were presented in Figures 11 and 12 respectively. The major
difference between the two dye is that CR1 contains electron donating methyl while CR2
contains electron withdrawing carboxylic acid moiety. In this section conjugate length,
absorption bands, light harvesting efficiency and HOMO-LUMO energy levels for electron
injection of the dye and are discusses and compared with other findings reported in literature.
Croconate dye are important class of organic dye with short backbone and oxyallyl subgroup.
Some of their salient features are easy synthesis route, good interaction with light, narrow
bands and intense absorption in the near infrared region and their ability to absorb light even
at wavelengths greater than 1100 nm. Their characteristic strong interaction with light has been
attributed to their biradical character. The short oxyallyl subgroup in the backbones of these
dye makes it easily synthesizable, thereby producing DSSCs that are flexible with strong light

interaction.

Puyad et al. studied two model croconate dye labelled CR1 and CR2, one with an electron-
donating substituent (CR1) and the other with an electron-withdrawing group (CR2) and their
adsorption on the stoichiometric TiO> anatase (101). The findings showed that the acidic group
(-COOH) possesses a strong binding ability to the TiO> surface [80]. Chitumalla et al. later
reported on the two croconate dye, CR1 and CR2 using density functional theory. The periodic
and electronic-structure calculations revealed that the diketo group of CR1 bind more strongly
to the TiO> surface than that of CR2, with a binding strength comparable to that of a typical
organic d-n—a dye. The study suggested that the nature of the substituent plays a vital role on

the electronic, optical and adsorption properties of the croconate dye [79].

4.5.2 Computational procedure

The structures of the dye molecules were built in Gaussian 03 quantum chemical package [78].
Geometrical optimization calculations of the dye molecules in vacuum were performed using
the first principles calculations based on density functional theory while employing the hybrid
density functional-B3LYP and Pople’s split valence basis set with polarization and diffuse
functions [6-31G*] using the default integration grid as implemented in Gaussian 03. The

UV/Vis simulations of the absorption spectrum were performed on the ground state structure
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obtained after optimization using the same basis sets while considering 50 singlet to singlet
transitions. This was followed by the calculation of the light harvesting efficiencies at Amax and

the excited properties of the dye molecules.

4.5.3 Results and discussions

4.5.3.1 Structural optimization

Hybrid density functional B3LYP exchange correlation functional and 6-31G* basis set level
were used to optimize the ground state geometries of the croconate dye molecules in vacuum
via Gaussian 03. The optimized molecular geometries are shown in Figure 39. CR1 contains
electron donating methyl group (CHz) which is an alkyl derived from methane, containing one
carbon atom bonded to three hydrogen atoms while CR2 contains electron withdrawing
carboxyl group (-COOH), which is an organic compound contained in carboxylic acid, one
carbon atom bonded to two oxygen atoms and one hydrogen atom. The geometrical
optimizations converged when the internal forces acting on all the atoms were less than 4.5x10"
* eV/A. The optimized geometry parameters, i.e., bond lengths and bond angles are presented
in Table 13. The 06-C3 bond length of the oxyallyl moiety in CR1 is 1.236 A. This is longer
than the bond length of C5-O7/ C1-C8 which is 1.220 A. This was also the case for the bond
length of 06-C3 (1.243 A) and C5-09/C1-010 (1.238 A) in CR2. This suggests a more single
bond character of the oxyallyl compared to C5-O7/ C1-C8 and C5-09/C1-010. Other findings
obtained values of 1.299 A 06-C3 bond length for the oxyallyl moiety and 1.213 A for C5-07/
C1-C8 in CR1, and 06-C3 (1.216 A) and C5-09/C1-010 (1.208 A) in CR2 [77]. Our findings

compare favourably well with other findings [79, 80].

CR1 CR2

Figure 39: Optimized structures of CR1 and CR2, red ball represents oxygen, grey balls

represent carbon and white balls represent hydrogen.
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Table 13: Optimized structural parameters of two model croconate dye, CR1 and CR2. Bond

distance in units of A and degrees (°) respectively.

Dye | 06-C3(R) | C3-C4/ |C4-R/ |C5_07/Cl- |OBC3C4/ | CAC3C2()
c3-c2(&) |c2-r |%® 06C3C2 (%)
A C5-09/C1 —
010 (A)
CR1 | 1.236 1.459 1.464 1.220 127.3 105.1
CR2 | 1.243 1.468 1.469 1.238 128.6 102.3

4.5.3.2 Excitation and absorption spectrum of the dye

Figure 40 illustrates UV-Vis spectra of the two dye molecules. The absorption maxima of CR2

is situated at 225 nm and 550 nm while the absorption peaks of CR2 are notably at 160 nm,
220 nm, 440 nm and 680 nm. CR2 demonstrates more red shifted absorption than CR1. This

may be as a result of the electron withdrawing carboxylic group in the structure of CR2. This

suggests that the structure of CR1 and CR2 can be fine-tuned with the addition or substitution

of chemical constituents to absorb more photons in the near infrared region. Other findings

obtained absorption maxima of 535 nm and 635 nm for CR1 and CR2 respectively, which are

in agreement with this study [79].
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Figure 40: Simulated UV-Vis spectrum for CR1 and CR2 dye molecules.

4. 5.3.3 Light harvesting efficiency of the CR1 and CR2 dye

Light harvesting efficiency of CR1 and CR2 at the absorption peaks was calculated using
Equation (79). The computed light harvesting efficiencies of CR1 and CR2 are presented in
Table 14 and Table 15 respectively.

Table 14: LHE of CR1 at a particular wavelength

Wavelength (nm) Absorption LHE LHE (%)
225 0.470 0.661 66
550 0.086 0.176 17

Table 15: LHE of CR2 at a particular wavelength

Wavelength (nm) Absorption LHE LHE (%)
160 0.090 0.187 18.7
220 0.180 0.339 33.9
440 0.040 0.087 8.7
680 0.030 0.067 6.7
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An increase in the LHE raises the photocurrent response and therefore the corresponding device
efficiency. The calculated percentage of LHE and Amax IS found to be 66.0 % with Amax= 550
nm for CR1 and 33.9% with Amax = 680 nm for CR2. The LHE depends on the absorption
(oscillator strength) at a known wavelength. The higher percentage of light harvesting
efficiency of 66.0% was demonstrated by CR1 owing to its high oscillator strength at 225 nm,
although CR2 has the highest Amax 0f 680 nm.

4.5.3.4 Energy levels and isodensity surfaces of the CR1 and CR2 dye

Isodensity surfaces of the dye depicting the HOMO, LUMO and HOMO-LUMO of the dye
molecules are presented in Figure 41. The energy gap is generally the lowest energy electronic
excitation that is possible in a molecule. The HOMO, LUMO and HOMO-LUMO energy gap
of CR1 and CR2 dye molecules are represented in Table 16.

Table 16: The HOMO, LUMO, HOMO-LUMO energy gap of CR1 and CR2 dye molecules.

DYE MOLECULE HOMO (eV) | LUMO (eV) HOMO-LUMO GAP

(eV)
CR1 -7.490 -5.080 2.320
CR2 -8.080 -6.040 2.040
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Figure 41: Isodensity surfaces of the molecular orbitals of (a) highest occupied molecular
orbital of CR1 (b) lowest unoccupied molecular orbital of CR1 (c) highest occupied molecular

orbital of CR1 (d) lowest unoccupied molecular orbital of CR2.

The HOMO energies of CR1 and CR2 are —7.49 eV and —8.08 eV respectively, the LUMO
energies of CR1 and CR2 are found to be 5.08 eV and —6.04 ¢V respectively. The HOMO-
LUMO energy gap (HLG) values of CR1 and CR2 are 2.32 eV and 2.04 eV respectively. The
lower the HOMO-LUMO energy gap of the sensitizer enhance absorption at higher wavelength
and the photocurrent response of DSSCs. Low energy gap between the HOMO and LUMO of
sensitizer enhances the absorption of photons in higher spectral regions of the solar spectrum.
The two dye relatively have low HOMO-LUMO energy gap, but with CR2 giving the least
HOMO-LUMO energy gap. The lower HOMO-LUMO energy gap of CR2 suggests the red
shifted absorption observed for CR2 in Figure 41. The findings compare favourably well with
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values of -7.43 eV, -5.07 eV and 2.36 eV for HOMO, LUMO and HLG of CR1 respectively, -
8.08 eV, -6.06 eV and 2.02 eV for HOMO, LUMO and HLG of CR2 respectively obtained in
literature previously [79, 80].

The HOMO of CR1 is delocalized on the oxyallyl group, and partly localized on the diketo
group and electron donating methyl while the LUMO is delocalized on the carbon atoms of the
cyclopentane and the methyl group and the electron donating methyl. The HOMO of CR2 is
delocalized on the diketo moiety while the LUMO is delocalized on the carbon atoms of the
cyclopentane. The different concentration of the electron densities of HOMO and LUMO for
CR1 and CR2 dye molecules suggest good electron transfer properties of the croconate dye,
implying that both CR1 and CR2 can efficiently inject electron into the large band gap of TiO>
semiconductor and hence improve the overall performance of DSSCs.
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CHAPTER FIVE
5.0 TiO2) n BROOKITE NANOCLUSTERS
5.1 Introduction
The photoanode of DSSC comprises of dye molecules anchored to the surface of
semiconductors. Nanostructured TiO> are typically employed in most DSSCs [175, 176]. In
this chapter, DFT/TD-DFT studies on the geometrical, electronic (TDOS) and optical
properties (UV/Vis) of TiO, brookite clusters are carried out in order to understand the
photocatalytic properties of brookite nanocluster. The brookite polymorph of TiO- has not been
studied extensively and it has been reported to have good photocatalytic properties. It is
therefore of keen interest to understand the electronic and optical properties of this polymorph
for its application as a semiconductor material in DSSCs architecture. Recent studies have
suggested that brookite is a good photocatalyst and exhibit higher photocatalytic activity than
both rutile and anatase. Density functional theory studies performed on brookite (210) and
anatase (101) surfaces demonstrated that brookite (210) surface has similar building blocks as
anatase (101) surface. The study also reported that brookite (210) surface is one of the most

stable and relaxed surface of brookite polymorphs [75, 76].

