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AN ABSTRACT OF THE THESIS OF

Hamsa Mouin Hilal for Master of Science
Major: Chemistry

Title: Dye Sensitized Solar Cells: Dyes and Anchoring Groups

Dye-sensitized solar cells (DSSCs) have attracted much attention due to their
relatively low cost, acceptable conversion efficiency and ease of fabrication. Several
attempts were made in order to increase the light-harvesting efficiency of solar cells
mainly the engineering of panchromatic dyes (sensitizers). One of the main functional
moieties in a sensitizer is the anchoring group; the group that functions as the adsorption
site of the dye to the semi-conductor. In the chemical literature many examples of
anchoring groups have been proposed, ranging from carboxylic and phosphonic acids to
pyridyl N-oxide, pyridine, and azoles. In an attempt to investigate the effect of different
anchoring groups on the performance of DSSCs, we present the synthesis of two
different dyes T181 and T182 with pyridine and pyridine oxide anchoring groups,
respectively. Moreover, the pyridine-based dye T181, which binds to the Lewis-acid
sites of TiO2 was co-sensitized with commercial dyes YD2 and DB having carboxylic
acid anchoring groups, which bind to the Brensted-acid sites of TiOz in order to
increase the efficiencies of DSSCs by enhancing the light harvesting efficiency and
reducing unwanted recombination reactions. An increase in the total cell efficiency was
seen for the T181-DB and T181-YD?2 co-sensitized cells in two different iodine-based
and cobalt-based electrolytes. The difference in enhancement between the T181-DB and
T181-YD2 DSSCs was due to different total dye loading in the co-sensitized films. In
the T181-DB cell the amount of adsorbed T181 and DB was equal to the sum of the
dyes’ loadings found in the non-co-sensitized films, unlike the T181-YD2 one where
less of T181 was adsorbed due to non-complementary sizes of the two dyes. In the
cobalt-based electrolyte system, more enhanced photocurrent and photovoltage of the
two co-sensitized cells were seen compared to the iodine-based electrolyte system
because of the effect of the extended linker fragment in T181, which is more effective
with the cobalt electrolyte in comparison to the iodine electrolyte. The remarkable
increases in photocurrent and photovoltage were mainly attributed to the increase in dye
coverage resulting in a blocking behavior at the TiO2/electrolyte interface. This
behavior highly affected the co-sensitized DSSCs’ electron lifetimes and total
efficiencies.
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CHAPTER |

INTRODUCTION

Nowadays, the world’s energy requirements are supplied by fossil fuels which
are promptly depleting. In addition, the use of fossil fuels is provoking major
environmental hazards such as global warming, pollution, climate change, resource
depletion, acid rain, ozone layer depletion, and many other serious outcomes.*
Moreover, the greenhouse gas emissions from fossil fuels have significantly increased
which may lead to disastrous health consequences. Therefore, it is necessary to make a
suitable conversion to the consumption of renewable fuels and avoid the use of
nonrenewable and finite resources for energy supply.? Along with its environmental and
health advantages, renewable energy is also able to provide economic development,
help reduce poverty, and implement employment opportunities.® Additionally, the
increasing global population and economic growth are contributing to an increase in
energy demand, which also requires the employment of renewable energy resources that
meet the expansion of global energy needs in a climate-friendly approach.*® Renewable
energy resources can be divided into three major groups of geothermal, planetary, and
solar energy. Geothermal energy is the energy exploited from the heat in the core of the
earth. Additionally, planetary energy is represented by the tidal power of the tides on the
coast which is an effect of the gravitational forces between the planets and the moon.®
However, solar energy or energy from the sun is the biggest source of renewable
energy. The amount of solar energy reaching the surface of the earth each year is greatly
larger than the basic energy demand of the globe, hence, greater than all the fossil

energy reserves.”® Solar energy can be used directly; through the utilization of the



incident solar radiation or indirectly; when natural processes transform this solar energy
into other forms of energy like wind or biomass.® One of the numerous technologies
adopted in order to harvest solar energy directly from incident insolation was the field
of photovoltaics; it is concerned with the production of electricity from electromagnetic
radiation.’® Electricity generation by solar photovoltaics has been growing at a fast rate
in the past decades; the PV market has showed a yearly growth of 33% per year since
19971112 This fast growth is due to the attractiveness of PV solar cells; they are
environmental-friendly having an inexhaustible source of energy which is the sun, they
are free of chemical or noise pollution, and they have a competitive price compared to