5.2 Computational procedure

Geometrical optimization of brookite bulk structure was performed using first principles
calculations based on density functional theory using a plane-wave pseudopotential method.
Generalized gradient approximation in the scheme of Perdew-Bruke-Ernzerhof (PBE) [147]
was used to describe the exchange-correlation functional using the fine quality and all
band/EDFT as electronic minimizer. The calculations were carried out using CASTEP code
[166], which is a package within the framework of the Materials Studio software to obtain the

ground state structure of brookite TiO2 bulk system.

Several values of plane wave basis set cut-off energy ranging from 100 eV to 800 eV were
evaluated for geometrical optimizations to determine convergence energy cut-off of the bulk
structure of TiO brookite. The suitable convergence energy cut-off was found to be 650 eV.
Then the Monkhorst-Pack [169] grid parameters were varied to obtain a close spacing of the
bond length followed by geometrical optimization of the structure. The number of k-points
obtained for the grid parameters was plotted against the energy values obtained from the
geometrical optimization and the convergence k-point grid with value of 30 was found to be
suitable to converge the nanocluster systems. The corresponding k-mesh parameters are 4x7x7.
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The minimum structure was then imported into a new 3D atomic window and three TiO>
brookite clusters namely (TiO2) » where n =5, 8 and 68 were cleaved from the optimized ground
state bulk structure. The TiO, brookite nanoclusters were composed from a simple box shape
with dimension 5 A in x, y and z directions with stoichiometry (TiO2)» where n = 5, 8 and 68.
The brookite nanoclusters were imported to Gaussview within the framework of Gaussian 03
quantum chemical package software. The imported structures of the TiO brookite nanoclusters
were then cleaned via Gaussview build interface of Gaussian 03 for reorientation of the atoms.
This was followed by the structural optimization of the nanoclusters whereby the hybrid density
functional B3LYP and LanL2DZ basis set were used to account for the charge formation on
the Ti atoms. The UV/VIS simulations of the absorption spectrum in vacuum were performed
using the same basis set with 40 singlets to singlet transitions. The density of states were
simulated using the keywords “pop=full” and the output log file obtained from the simulation
results was opened with Gausssum software to view the spectrum for the total density of states
for the occupied and the unoccupied orbitals. The total density of states spectrum was
convoluted using Full Weight at Half Maximum (FWHM) value of 0.3 and energy scale of -20
eV to 20 eV.

5.3 Results and Discussions

5.3.1 Structural Properties of (TiO2)s

The structures of the nanocluster modelled from the optimized minimum bulk structure
obtained from BIOVIA material studio CASTEP [77, 165] was exported to Gaussview in
Gaussian 03 quantum chemical package software. Structural optimization of the nanocluster
was done while using the hybrid density functional B3LYP and LanL2DZ basis sets. The
optimized structure is shown in Figure 42. The optimized parameters that includes the bond
length and bond angles are presented in Table 17. The calculated bond lengths between Ti and
O atoms of brookite nanocluster range from 1.83 A to 2.02 A while the bond angles between
O- Ti-O range from 78 ° to 113 ° The calculated parameters agree with the bond length value
range of 1.87 A to 2.04 A and fairly agree with the bond angles values ranging from 77.00 to
105 ° for brookite nanocluster structure as reported in literature [103]. The average bond length
is 1.89 A
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Table 17: Selected bond lengths (A) and bond angles (°).

Bond length (A) Bond Angles (°)
Ti1-03 1.830 03-Ti1-08 114.000
Ti1-08 1.830 08-Ti1-09 106.000
Ti1-05 1.850 04-Ti5-012 113.000
Ti5-04 1.950 04-Ti5-014 78.000
Ti5-06 1.940 012-Ti5-014 113.000
Ti5-014 2.010 03-Ti10-014 93.700
Ti10-02 1.900 03-Ti10-011 104.000
Ti10-014 2.000 02-Ti10-03 105.000
Ti10-03 1.830 04-Ti13-014 83.000
Ti13-04 1.780 07-Ti13-04 81.000
Ti13-09 1.810 07-Ti13-09 104.000
Ti13-07 1.850 09-Ti13-014 101.000
Ti13-014 1.94 07-Til5-08 106
Ti15-07 1.84 08-Ti15-07 106
Ti15-08 1.83 08-Ti15-011 107
Ti15-011 2.02
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Figure 42: Optimized structure of TiO> brookite nanocluster

5.3.2 Optical Properties of (TiO2)s

The absorption spectrum of TiO brookite excited states was simulated using TD-DFT method,
the hybrid density functional theory B3LYP approximation with the LanL2DZ basis set was
used considering 40 singlets to singlet transitions. The absorption plot of brookite TiO2 is
presented in Figure 43. The absorption maximum was located at 410 nm, showing that the
maximum absorption is mainly situated at the UV region of the solar spectrum. This agrees
with findings from literature that TiO2 is majorly sensitive in the UV region of the solar
spectrum owing to its wide band gap (3.0-3.2 eV) [65, 66]. It was also observed that the
absorption maximum extends slightly to the visible region by a value of 10 nm. This agrees
closely with findings of Zallen et al. [75], wherein measurement of the optical absorption edge
of brookite TiO, at room temperature showed that the absorption edge of brookite was broad
and extends to the visible region of the solar spectrum. This correlates with the slight extension
of 10 nm of the absorption maximum observed in the absorption spectrum of brookite

nanocluster.
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Figure 43: Simulated UV-Vis spectrum of (TiO»)s brookite nanocluster.

5.3.3 Electronic Properties of (TiO2)s

The total density of states (TDOS) for the TiOz cluster shown in Figure 44 for the TiO: cluster
was computed to understand the electronic coupling between the occupied and unoccupied
molecular orbitals. The TDOS of the TiO2 nanocluster showed broad space between the
occupied and unoccupied state separated by a gap of 2.9 eV. There is a slight deviation of 0. 3
eV from the experimentally reported values of 3.2 eV [65 -67] for band gap of brookite bulk
structure. The slight deviation may be as a result that a TiO, brookite nanostructure is
geometrically different relative to the bulk system or could be because the estimated gap is the
separation between the occupied and the unoccupied states of the nanocluster itself. However,

the band gap agrees fairly with values reported from previous literature [65, 66].
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Figure 44: Total density of states (TDOS) spectrum of brookite (TiO2)s nanocluster

5.4 Generation of larger (TiO2) »n brookite nanoclusters

Nanoclusters with large number of atoms were studied using DFT and the three brookite
nanoclusters, namely; TisO10, TigO16 and TissO136 are considered in this thesis. The adsorption
of polyenediphenyl-aniline, croconate and ruthenium N3 dye molecules on three brookite TiO>
surfaces, their interactions, adsorption energies, optical properties, electronic properties and

electron injection kinetics of dye molecules are investigated.

5.5 Computational procedures

The bulk structure of brookite TiO> that was used throughout the study was optimized using
CASTEP module in Materials studio BIOVIA [165] to obtain the ground state structure of the
TiO2 brookite semiconductor. The convergence energy cut-off and k-points were 650 eV and
4x7x7 respectively. The three brookite nanoclusters were cleaved from the optimized ground
state bulk structure. The selected modelled clusters are (i) TiO2 brookite nanocluster with

dimension 5 A in x, y and z directions, the stoichiometry of TiO2 brookite nanocluster is
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(TiO2) n where n =5, (ii) cluster with stoichiometry of (TiO2) » where n =8, was modelled and
(iii) cluster with stoichiometry of (TiO2)» where n = 68, which were created from a periodic
repetition of the unit cell 2 x 2 x 2 A supercell in x, y and z directions, cleaved from optimized
TiO2 brookite bulk structure. The clusters were then exported to GPAW software via
crystallographic information format (cif) and were visualized using Avogadro software for
further analysis and calculations.

All DFT calculations were performed within an atomic simulation environment (ASE) with
GPAW software [159]. The structures were visualized with Avogadro. GPAW is a Python
based program-package formulated with density-functional theory (DFT) combined with the
grid space projector-augmented wave (GPAW). The three TiO. brookite clusters that were
generated are presented in Figures 45-47.

All the structures were relaxed in vacuum using GPAW with the PBE exchange correlation
functional. The structures were considered to have converged when the maximum forces that
were acting on all the atoms were about 0.05 eV. The periodic boundary conditions were
implemented on the supercell during the relaxation and were set to none for the non-periodic
brookite (TiO2)s and (TiO2)s cluster models. The atoms of the cluster were reoriented during
the relaxation until the ground state structure was reached where they become stable and the

forces converge to a maximum value of 0.05 N.

The UV/Vis, total density of states and partial density of states of the nanocluster structures
were computed using the trajectory files obtained from the relaxed structures. The UV-Vis was
calculated in vacuum, the TDOS and PDOS were computed from the GPW files computed
using the PBE functional.
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Figure 45: (TiO2)s brookite nanocluster

Figure 46: (TiO)s brookite cluster

Figure 47: (TiO2)es brookite supercell
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5.6 Results and Discussions

5.6.1 Optical Properties of (TiO2)s and (TiO)s brookite clusters

The absorption spectra of (TiO2)s and (TiO2)s brookite clusters were simulated in vacuum using
TD-DFT method with the PBE exchange correlation functional. Absorption spectra of (TiO2)es
was not computed owing to its periodicity. The UV-Vis absorption spectra for (TiO2)s brookite
nanoclusters and (TiO2)s brookite clusters are presented in Figures 48 and 49 respectively. The
absorption spectra of (TiO2)s presented in Figure 43 was computed using hybrid density
functional theory B3LYP approximation with the LanL2DZ basis set while the absorption
spectra of the complex presented in Figure 48 is computed using GPAW with the PBE
exchange correlation functional.

The results agree fairly well as they both show absorption in the UV region. Although Figure
48 shows higher peaks, this may be due to the different functional used in the simulation of the
absorption spectra. The (TiO2)s and (TiO.)s brookite clusters presented in Figures 48 and 49
both show absorption in the UV region of the solar spectrum, with the absorption peaks
predominantly situated around 200 nm. The (TiO2)s also shows a slight absorption peak at
around 400 nm, suggesting the absorption peak at higher wavelength than (TiO2)s. Higher peak
height indicates that the higher absorbance is notable in (TiO2)s brookite absorption spectra
presented than in the (TiO2)s absorption spectra. The results of the absorption spectra of (TiO2)s
and (TiO2)s generally agree with findings from literature in the sense that TiO2 is majorly
sensitive in the UV region of the solar spectrum owing to its wide band gap (3.0-3.2 eV) [65,
66]. This is in agreement with the results obtained using a different method in the previous

section.
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Figure 48: UV/Vis absorption spectrum for (TiO2)s brookite cluster
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Figure 49: UV/Vis absorption spectrum for (TiO2)s brookite cluster

114
© University of Venda



"

&= | University of Venda

5.6.2 Electronic Properties of (TiO2) n =5, 8, 68 brookite clusters

The density of states and the projected density of states of (TiO2)s, (TiO2)s and (TiO2)es
nanoclusters was computed using GPAW and PBE exchange correction functional in order to
further understand their electronic structure. The TDOS and PDOS of (TiO)s, (TiO2)s and
(TiO2)es are presented in Figures 50 -52 respectively. The DOS is composed of the surface
valence and conduction bands separated by a wide band gap. The PDOS results for the clusters
show that both the oxygen and titanium atomic orbitals contribute to the valence states, with
the oxygen 2p atomic orbitals contributing mostly to the highest occupied valence band (VB)
state, whereas the lowest unoccupied state of the conduction band is mainly dominated by the
contributions of titanium 3d atomic orbitals as illustrated. The valence band is dominated by
the p atomic orbitals of oxygen with a little contribution from the p atomic orbitals of titanium.
The key contribution in the conduction band comes from the titanium orbitals, especially

the d and p ones, whereas the contributions of oxygen atoms are minimal.
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Figure 50: TDOS (top) and the projected DOS (bottom) for (TiO2)s nanocluster with the red
line representing titanium atom contributions and blue line representing oxygen contributions

for PDOS.
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Figure 51: TDOS (top) and the projected DOS (bottom) for (TiO2)s nanocluster with the red
line representing titanium atom contributions and while blue line representing oxygen

contributions for PDOS.
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Figure 52: TDOS (top) and the projected DOS (bottom) for (TiO2)es nanocluster with the red
line representing titanium atom contributions and while blue line representing oxygen

contributions for PDOS.
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CHAPTER SIX

6.0 ADSORPTION OF DYE MOLECULES ON (TiO2)n,n=5, 8, 68 BROOKITE
CLUSTERS

6.1 Introduction

Understanding the interaction of dye molecules with the surfaces of TiO: is crucial because
light harvesting and electron collection determine the efficiency of DSSC occur at the interface.
Light harvesting capability of DSSCs basically depends on the molecular properties and band
gaps of the interfacial components between the photoanode materials typically TiO>
semiconductor and the dye molecules [133]. Therefore, reaction mechanisms at the interface
are of great importance in understanding and optimizing light harvesting, photo conversion
function and photocurrent densities in DSSCs.

In this chapter, DFT/TD-DFT was used to investigate the adsorption on and interaction of dye
molecules with TiO. brookite semiconductor clusters in order to understand the interfacial
interaction between the photoanode components. Also the photocatalytic properties of brookite
TiO; are studied to give insights on how absorption in the near infra-red region of the solar
spectrum can be improved. Furthermore, the electron injection dynamics which are key in
optimizing photon to current densities and optimizing DSSC device efficiency are investigated.
Three groups of dye molecules discussed previously in this study (i.e., typical ruthenium N3
complex, promising polyenediphenyl aniline dye and croconate dye) are considered for
adsorption on TiO2 nanoclusters. In this section, results on the binding ability of the dye to
TiO2 clusters, adsorption energies, UV-Vis absorption spectrum, electron injection
efficiencies, electron densities of the key molecular orbitals involved in excitation and their
isodensity surfaces, density of states and the projected density of states are presented and

discussed.

6.2 Computational procedure

The croconate dye molecules were chemisorbed unto TiO2 nanocluster surfaces by bidentate
absorption mode via the diketo group. The bidentate absorption mode was considered for this
study because it was reported to be more energetically favorable [59, 124]. The dye@TiO>
structures were then relaxed, from which the formation energies, optical and electronic

properties of the dye@TiO2 complex were computed upon adsorption.
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6.3 Results and Discussions

6.3.1 Adsorption of polyenediphenyl-aniline dye on TiO: brookite clusters
Polyenediphenyl aniline dye has been reported to demonstrate promising performance
potential for application in ionic liquid based electrolyte and iodide/triiodide based redox
electrolyte dye sensitized solar cells, with power conversion efficiency of 6.5% and 5%
achieved respectively [81, 82]. Four polyenediphenyl-aniline dye molecules coded D5, D7, D9
and D11 described in the earlier section of this study were separately adsorbed on three TiO>
clusters with stoichiometry (TiO2)s, (TiO2)s and (TiO2)es. The four dye molecules were
adsorbed on (TiOy)s, (TiO2)s and (TiO2)es clusters by bidentate adsorption mode as presented
in Figures 53(a-d), 54(a-d) and 55(a-d) respectively. All dye@TiO, complexes were relaxed
upon adsorption. The relaxed structures of the dye molecules adsorbed on (TiO2)s, (TiO2)s and
(TiO2)es clusters are presented in Figures 53-55. The relaxation energies of the dye molecules,
(TiO2)s, (TiO2)s, (TiO2)es brookite clusters and polyenediphenyl-aniline dye absorbed on the
TiO> clusters were computed and are presented in Table 18. The relaxation energies of the
polyenediphenyl-aniline dye molecules are -358.273 eV, -575.417 eV, -404.610 eV, -667.852
eV for D5, D7, D9 and D11 respectively. The energies of the clusters are -119.98 eV, -198.31
eV, -1635.55 eV for (TiO2)s, (TiO2)s and (TiO2)es respectively.

(@ (b)
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Figure 53: Polyenediphenyl-aniline dye absorbed on (TiO2)s (a) DS@ (TiO2)s (b) D7@ (TiO2)s
(c) D9@ (TiO2)s (d) D11@ (TiO2)s

(a) (b)
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Figure 54: Polyenediphenyl-aniline dye absorbed on (TiO2)s (a) D5@ (TiO2)s (b) D7@ (TiO2)s
(c) D9@ (TiO2)s (d) D11@ (TiO2)s
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Figure 55: Polyenediphenyl-aniline dye absorbed on (TiO2)ss (a) D5@ (TiO2)es (b) D7@
(TiO2)ss (c) DY@ (TiO2)es (d) D11@ (TiO2)es
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Table 18: Relaxation energies of the polyenediphenyl-aniline dye molecules, TiO: clusters and

polyenediphenyl-aniline dye absorbed on brookite TiO2> complex.

Relaxed Energy Energysian (TiO2)n Energyiab +molecule)
cluster Dye@(TiO2)n
(eV) (eV)
System (eV)
D5 -358.273
D7 -575.417
D9 -404.610
D11 -667.852
(TiO2)s -119.985
(TiO2)s -198.308
(TiO2)es -1635.558
D5@(TiOz)s -480.127
D7@(TiO2)s -697.313
D9@(TiOz)s -526.535
D11@(TiO2)s 789.899
D5@(TiOz2)s -558.182
D7@(TiO2)s -775.340
D9@(TiO2)s -604.583
D11@(TiO2)s -867.970
D5@(TiOz2)es -1998.665
D7@(TiOz2)es -2215.756
D9@(TiO2)es -2044.859
D11@(TiO2)ses -2308.388
123

© University of Venda


mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2

"

yyyyyyyyyyyyyyyyyyyyyy

6.4. Adsorption energies of polyenediphenyl-aniline dye on TiO2 brookite clusters
The adsorption energies of D5, D7, D9 and D11 dye adsorbed on (TiO2)s, (TiO2)s and (TiO2)es

are computed using Equation (79) and the results are listed in Table 19.

The adsorption energy denotes the binding ability of the dye molecules [80]. All the results
show a positive adsorption value, which suggests stable grafting of the dye molecules unto the
surface of TiO. The adsorption energies of D5@ (TiO2)s, D7@ (TiO2)s, D9@ (TiO2)s, D11@
(TiO2)s are 1.87 eV, 1.91 eV, 1.94 eV and 2.06 eV. The adsorption energies are in the order
D5@(TiO2)s < D7@(TiO2)s < D9@(TiO2)s < D11@(TiO2)s. This implies that D11 dye
molecule binds more strongly to the (TiO)s brookite surface than the corresponding dye

molecules.