the traditional energy sources.*®

A. Brief History of Photovoltaics:

Today’s conventional solar cells which are called first generation solar cells
are based on silicon. The PV market is mostly dominated by mono and polycrystalline
silicon due to the element’s natural abundance in earth’s surface, its low toxicity, and its
efficient manufacturing technology.!* Crystalline silicon used in solar cells called “solar
grade” silicon (SGS) is of an intermediate purity level, it is supplied to the PV industry
as a by-product of the microelectronic industry in order to avoid the high cost of the
purifying process which causes a dependence on the electronic industry and an increase
in the price of silicon.'>® A crystalline silicon solar cell is constituted of 3 layers; the n-
type layer, the p-type layer, and the pn-junction which is the connection between the p
and n layers. The n-type layer works as the anode; it is doped with group V elements
and has extra electrons. The p-type layer works as the cathode; it is doped with group Il

elements and has a lack of electrons forming “holes”.** In the pn-junction, each photon



generates an electron-hole pair by the excitation of electrons from the valence to the
conduction band. Accordingly, different potentials are developed in the anode and
cathode which induces an electron flow and generates electricity.!” Subsequently,
second generation solar cells were exhibited and they were the main competitors of
crystalline silicon solar cells; they are based on thin-film technologies and they include,
for example, amorphous silicon, CIGS, and CdTe.'1%2 Thin-film technologies are
considered a competitive class of photovoltaics due to their numerous advantages which
involve a low production cost due to their uncomplicated manufacture process, a broad
range of applications, an attractive appearance, and the use of less materials and flexible
substrates.?! Amorphous silicon (a-Si) is the most incorporated thin-film technology.
Despite the fact that it has efficiencies lower than crystalline silicon (c-Si), it shows a
lower temperature coefficient for power loss and a slightly lower cost.?? However,
second generation solar cells have a major drawback, they utilize non-abundant raw
material which causes an increase in the final product price due to the unavailability of
cheap raw material.?® The approach of third generation solar cells is to increase the
device efficiency along with using thin-film technologies and abundant, non-toxic, and
low-cost raw material.?* First and second generation solar cells are mostly based on
single junction devices limited by the Shockley-Queisser limit which can be
circumvented by using multiple junction devices or third generation solar cell devices.
Those are aimed to produce electricity at a competitive price compared to traditional

solar cells along with achieving a higher efficiency and a better performance.?®



B. Dye Sensitized Solar Cells:

Dye sensitized solar cells, which are part of the third generation solar cells,
have brought noticeable recognition being an alternative to the low-priced production of
photovoltaic energy.?® They are a rising photovoltaic technology with an attempt of
increasing the efficiency of solar devices along with providing major advantages like
having a low cost compared to other photovoltaic devices, using environmental-friendly
raw material, having different design options like transparency and showing several
color ranges.?” In other PV solar cells, light absorption and charge transfer are
performed by the semiconductor, however, in DSSCs light absorption is carried out by
the dye which then injects an electron to the conduction band of the semiconductor at
the interface.?® In 1991, a seminal paper by O’Regan and Griitzel demonstrated that a
film of TiO2 deposited on a dye-sensitized solar cell increases the available surface area
for dye attachment acting as a mesoporous photoanode; this approach dramatically
enhanced the dye absorption as well as the energy conversion efficiency to 7%
approximately allowing DSSCs to become significant competitors to other solar

cells.29:30

1. Device Structure and Working Principle:

A typical dye-sensitized solar cell is composed of two glass plates coated with
a transparent conductive oxide layer (TCO). The first glass sheet is the working
electrode or anode where a mesoporous oxide layer composed of a network of TiO>
(anatase) nanoparticles sintered together to establish good electronic conduction is
deposited. The dye or sensitizer is adsorbed on the surface of this wide band-gap

semiconductor TiO,.3! This glass plate is joined to a second glass plate which acts as the