Table 19: Adsorption energies of D5, D7, D9 and D11 dye adsorbed on (TiO,)s, (TiO2)s and
(TiO2)6s brookite clusters

Adsorption Energy of Dye@(TiO2)n=5s,68
(eV)

Dye@(TiOx)s D5@(TiO2)s 1.869
D7@(TiO2)s 1.911

DI@(TiO2)s 1.940

D11@(TiO2)s 2.062

Dye@(TiO2)s D5@(TiO2)s 1.601
D7@(TiO2)s 1.615

DI@(TiO2)s 1.665

D11@(TiO2)s 1.810

Dye@(TiO2)ss D5@(TiO2)es 4.838
D7@(TiO2)ss 4,781

DI@(TiO2)ss 4.661

D11@(TiO2)es 4.928

The adsorption energies of D5@ (TiO2)s, D7@ (TiO2)s, D@ (TiO2)s, D11@ (TiO2)s are 1.60
eV, 1.62 eV, 1.67 eV and 1.81 eV. The adsorption energies are in the order D5@(TiO2)s <
D7@(TiO2)s <D9@(TiO2)s< D11@(TiOz)s. This implies that D11 dye molecule reacts more
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strongly to the (TiO2)s brookite cluster than the corresponding dye molecules. The adsorption
energies of D5@ (TiOz)es, D7@ (TiO2) 63, DI@ (TiO2) 63, D11@ (TiO2) 65 are 4.84 eV, 4.78
eV, 4.66 eV and 4.92 eV. The adsorption energies are in the order D11@ (TiO2)es > D5@
(TiO2)ss > D7@ (TiO2)ss > DI@ (TiO2)es. This implies that D11 dye molecule reacts more
strongly to the (TiO2)ss brookite surface than the corresponding dye molecules. The
discrepancies between the values obtained for the adsorption energies of all the four dye
molecules on the various surfaces of brookite suggest that the size of the clusters has an effect
on the binding ability of the molecules. The molecules react differently with the different
surface of TiO based on the size of the nanocluster. The overall results of the adsorption
energies of all the dye molecules and their TiO2 nanocluster complexes indicate that the
polyenediphenyl-aniline dye molecules bind strongly to the surface of TiO>. The stable grafting
of the dye molecules unto TiO, semiconductor enhances stability of DSSCs.

6.4.1 Absorption spectra of polyene-diphenylaniline dye molecules adsorbed on TiO>
brookite clusters

The absorption spectra of the D5, D7, D9 and D11 polyenediphenyl-aniline dye on (TiOz)s and
(TiO2)s are presented in Figures 56 and 57 respectively. The absorption spectra depict the
excited state properties of the dye absorbed on TiO2 clusters. The polyenediphenyl-aniline dye
molecules were absorbed on the clusters by carboxylic acid moiety through bidentate bridging
adsorption mode where each of the two oxygen atoms bind to a coordinated titanium atom on
the surface of the cluster. The hydrogen atom was transferred into a nearby oxygen atom to
achieve stability of the system for TD-DFT calculations. The structures were relaxed using
GPAW and PBE functional. The relaxed structure was then used for TD-DFT study of the
excited state properties of the dye. Both spectra show absorption in the UV, visible and near

infra-red region of solar spectrum due to excitation.

The UV/Vis spectra of (TiO2)s brookite cluster computed using the same theory GPAW/TD-
DFT were presented previously in Figure 48. In that case the spectra only showed absorption
peaks in the UV region at 200 nm and 400 nm. Upon absorption of the dye on (TiO2)s brookite
cluster and the absorption peaks were shifted to higher wavelength upon excitation. In this case
the absorption maximum of D5@(TiO2)s is located at 800 nm in the near infra-red region,
absorption maximum of D7@(TiO2)s is situated at 600 nm in the visible region, absorption
maximum of DI9@(TiO2)s situated at 900 nm in the near infra-red region and absorption
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maximum of D11@(TiO2)s occurs at 1050 nm in the visible region. D5@ (TiO2)s shows the
highest absorption peak and the highest absorption maximum situated in the near infra-red

region.

The UV/Vis spectra of (TiO2)s brookite cluster computed using the GPAW/TD-DFT was
presented in Figure 49. The spectra only shows absorption in the UV region around 200 nm to
400 nm and the absorption of the dye on (TiO2)g brookite cluster shifts the absorption peaks to
higher wavelength upon excitation. In this case, the absorption maximum of D5@(TiO2)s is
situated at 750 nm in the near infra-red region, absorption maximum of D7@(TiO2)s at 850
nm in the near infra-red region, absorption maximum of D9@(TiO2)s at 850 nm in the near
infra-red region and absorption maximum of D11@(TiO2)s at 900 nm in the visible region.
D11@ (TiO2)s shows the highest absorption peak and absorption maximum, which is situated
in the near infra-red region. The results generally suggest that the absorption of dye molecules
on TiO; brookite cluster improve its spectra responsivity to the UV region. Thus, the complex
can absorb in the whole spectra range, including the UV visible and near infra—red region. The
shifting of the absorption maxima to higher wavelength improves absorption and enhances
excitation over a wide spectra range of the solar spectrum which suggests higher photocurrents
densities in DSSCs

3.0
—— D5@(TiO2)5
D7@(TiO2)5
2.5 + — D9@m(TiIO2)5
—_— D11@(TiO2)5
2.0 +
Y— 1.5 4
1.0 4
0.5 A
0.0 T T T N\_ e M
0 200 400 600 800 1000 1200

Wavelength [nm]

Figure 56: UV/Vis spectra of dye-TiO2 complex
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Figure 57: UV/Vis spectra of dye-TiO, complex

6.4.2 Isodensity surfaces of polyene-diphenylaniline dye molecules adsorbed on TiO;
brookite cluster

The isodensity surfaces of the molecular orbitals involved in excitation were created from cube
files created with GPAW and were visualized with Avogadro. The isodensity surfaces of the
different molecular orbital involved in photoexcitation of the four polyenediphenyl-aniline
dye@ (TiO2)s, (TiO2)s and (TiO2)es brookite clusters are presented in Figures 58(a-h), 59(a-h)
and 60(a-h) respectively. All the results show that the HOMO is delocalized on the dye
molecule and it is mainly situated on the donor moiety where the unoccupied electronic states
are situated while the LUMO is delocalized entirely over the TiO, clusters where the
unoccupied electronic state are located. The localization of the electron densities of the HOMO
on the dye molecules and the electron densities of LUMO on the TiO2 brookite suggest good
electronic coupling between the occupied excited state of the dye and the unoccupied acceptor
levels of the semiconductor conduction band. The HOMO electronic levels on the dye and the
LUMO electronic levels on TiO2 clusters imply efficient separation of charge upon adsorption

and electron injection from the dye excited state into the TiO. semiconductor conduction band.
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Figure 58: Isodensity surfaces of molecular orbitals of dye@ (TiO2)s complex (a) DS@(Ti02)s
HOMO (b) D5@(TiO2)s LUMO(c) D7@(TiO2)s HOMO (d) D7@(TiO2)s LUMO (e)
D9@(Ti02)s HOMO (f) D9@(TiO2)s LUMO (g) D11@(TiO2)s HOMO (h) D11@(TiO2)s
LUMO
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Figure 59 (): Isodensity surfaces of molecular orbitals of dye@ (TiO2)s complex (a) D5S@
(TiO2)s HOMO (b) D5@ (TiO2)s LUMO(¢c) D7@ (TiO2)s HOMO (d) D7@ (TiO2)s LUMO (e)
D9@ (TiO2)s HOMO (f) D9@ (TiO2)s LUMO (g) D11@ (TiO2)s HOMO (h) D11@ (TiO2)s
LUMO
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Figure 60: Isodensity surfaces of molecular orbitals of dye@ (TiO2)es complex (a) D5@(TiO2)
68 HOMO (b) D5@(Ti0) ¢ LUMO(c) D7@(TiO2) ss HOMO (d) D7@(TiO2) s LUMO (e)
D9@(Ti02) ss HOMO (f) D9@(TiO2) 6s LUMO (g) D11@(TiO2) s HOMO (h) D11@(TiO2) 63
LUMO

133
© University of Venda



"

@ University of Venda

yyyyyyyyyyyyyyyyyyyyyy

6.4.3 Free Energy of dye molecules

Free energy of electron injection (AG™/¢°t) is the driving force of electrons injection from the
dye excited state to the semiconductor substrate. It is expressed as the difference between the
oxidation potential energy of the dye excited state and the reduction potential energy of TiO>
conduction band [95]. The reduction potential energy of TiO, conduction band is E.; = 4.0 eV
[95, 177, 178]. Calculation of (AG™/ect) is crucial for investigation of electron injection
efficiency (dinject) Of the dye into the semiconductor. (AG™/e¢t) is proportional to (dinject), the
free energy of electron injection (AG™/¢°t). Negative AG™¢°t indicates spontaneous electron
injection from the dye molecule to TiO> cluster [59].

The AG™et and Eox%e* for all the D5, D7, D9 and D11 dye were calculated using
Equations (81) and (82) and the results are presented in Table 20. The calculated AG™Jéct
values for D5, D7, D9 and D11 dye molecules imply that the excited state of all the dye lies
above the conduction band of TiO2, which favours electron injection into TiO.. The negative
values of AG™ect for D5, D7, D9 and D11 dye indicate spontaneous injection of electron from

the dye into the conduction band of TiO,.