counter electrode or cathode coated by a catalyst which is usually platinum. An
electrolyte is injected between the two glass plates through holes in the counter
electrode which are then sealed.®? Light absorption is carried out by the dye molecules
which causes an excitation of the dye to directly inject an electron to the semiconductor.
This electron reaches the TCO and passes through an outer circuit to the other TCO
plate or counter electrode. After the dye is left in the excited state, it restores back its
ground state by an electron from the electrolyte which results in the oxidation of the

latter.33

2. Electron Transfer Processes in DSSCs:

The electron transfer processes in a dye-sensitized solar cell as well as the
energy levels based on the dye, the semiconductor TiOz, and the electrolyte I/1* are
shown in Scheme 1. Reaction 0 shows an excitation of an electron in the dye molecule
from the ground state D to an excited state D* due to light radiation. After the electron
reaches the excited state of the dye, it undergoes an ultrafast electron injection to the
conduction band of TiO (Reaction 2).3* The time scale for this injection process is said
to be in femtoseconds which is significantly faster than the excited state decay of the
dye to its ground state (Reaction 1). Normally, the rate constant for electron injection is
about 100 times larger than that of electron decay.® Higher electron injection increases
the energy of the Fermi level of TiO2 (Er) resulting in an increase in the open-circuit
voltage of a DSSC, however, this will lead to a decrease in the driving force for electron
injection or the energy difference between the excited state of the dye and the acceptor
states in TiO2 and a decrease in the overlap between the two states thus, a decrease in

electron injection efficiency and the short-circuit current of the device.®® Furthermore,



electron injection can occur not only from the dye singlet but also from the triplet
excited state. Triplet states are formed by the intersystem crossing from the singlet
states; they have a longer lifetime than singlet states but a lower energy.®’ Fast electron
injection requires strong electronic coupling of the dye LUMO orbital to the conduction
band states of the metal oxide semiconductor and a large density of states in TiO-
energetically accessible from the dye’s excited state.>® Moreover, the energy of the
conduction band in TiO2 relative to the excited state of the dye is dependent on the
presence of certain additives in the electrolyte. For example, basic electrolytes having
low Li* and high TBP (tert-butylpyridine) concentrations increase the potential of the
conduction band leading to a higher Voc but reduces the driving force for electron
injection thus, decreasing the photocurrent.®® Furthermore, a carboxylic acid anchoring
group in a dye sensitizer holds labile protons which are capable of lowering Ec
promoting the driving force and energetics for electron injection.*® After the electron
injection from the dye’s excited state to the conduction band of TiOz, the dye is in its
oxidized state and has to be reduced back to it ground state by an electron donor in the

electrolyte (Reaction 3).#
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Scheme 1: The basic electron transfer processes in a DSSC indicated by the numbers
0-7. The energy levels in a DSSC based on the dye, the electrolyte 17/137, and the
semiconductor TiO>

The regeneration efficiency shows the efficiency of regeneration of the

oxidized dye by an electron from the electrolyte rather than by an electron in TiO2.%?



Dye regeneration by a redox species in the electrolyte increases the lifetime of charges
that are photogenerated; it also plays a role in completing the electric circuit.® It is
required that the rate of dye reduction by the redox species, most commonly the
iodine/iodide redox couple, in the electrolyte to exceed that of the charge recombination
of electrons injected in the semiconductor for efficient dye regeneration to occur.**
Additionally, the kinetics of dye regeneration are influenced by various factors. The
most apparent factor is the reliance on the iodide concentration which can alter the
effectiveness of regeneration.*® Moreover, an increase in the viscosity of the electrolyte
which is usually adopted to enhance the device’s long-term stability by lowering the
electrolyte’s volatility leads to a delay in regeneration.*® Furthermore, the cation of the
iodine salt in the electrolyte influences the kinetics of regeneration, for example, the
cations Li* and Mg?* which have the ability to adsorb on the surface of TiO2 induce a
faster regeneration however, a much slower regeneration is observed with TBA* ions.
This is because of the presence of a higher iodide concentration near the surface of the
semiconductor when positive charge is adsorbed on it.*” Besides, the dye sensitizer of a
DSSC plays a major role in altering the kinetics of regeneration; dyes with bulky alkyl
groups are found to have a slower regeneration rate due to the nonpolar shielding and
steric effects around the oxidized metal center.*® Moreover, some studies involve the
use of low bandgap sensitizers having a smaller ground state oxidation potential in order
to reduce the free energy loss and enhance the durability of the device.*® However, dyes
showing less positive oxidation potentials tend to result in low regeneration kinetics
increasing the kinetic competition with electron recombination.*® In contrast, faster
regeneration kinetics are reported for dyes having higher oxidation potentials decreasing