Table 20: Free energy of electron injection (AG ™/¢¢t) of D5, D7, D9 and D11 dye molecules

Dye Eox®ve AE Eox®e* | (AGMect)
(eV) (eV) (eV) (eV)

D5 4.900 3.090 1.810 -2.820

D7 5.130 3.260 1.870 -2.130

D9 4.460 2.530 1.930 -2.070

D11 4.440 2.470 1.970 -2.030

6.4.4 Electronic Properties of dye molecules absorbed on TiO; clusters

The total density of states and the projected density of states of D5, D7, D9 and D11 dye
molecules absorbed on (TiO2)s, (TiO2)s and (TiO2)ss were computed using GPAW and PBE
exchange correction functional in order to further understand their electronic structure. The
TDOS and PDOS of dye@ (TiOz)s, dyee (TiO2)s and dye@ (TiO2)es are presented in Figures
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61 (a-d), 62 (a-d) and 63 (a-d) respectively. The DOS is comprised of the surface valence and
conduction bands separated by a wide band gap. The density of states for the clean (TiO>)s,
(TiO2)s and (TiO2)es Clusters before the dye were adsorbed were presented previously in
Figures 50-52 respectively. The DOS spectrum for the TiO2 cluster alone and the DOS
spectrum of dye@TiO2 complex are compared in order to further understand the electronic
coupling between the occupied and unoccupied molecular orbitals. Upon the adsorption of the
dye molecules on TiO: clusters, the dye introduce sharp occupied molecular energy levels in
the band gap as seen in Figures 61-63. Comparing the TDOS spectrum of the clean (TiO>)s,
(TiO2)g and (TiO2)es clusters in Figures 50-52 and the TDOS spectrum of the dye absorbed on
the clusters in Figures 61-63 (a-d), it is evident that the adsorption of the dye on TiO> clusters
results in a shift of the conduction band edge of TiO2 to higher energy levels and consequently
narrowing the band gap between the occupied valence states and the unoccupied conduction
band. Also upon absorption of the dye molecules on the TiO: clusters, the TDOS results reveal
that the adsorption of the dye introduces new occupied electronic orbitals between the two
states where there was a broad band gap initially and in the conduction band of the TiO>

clusters.

It is observed that the occupied and unoccupied states are broadened and shifted upon
absorption due to coupling of the electronic states between the orbitals of the TiO, and the
adsorbed dye molecules. Also, the edge of the occupied orbital shifted to higher energy level,
the effect of the shifting of the two states results in narrowed band gap between the two states.
This suggests the red spectral shift observed in the optical absorption spectrum of the
dye@TiO> presented in Figures 56 and 57 observed upon the absorption of the dye unto the

TiOs cluster.

The PDOS spectra of the dye@ (TiO-)s, dye@ (TiO2)s and dye@ (TiO-)ss presented in Figures
61 - 63 respectively, clearly show the contribution of the dye atomic orbitals in the occupied
states and unoccupied states. The PDOS results for the clusters alone showed that both the
oxygen and titanium atomic orbitals contribute to the valence states, the oxygen 2p atomic
orbitals contribute mostly to the highest occupied valence band (VB) state, whereas the lowest
unoccupied state of the conduction band is mainly dominated by the contributions of titanium

3d atomic orbitals.
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The valence band is dominated by the p atomic orbitals of oxygen with a little contribution
from the p atomic orbitals of titanium. The key contribution in the conduction band comes from
the titanium orbitals, especially the d and p ones. The PDOS spectra of the dye@ (TiO2)s, dye@
(TiO2)s and dye@ (TiO2)es presented in Figures 61 (a-d), 62 (a-d) 63 (a-d) show major
contributions from the 3d orbitals of titanium, 2p orbitals of carbon, 2p orbitals oxygen, 2p
orbitals of nitrogen and 3p orbitals of sulphur to the valence states. Sulphur and oxygen p
orbitals show minor contribution in the conduction band. The valence band is dominated by
the p atomic orbitals of sulphur and oxygen with a little contribution from the p atomic orbitals
of carbon and nitrogen. The key contributions in the valence states come from the sulphur 3p
orbitals. The main atomic orbital contributing majorly to the valence state belongs to the dye
molecules. This explains the concentration of the electron densities of the highest occupied
molecular orbital on the dye molecules as seen in the Figures 58-60.
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Figure 61 : Density of states and projected density of state spectra of dye absorbed on (TiO>)s
nanocluster (a) DS@(TiO2)s DOS and PDOS (b) D7@(Ti0O2)s DOS and PDOS (c¢) D9@(Ti0O>)s
DOS and PDOS (d) D11@(TiO2)s DOS and PDOS.
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Figure 62: Density of states and projected density of state spectra of dye absorbed on (TiO2)s
nanocluster (a) D5@(TiO2)s DOS and PDOS (b) D7@(Ti02)s DOS and PDOS (¢) D9@(TiO,)s
DOS and PDOS (d) D11@(TiO2)s DOS and PDOS.
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Figure 63: Density of states and projected density of state spectra of dye absorbed on (TiO2)ss
nanocluster (a) D5@(TiO2)es DOS and PDOS (b) D7@(TiO2)ss DOS and PDOS (c)
D9@(Ti0z) s DOS and PDOS (d) D11@(TiO2) ss DOS and PDOS.

6.5 Adsorption of croconate dye on (TiO2) nn=5, 8, 68 brookite clusters

6.5.1 Introduction

The fascinating features about croconate dye is their good solvatochromic shift, they can absorb
photons in the near infrared region [135]. Croconate dye contained short oxyallyl sub group as
a backbone, which makes them easily synthesizable thereby producing DSSCs that are flexible
and interact strongly with light [79]. Additionally, croconate dye exhibit narrow and intense
absorption bands in the near infrared (IR) region of the solar spectrum [79, 80, 10, 179]. The
optical properties and electron injection efficiency of two croconate dye coded CR1 and CR2
adsorbed on (TiO2)s, (TiO2)s and (TiO2)es brookite clusters are investigated in this section. The
croconate dye CR1 and CR2 are adsorbed unto the surface of (TiO2)s, (TiO2)s and (TiO2)es
brookite clusters through the diketo group as presented in Figure 64(a-b), Figure 65(a-b) and
Figure 66(a-b) respectively. The bidentate bridging (BB) adsorption mode in which each of the
oxygen of the keto moiety binds to a three-fold coordinate titanium atom was adopted. All
dye@TiO2 complexes were relaxed upon adsorption. The relaxed structure of the dye
molecules adsorbed on (TiO2)s, (TiO2)s and (TiO2)es clusters are presented in Figures 64-66
respectively. The results on relaxation energies, adsorption energies, excitation spectrum, free
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energy of electron injection, TDOS, PDOS and isodensity surfaces of the key molecular orbital

involved in excitation are presented and discussed.

| §
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Figure 64: Croconate dye absorbed on (TiO2)s nanocluster (a) CR1@ (TiO2)s (b) CR2@
(TiO2)s

it i
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Figure 65: Croconate dye absorbed on (TiO2)s nanocluster (a) CR1@ (TiO2)s (b) CR2@ (TiO2)
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Figure 66: Croconate dye absorbed on (TiO2)ss nanoclusters (a) CR1@ (TiO2)s (b) CR2@
(TiO2)es.

6.5.2 Adsorption energy of croconate dye adsorbed on (TiO) »n=5, 8, 68 brookite
complex

The relaxation energies of the CR1 and CR2 dye molecules, (TiO2)s, (TiO2)s, (TiO2)es brookite
clustersand the croconate dye@TiO> complex were computed and are presented in Table 21.
The relaxation energies of the CR1 and CR2 dye molecules are -104.31 eV and -117.36 eV
respectively. The energy of the clusters are -119.98 eV, -198.31 eV and -1635.55 eV for
(TiO2)s, (TiO2)s and (TiO2)es respectively.
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Table 21: Relaxation energies of croconate dye molecules, TiO» clusters and dye@TiO>

complex
Relaxed Energy Energysian (TiO2)n Energysiab +molecule)
cluster Dye@(TiO2)n
(eV) (eV)
System (eV)
CR1 -104.306
CR2 -117.363
(TiO2)s -119.985
(TiO2)s -198.308
(TiO2)es -1635.558
CR1@(TiO2)s -228.223
CR2@(TiO2)s -242.879
CR1@(TiO2)s -303.365
CR2@(TiO2)s -316.353
CR1@(TiO2)es -1744.607
CR2@(TiO2)es -1757.868

The computed adsorption energies are presented in Table 22. The adsorption energy of
CR1@(TiO2)s is 3.93 eV, CR2 @(TiO2)s is 5.53 eV, CR1@(TiO.)s is 0.75 eV, CR2
@(TiO)s is 0.68 eV, CR1 @(TiO2)es is 4.74 eV, CR2 @(TiO2)es is 4.95 eV. The positive
adsorption energies denote the binding ability of the dye molecules to the surface of TiO;
nanocluster [80]. The results show that the dye with the electron donating methyl (CR1) binds
more strongly to the surface of (TiO2)s brookite cluster than the one with the electron
withdrawing moiety (CR2). But the dye with the electron withdrawing moiety (CR2) binds
more strongly to (TiO2)s and (TiO-)es brookite cluster than the dye with the electron donating
methyl (CR1). The results suggest that the dye molecules react differently with different

surfaces and sizes of TiO2 brookite clusters.
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Table 22: Adsorption energies of croconate dye molecules absorbed on TiO> complex

Adsorption Energy of Dye@(TiO2)n=5s68
(eV)
Dye@(TiO2)s CR1@(TiO2)s 3.932
CR2@(TiO2)s 5.531
Dye@(TiO2)s CR1@(TiO2)s 0.751
CR2@(TiO2)s 0.682
Dye@(TiO2)ss D5@(TiO2)es 4.743
D7@(TiO2)ss 4.947

6.5.3 Absorption spectrum of CR1 and CR2 dye absorbed on (TiO2) »n=5, 8 brookite
cluster

The optical spectra of CR1 and CR2 dye absorbed on the (TiO2)s are presented in Figure 67.
The spectrum in Figure 67 is compared with the optical spectrum of (TiO2)s cluster alone
presented in Figure 48. Evidently the absorption maxima of the dye have been shifted to higher
wavelength. The absorption maxima of cluster which was located around 200 nm has now been
shifted to higher wavelength. The optical spectra of CR1 and CR2 dye absorbed on the (TiO2)s
are presented in Figure 68. Compared with the spectrum for the optical spectra of (TiO2)s
cluster alone presented in Figure 49, it is evident that the absorption maxima of the dye have
shifted to higher wavelength. The absorption maxima of cluster which was situated around
200 nm have now been shifted to higher wavelength around 600 nm. In both cases the CR1
and CR2 dye show a bathochromic shift upon adsorption of the dye on TiO- cluster. The
bathochromic shift observed after absorption of CR1 and CR2 dye molecules on TiO2 brookite
cluster suggests good optical properties of the dye molecules and corroborates with reports
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from literature that the absorption of dye molecules on TiO2 improves its optical response and
helps overcome its limited spectral sensitivity in the UV region, thereby improving its
photocatalytic properties and overall DSSCs device efficiencies [71, 180].
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Figure 67: Simulated UV-Vis spectrum of CR1 and CR2 absorbed on (TiO2)s brookite cluster.
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Figure 68: Simulated UV-Vis spectrum of CR1 and CR2 absorbed on (TiO2)s brookite cluster.
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6.5.4 Isodensity surfaces of the croconate dye absorbed on (TiO2)»n=5, 8.68 brookite
cluster
The isodensity surfaces of the molecular orbital involved in photoexcitation of the CR1 and
CR2 dye molecules absorbed on (TiO.)s, (TiO2)sand (TiO2)es brookite cluster are presented in
Figures 69(a-d), 70(a-d) and 71(a-d) respectively. All the results show that the HOMO is
localized on the dye molecule and it is mainly concentrated on the donor moiety where the
occupied electronic orbital are located while the LUMO is localized over the TiO2 clusters
where the unoccupied electronic state are situated. These suggest good electronic coupling
between the occupied excited state of the dye and the unoccupied acceptor levels of the
semiconductor conduction band. The localization of the HOMO electronic level on the dye
molecules and the LUMO electronic level on the TiO> clusters implies efficient separation of
charge upon adsorption and electron injection from the dye excited state into the TiO:

semiconductor conduction band.
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Figure 69: Isodensity surfaces of the molecular orbitals of (a) HOMO of CR1@ (TiO2)s
brookite cluster (b) LUMO of CR1@(TiO2)s brookite cluster (c) HOMO of CR2@(TiO2)s

brookite cluster (d) LUMO of CR2@)(TiO2)s brookite cluster
E ! ‘ é I
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Figure 70: Isodensity surfaces of the molecular orbitals of (a) HOMO of CR1@ (TiO2)s
brookite cluster (b) LUMO of CR1@ (TiO2)s brookite cluster (c) HOMO of CR2@ (TiO2)s
brookite cluster (d) LUMO of CR2@ (TiO»)s brookite cluster
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Figure 71: Isodensity surfaces of the molecular orbitals of (a) HOMO of CR1@ (TiO2) 68
brookite cluster (b) LUMO of CR1@ (TiO2)es brookite cluster (¢) HOMO of CR2@ (TiO2) 63
brookite cluster (b) LUMO of CR2@ (TiOz) ¢s brookite cluster.
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6.5.5 Free Energy of Electron Injection (AG™¢¢t) of CR1 and CR2 dye molecules
We computed the free energy of electron injection (AG™/e<t) of CR1 and CR2 dye molecules
in order to investigate electron injection kinetics from the dye into the conduction band of TiOx.

The (AG™et) was computed using equation (81) and the results are shown in Table 23.

Table 23: Free energy of electron injection (AG ™/é¢t) of CR1 and CR2 dye molecules

Dye Eox®e AE Eox®e* | (AG™Ject)
(eV)
(eV) (eV) (eV)
CR1 7.490 2.250 5.240 1.240
CR2 8.080 1.820 6.250 2.250

The calculated AG™ect values for CR1 and CR2 dye molecules imply that dye excited state
all lies above the conduction band of TiO2, which favours electron injection into TiO.. The
computed values of AG™ect for CR1 and CR2 dye are positive, suggesting that the injection

of electron from the dye into the conduction band of TiO2.is not spontaneous.

6.5.6 Electronic properties of CR1 and CR2 dye molecules absorbed on TiO; clusters

In order to further understand the electronic structure of CR1 and CR2 dye molecules absorbed
on TiO2 clusters, the density of states and the projected density of states of CR1 and CR2 dye
molecules absorbed on (TiO-)s, (TiO2)s and (TiO2)es were computed using GPAW and PBE
exchange correction functional. The DOS and PDOS spectra are presented Figure 72 (a-b), 73
(a-b) and 74 (a-b) for dye@ (TiO2)s, dye@ (TiO2)s and dye@ (TiOz2)es respectively. The DOS
is composed of the surface valence and conduction bands separated by a wide band gap. The
densities of states for the clean (TiO)s, (TiO2)s and (TiO2)es clusters before the dye were
adsorbed were presented previously in Figure 51-53 respectively. When comparing the DOS
spectrum for the TiO; cluster alone and the DOS spectrum of croconate dye absorbed on TiO>
clusters, it is observed that new occupied molecular orbitals are introduced to the band gap of
the TiO. clusters upon the absorption of the dye molecules as seen in Figures 72-74.
Comparing between the DOS spectra of all the clean (TiO2)s, (TiO2)s and (TiO2)ss clusters and
the DOS spectra of the dye absorbed on the clusters, it is clear that the adsorption of the dye

on TiOz clusters results in a shift of the conduction band edge of TiO: to higher energy levels,
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and consequently narrowing of the band gap between the occupied valence states and the
unoccupied conduction band. Also upon absorption of the dye molecules on the TiO> clusters,
the DOS results reveal that the adsorption of the dye introduces new occupied electronic
orbitals between the two states where there was a broad band gap initially and in the conduction
band of the TiO> clusters.

The PDOS spectra of the dye@ (TiO.)s, dyea (TiO2)s and dye@ (TiO2)ss presented in Figures
72-74 respectively, show the contribution of the atomic orbitals in the occupied states and
unoccupied states. The PDOS results for the clusters alone show that both the oxygen and
titanium atomic orbitals contribute to the valence states, the oxygen 2p atomic orbitals
contribute mostly to the highest occupied valence band state, whereas the lowest unoccupied
state of the conduction band is mainly dominated by the contributions of titanium 3d atomic
orbitals. The valence band is dominated by the p atomic orbitals of oxygen with a little
contribution from the p atomic orbitals of titanium. The major contribution in the conduction
band comes from the titanium orbitals, especially the d and p orbitals. The PDOS spectra of all
the dye@(TiO2)s, dyea(TiO2)s and dye@(TiO2)ss show major contributions from the 3d
orbitals of titanium, 2p orbitals of carbon, 2p orbitals oxygen, p orbitals of hydrogen to the

valence states. Carbon p orbitals contribute majorly to the conduction band.
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Figure 72: Total density of states and projected density of state spectra of croconate dye

absorbed on (TiO2)s nanocluster (a) CR1@(TiO2)s DOS and PDOS (b) CR2@)(Ti02)s DOS and

PDOS.
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Figure 73: Total density of states and projected density of state spectra of croconate dye
absorbed on (TiO2)g nanocluster (a) CR1@(TiO2)s DOS and PDOS (b) CR2@)(Ti02)s DOS and
PDOS.
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Figure 74: Total density of states and projected density of state) spectra of croconate dye
absorbed on (TiO2)s nanocluster (a) CR1@ (TiO2)s DOS and PDOS (b) CR2@ (TiO2)s DOS
and PDOS.

6.6 Absorption of Ruthenium N3 complex (TiO2)n, n=5, 8, 68 brookite cluster

6.6.1 Introduction

The ruthenium N3 complex has been widely used as sensitizers in the architecture of DSSCs
and power conversion efficiency of 11-12% has been achieved with the use of ruthenium N3
complex as sensitizers for DSSC [51, 70, 84]. Information about the interfaces of ruthenium
N3 complex is of great importance in understanding and optimizing light harvesting
efficiencies, photo conversion function and photocurrent densities in DSSCs. A systematic
density functional theory on adsorption geometry of Ru and YEO5 sensitizer on TiO2 substrate
for DSSCs application has been reported in literature The study reported that the Ru and YEO05
sensitizer binds with the carboxylic group unto the surface of TiO2 [50]. In this study, the optical
properties of the interplay of brookite semiconductor with ruthenium N3 dye molecules are
investigated in order to optimize photon current densities in DSSCs. The ruthenium N3 dye
molecules were absorbed on (TiO2)s, (TiO2)s and (TiO2)es brookite clusters by bidentate

absorption mode as presented in Figures 75 — 77 respectively. The presented results include
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relaxation energies, adsorption energies, excitation spectrum, free energy of electron injection,

DOS and PDOS and isodensity surfaces of the key molecular orbital involved in excitation.

Figure 75: Ruthenium N3 complex absorbed on (TiO)s brookite cluster

33

Figure 76: Ruthenium N3 complex absorbed on (TiO»)g brookite cluster
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Figure 77: Ruthenium N3 complex absorbed on (TiO;)s brookite cluster

6.6.2 Adsorption energies of ruthenium N3 dye molecule absorbed on (TiO2)n N=5, 8, 68
brookite complex
The relaxation energy for ruthenium N3 dye is -432.91 eV. The energies of the clusters are -

119.98 eV, -198.31 eV, -1635.55 eV for (TiOz)s, (TiO2)s and (TiO2)es respectively as presented
in Table 24.
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Table 24: Relaxation energies of ruthenium N3 dye molecule absorbed (TiO»)s, (TiO2)s and
(TiO2)es brookite cluster

Relaxed Energy Energysiap (TiO2)n Energysiab +molecule)
cluster Dye@(TiO2)a
(eV) (eV)
System (eV)
Ruthenium N3 -432.919
(TiO2)s -119.985
(TiO2)s -198.308
(TiO2)es -1635.558
Ruthenium@(TiO2)s -554.499
Ruthenium@(TiO2)s -632.953
Ruthenium@(TiOz2)es -2072.267

The adsorption energies of ruthenium N3 dye on (TiO2)sand (TiO2)s and (TiO2)ss brookite

cluster were computed using Equation (80).
The computed adsorption energies are presented in Table 25.

The adsorption energy of ruthenium N3 dye@ (TiO2)s is 1.70 eV, ruthenium N3 dye @ (TiOz2)s
is 1.73 eV, ruthenium N3 dye @ (TiO2)es is 3.76 eV. These positive adsorption energies denote
the binding ability of the dye molecules to the surface of (TiO2)s, (TiO2)s and (TiO2)es clusters.
The adsorption energies of ruthenium N3 dye on (TiO2)ss (TiO2)sand (TiO2)s brookite cluster
are in the order 3.84 eV > 1.73 eV > 1.61 eV, which implies that adsorption energy of
ruthenium N3 dye @ (TiOz2)es > ruthenium N3 dye @ (TiO2)s > ruthenium N3 dye @ (TiO>)s.
The results showed that the ruthenium N3 dye binds more strongly to the surface of the larger
nanocluster (TiO2)es brookite than the corresponding (TiO2)s and (TiO2)s brookite clusters that

are small in size.

158
© University of Venda


mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2
mailto:Dyes@TiO2

"

yyyyyyyyyyyyyyyyyyyyyy

Table 25: Adsorption energies of ruthenium N3 dye molecule absorbed (TiO.)s, (TiO2)s and
(TiO2)ss brookite complex.

Adsorption Energy of Dye@(TiO2)n=5s68
(eV)
Dye@(TiO2)s Ruthenium@(TiO2)s 1.695
Dye@(TiO2)s Ruthenium@(TiO2)s 1.726
Dye@(TiO2)es Ruthenium@(TiO2)es 3.76

6.6.3 Free energy of electron injection (AG™¢<t) of ruthenium N3 dye molecule

The free energy of electron injection of ruthenium N3 dye molecules into TiO, semiconductor
was computed in order to investigate the possibility of electron injection and electron injection
kinetics of the dye into the conduction band of TiO,. (AG™¢°t) values of ruthenium N3

complex were computed using equation (81). The results are presented in Table 26.

Table 26: Free Energy of Electron Injection (AG ™/¢¢t) of ruthenium N3 complex

Dye Eox%e AE Eox®e* | (AG™ect)
V
V) V) (eV) V)
Ruthenium | 5.360 2.650 2.710 71,290

The AG™et and Eox®e* of ruthenium N3 complex were computed using Equation (81)
and (82). The calculated AG™ et for ruthenium N3 dye molecule is -1.29 eV. This suggests
that the dye excited state lies above the conduction band of TiO2 which favours electron
injection into TiO, substrate. The negative value of AG™et for ruthenium N3 indicates

spontaneous injection of electron from the dye into the conduction band of TiO>.
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6.6.4 Absorption spectrum of ruthenium N3 dye absorbed on (TiO)sand (TiOz2)s
brookite cluster

The optical spectra of the typical ruthenium N3 dye absorbed on (TiO.)s and (TiO2)g are
presented in Figure 78 and Figure 79 respectively. The absorption spectrum in Figure 78 depicts
the optical excitation of the ruthenium N3 dye absorbed on (TiO2)s, the spectrum in Figure 78
is compared with the absorption spectra of the (TiO2)s cluster alone reported in Figure 49
previously. It is noted that the absorption spectrum of the cluster alone shows excitation in the
UV region around 200 nm and 400 nm while it is clearly seen from the absorption spectrum of
ruthenium N3 dye absorbed on (TiO2)s in Figure 78 that the absorption maxima have shifted
to higher wavelength. The ruthenium@ (TiO2)s absorption spectrum shows absorption in the
visible region around 400 nm — 600 nm, and in the near infra-red region around 700 nm to 1000
nm. The absorption maxima is situated at 1000 nm.

The absorption spectrum in Figure 79 depicts the optical excitation of the ruthenium N3 dye
absorbed on (TiO2)s, compared with the absorption spectra of the (TiO.)s cluster alone reported
in Figure 50, the absorption spectra of (TiO2)s cluster alone shows excitation in the UV region
around 200 nm to 400 nm while the one with ruthenium N3 dye absorbed on (TiO.)s in Figure
79 shows that the absorption maxima of the dye have shifted to higher wavelength. Thus, the
ruthenium@ (TiO2)s absorption spectrum shows absorption in the visible region around 400
nm—600 nm, and slight absorption in the near infra-red region around 1080 nm. The absorption

maxima is situated at 1080 nm.

The results generally suggest that the absorption of the ruthenium N3 dye molecule on (TiO2)s
and (TiO)g brookite clusters result in bathocromatic shift of the absorption maxima to higher
wavelength, and also absorption over a wide range of the solar spectrum in the visible and near
infra-red region of the solar spectrum. The red spectra shift observed upon absorption on
ruthenium N3 dye on (TiO2)sand (TiO2)s brookite clusters also suggests good optical properties
of the ruthenium N3 dye molecules and corroborates with earlier reports that brookite TiO>

exhibits good photocatalytic properties [71, 75, 76].
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Figure 78: UV/Vis absorption spectrum of ruthenium N3 complex absorbed on (TiO2)5

brookite cluster.
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Figure 79: UV/Vis absorption spectrum of ruthenium N3 complex absorbed on (TiO2)8

brookite cluster
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6.6.5 Isodensity surfaces of the ruthenium N3 dye absorbed on (TiO2)n n=5, 8, 68
brookite cluster
The isodensity surfaces of the key molecular orbital involved in photoexcitation of the
ruthenium N3 complex absorbed on (TiO2)s, (TiO2)s and (TiO2)es Clusters are presented in
Figures 80 - 82 respectively. The results show that the HOMO is localized on the entire NCS
moiety of the dye molecule and it is mainly concentrated on the donor moiety where the
occupied electronic orbitals are located, while the LUMO is localized over the TiO2 clusters
where the unoccupied electronic states are located. This suggests good electronic coupling
between the occupied excited state of the dye and the unoccupied acceptor levels of the
semiconductor conduction band. The localization of the HOMO electronic levels on the dye
molecules and the LUMO electronic level on the TiO2 clusters in Figures 80 - 82 implies
efficient separation of charge upon adsorption and electron injection from the dye excited state
into the TiO2 semiconductor conduction band.

(@) (b)

Figure 80: Isodensity surfaces of the molecular orbitals of (a) HOMO of ruthenium N3 @

(TiOz)s5 brookite cluster (b) LUMO of ruthenium N3@ (TiO:)s brookite cluster
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Figure 81: Isodensity surfaces of the molecular orbitals of (a) HOMO of ruthenium N3@
(TiO2)s brookite cluster (b) LUMO of ruthenium N3@ (TiO:)s brookite cluster
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(a)

(b)

Figure 82: Isodensity surfaces of the molecular orbitals of (a) HOMO of ruthenium N3@

(TiO2)ss brookite cluster (b) LUMO of ruthenium N3@ (TiO2)es brookite cluster
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6.6.6 Electronic properties of ruthenium N3 dye molecule absorbed on TiO2 clusters

GPAW and PBE exchange correction functionals were used to compute the density of states
and the projected density of states of ruthenium N3 dye molecule absorbed on (TiOz)s, (TiO2)s
and (TiO2)es in order to understand their electronic structure. The results are presented in
Figures 83 - 85 respectively. The DOS contains the surface valence and conduction bands
separated by a wide band gap. Upon the adsorption of the dye molecules on TiO- clusters, the
dye introduce sharp occupied molecular energy levels in the band gap as seen in Figures 83-
85. The DOS results reveal that the new occupied electronic orbitals are introduced between
the two states where there was a broad band gap initially and in the conduction band of the

TiO; clusters.

It is observed that the occupied and unoccupied states are broadened and shifted upon
absorption due to coupling of the electronic states between the orbitals of the TiO2 and the
adsorbed dye molecules. Also, the edge of the occupied orbital shifted to higher energy level,
the effect of the shifting of the two states results in narrowed band gap between the two states.
This suggests the red spectral shift observed in the optical absorption spectrum of the ruthenium
dye@TiO> spectrum presented in Figure 78 and Figure 79 observed upon the absorption of the
dye unto the TiO2 cluster.

The PDOS spectrum of the ruthenium N3 dye@ (TiO2)s, ruthenium N3 dye @ (TiO2)s and
ruthenium N3 dye @ (TiO2)es are presented in Figures 83 - 85 respectively. The spectrum
clearly shows the contribution of the atomic orbitals to the occupied states and unoccupied
states. The PDOS results for the clusters alone show that both the oxygen and titanium atomic
orbitals contribute to the valence states, the oxygen 2p atomic orbitals contributes mostly to
the highest occupied VB state, whereas the lowest unoccupied state of the conduction band is

mainly dominated by the contributions of titanium 3d atomic orbitals.

The valence band is dominated by the p atomic orbitals of oxygen with a little contribution
from the p atomic orbitals of titanium. The key contribution in the conduction band comes from
the titanium orbitals, especially the d and p ones. The PDOS spectra of the ruthenium N3
dye@(TiO2)s, dye@(TiO2)s and dye@(TiO2)ss reveal major contributions from the 4d orbital
of ruthenium, 3d orbitals of titanium, 2p orbitals of carbon, 2p orbitals oxygen, 2p orbitals of
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nitrogen, 3p orbitals of sulphur and p orbitals of hydrogen to the valence states. Ruthenium,
sulphur and oxygen p orbitals show minor contribution to the conduction band. The main
atomic orbital contributing mainly to the valence state belongs to the dye molecules. This
explains the concentration of the electron densities of the highest occupied molecular orbital
on the dye molecules as seen in the Figures 80 - 82. In summary, the results show that the
absorption of the dye introduces new molecular orbitals to the band gap of TiO. semiconductor
band.
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Figure 83: Density of states (DOS) and projected density of state (PDOS) spectrum of
ruthenium N3 dye absorbed on (TiO>)s
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Figure 84: Density of states (DOS) and projected density of state (PDOS) spectrum of
ruthenium N3 dye absorbed on (TiO2)s

Lo
125 4
100 4
"é 75
50 -
25 -
0 T T T T T T T
_10 8 -6 —4 -2 0 2 4
150
125 ©
—_— i
100 4
3 c
75 - —
2 50 N
— s
25 1 — Ru
0 = T T T T T T T
~10 -8 -6 4 -2 0 2 4

Energy (eV)

Figure 85: Density of states (DOS) and projected density of state (PDOS) spectrum of
ruthenium N3 dye absorbed on (TiO2)es
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CHAPTER SEVEN

7.0 CONCLUSION SUMMARY AND RECOMMENDATION

7.1 Conclusion and summary

The photoanode of DSSCs comprises of dye molecules anchored to the surface of
semiconductors, typically nanostructured form of TiO: is employed. Understanding the
interaction of dye molecules with the surfaces of TiO2 is crucial because light harvesting and
electron collection determine the efficiency of DSSCs. Therefore, information about the
interfaces is of great importance in understanding and optimizing light harvesting, photo
conversion function and photocurrent densities in DSSCs. TiO2 exists in three major
polymorphs which are anatase, brookite and rutile. The optical properties of brookite
semiconductor have not been much studied although brookite has been reported to have good
photocatalytic properties.

In this work, we used DFT computational approach to explore the properties of TiO brookite
and three groups of dye molecules, namely; (i) the typical ruthenium N3 complex, (ii)
polyenediphenyl-aniline dye moiety and (iii) two croconate dye molecules for application in
DSSCs. Photocatalytic properties of three modelled clusters of brookite, which are (TiO5)s,
(TiO2)s and (TiO2) 63 Obtained from its ground state optimized brookite bulk structure were
investigated. The afore-mentioned dye molecules were absorbed on the three brookite TiO:
nanoclusters in order to understand the interfacial properties between brookite TiO>
semiconductor and the dye molecules. Various quantum mechanical computational software
tools were used in this study to achieve various goals as required to fulfil the objectives of the
study. The structural properties, relaxation energies, adsorption energies, UV/Vis optical
absorption properties, free energy of electron injection, light harvesting efficiencies, HOMO-
LUMO energy gap, isodensity surfaces of key molecular orbital, electronic DOS and PDOS
were presented and discussed for various systems. The presented results were based on bulk
brookite structure, modelled (TiO2)n =5, g 68, brookite clusters, ruthenium N3 dye molecule, D5,
D7, D9 and D11 polyenediphenyl-aniline dye molecules, croconate dye and the dye absorbed

on brookite clusters.

The ruthenium N3 complex was investigated successfully using hybrid density functional

theory for application in dye sensitized solar cells. The optical absorption, UV-Vis spectrum
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and light harvesting efficiency of the dye molecule showed that the HOMO of N3 lies at -3.01
eV and was centralized on the NCS moiety where the donor group is situated while the LUMO
lies at -5.03 eV and was centralized on the 4, 4-dicarboxy-2, 2-bipyridine moiety where the
acceptor group is situated. The calculated results show that light harvesting efficiency depend
on the absorption (oscillator strength) of the dye.

Four polyenediphenyl based photosensitizers D5, D7, D9 and D11 were studied
computationally using DFT and TD-DFT methods. Our findings reveals that D5 and D7 dye
absorb in the visible region while a red shift absorption was observed for D9 and D11 owing
to their reduced HOMO-LUMO energy gap and addition of the methoxy group. It was also
observed that the D9 and D11 dye with methoxy groups in their donor moiety depicted a
broader peak and improved red spectra response than D5 and D7 dye without methoxy group.
The D9 and D11 sensitizers with two diphenylaniline donor moiety showed the highest light
harvesting efficiencies. The low HOMO-LUMO energy gap, absorption spectra and high light
harvesting efficiency suggest that the addition of the methoxy groups to the donor moiety of
D9 and D11 is responsible for their improved optical performance. The results suggested that

the dye are promising sensitizers for DSSCs application.

Furthermore, two croconate dye molecules coded as CR1 and CR2 were successfully simulated
using hybrid density functional theory for application in dye sensitized solar cells. The findings
showed that that the carboxyl group (-COOH) contained in CR2, reduces the energy gap more
than methyl group contained in CR1 and shifted the absorption to near infrared region.
Similarly, the results suggest that light harvesting efficiency depend on the absorption

(oscillator strength) of the dye.

The investigations on absorption of dye molecules on brookite (TiO2)s, (TiO2)s and (TiO2)es
complexes all showed positive values of the absorption energies. Thus, suggesting that the
ruthenium N3 complex, croconate dye and polyenediphenyl-aniline dye molecules all bind
strongly to the surface of brookite (TiO2)s, (TiO2)s and (TiOz)es clusters. This correlates to
previous findings that the stable grafting of the dye molecules unto TiO2 semiconductor

enhances stability of DSSCs.
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The findings on the optical absorption spectrum of ruthenium N3 dye, croconate dye and
polyenediphenyl-aniline dye molecule absorbed on (TiO2)sand (TiOz2)gs brookite cluster showed
bathocromatic shift of the absorption maxima to higher wavelength and improved optical
response of TiOz brookite cluster. A red spectra shift and absorption over a wide range of the
solar spectrum in the visible and near infra-red region of the solar spectrum was achieved upon
absorption of the ruthenium N3 complex and polyenediphenyl-aniline dye molecules on
(TiO2)sand (TiO2)s brookite cluster. The results are in agreement with literature results that the
ruthenium N3 dye molecule exhibit good optical properties and also suggest that
polyenediphenyl-aniline the dye molecules are potential and promising candidate for TiO:
sensitization for photocatalytic applications.

All the results for simulated dye-TiO> complexes showed that the HOMO is localized on the
dye molecule and it is mainly situated on the donor moiety where the unoccupied electronic
states are situated while the LUMO is delocalized entirely over the TiO2 clusters where the
unoccupied electronic state are located. The localization of the electron densities of the HOMO
on the dye molecules and the electron densities of LUMO on the TiO brookite suggests good
electronic coupling between the occupied excited state of the dye and the unoccupied acceptor
levels of the semiconductor conduction band. The HOMO electronic levels on the dye and the
LUMO electronic levels on TiO2 clusters imply efficient separation of charge upon adsorption
and electron injection from the dye excited state into TiO2 semiconductor conduction band.
The positions of the HOMO and LUMO isodensity surfaces of the dye absorbed on TiO2 imply
efficient separation of charge upon adsorption and electron injection from the dye excited state

into the TiO» semiconductor conduction band.

The negative values of free energy of electron injection AG™/ét obtained for ruthenium N3
dye and polyenediphenyl-aniline dye molecule absorbed on (TiO2)s, (TiO2)s and (TiO2)es
brookite clusters suggest spontaneous injection of electron from the dye excited state into the

conduction band of TiO2 brookite semiconductor.

The density of states results showed that the adsorption of the dye on TiOz brookite clusters

results in a shift of the conduction band edge of TiO brookite cluster to higher energy levels,
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and consequently narrowing of the band gap between the occupied valence states and the
unoccupied conduction band. Also, the absorption of the dye molecules on the TiO brookite
clusters revealed that the adsorption of the dye introduces new occupied electronic orbitals
between the two states where there was a broad band gap initially and in the conduction band
of the TiO> clusters which consequently narrow the band gap of the TiO2 semiconductor. This
explains the reason for the red shifting of the absorption maxima on the UV-Vis spectra and
good electronic coupling observed from isodensity surfaces of the dye absorbed on TiO>

complex.

The results generally suggest that the absorption of dye molecules on TiO2 brookite cluster
improves its spectral responsivity in the UV region and make it possible to absorb over the
whole spectra range, that is, the UV visible and near infra—red region suggesting higher
photocurrents density in DSSCs. This study was able to elucidate that brookite exhibit good
photocatalytic properties. It also deduced that understanding molecular properties of dye-TiO>
complexes is key to achieving higher photocurrent densities and relatively improving the

overall device efficiencies.

7.2 Recommendation

The results generally show good spectral properties, optical excitation, electron injection
kinetics, strong electronic coupling of TiO2 brookite polymorph and also signal that brookite
semiconductor exhibits fascinating properties and hence suggests more research on the
synthesis and characterization of this polymorph and subsequently fabrication of brookite

semiconductor based DSSCs.
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