the ability for recombination losses.>! After an electron is injected from the excited state



of the dye to the conduction band of the semiconductor TiO2 and the ground state of the
dye is restored by an electron donation from the electrolyte, electrons are expected to
transfer from the conduction band of TiOz to the conductive substrate inducing a
photocurrent in the outer circuit of the device.>® However, electron transport in
mesoporous TiOz is concentration dependent thus, electron transport occurs by diffusion
since the main driving force for electron transport appears to be the gradient in electron
concentration.>® Moreover, the electron diffusion coefficient is found to be dependent on
the light intensity which is explained by the trapping and detrapping of electrons in
localized states present below the conduction band from which they need thermal
activation to escape.> The traps that are involved in electron transport are situated on
the surface of TiO; called surface states.>® An increase in TiO2 particle size decreasing
the roughness factor causes a decrease in trap state density thus increasing the diffusion
coefficient.>® Furthermore, the presence of Li* ions in the electrolyte embeds into TiO;
under open-circuit conditions leading to an increased trap density close to the surface
generating an increase in the electron lifetime thus a decrease in the diffusion
coefficient.>” The electron transported to the conductive substrate of the working
electrode then to the outer circuit inducing a current in the device is accordingly
transferred to the counter electrode. There, triiodide is reduced back to iodide by gaining
2 electrons from the counter electrode in electrolytes containing the 17/13” redox species
(Reaction 7).%8 The counter electrode ought to be catalytically active in order to provide
a fast reaction and low overpotential. An overpotential n is required to drive the latter
reaction at a specific current density J which contributes to a charge transfer resistance
(Rct = n/J) that functions as a series resistance in the solar cell. Therefore, lower Rcr

values at the counter electrode signify higher exchange current densities at the interface



electrolyte/counter electrode implying a higher catalytic activity.>® To catalyze the
regeneration reaction of the electrolyte, platinum is deposited on the counter electrode
however, low Pt loadings are required to keep the counter electrode transparent. A weak
counter electrode has a negative effect on the current-voltage characteristic curve of a

DSSC by reducing the fill factor.®°

3. Loss Mechanisms in DSSCs:

Besides the pathway of electron transfer processes, loss reactions are also
present which include the recombination of injected electrons in the TiO, with the
oxidized dye or with certain acceptors in the electrolyte indicated by the two reactions 5
and 6.%* The oxidized dye may be reduced by the charge recombination of electrons
residing in the conduction band of the metal oxide on a time scale ranging from
nanoseconds to milliseconds. The recombination reaction kinetics have been
documented to be dependent on the electron density in the conduction band or the trap
states of Ti02.%% The increased electron density in TiO results in the packing of the
deepest electron traps which contributes in an increased electron diffusion coefficient.5
Moreover, the application of a potential or an increase in the cell voltage accelerates the
kinetics of the recombination reaction developing a dependence on the device operating
conditions thus, limiting the efficiency of regeneration.®* Other than the dependence of
the kinetics of recombination on the electron density, they are also found to be
dependent on TiO2 and the dye sensitizer employed.® The location of the HOMO
orbital of the dye sensitizer affects the recombination reaction; the farther it is from the
metal oxide surface, the higher the barrier of recombination.®® Another kind of

recombination reaction is the recombination of electrons in TiO2 with acceptors present
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in the electrolyte which has been studied by measuring the response of a solar cell under
an open-circuit potential (Voc).%” Recombination can take place at the interface between
TiO2 and the electrolyte or at the portion of the conducting substrate in contact with the
electrolyte however, the second case is restrained by placing a blocking layer of the
metal oxide on the conducting substrate.%® The open-circuit potential in a solar cell is
dependent on the electron concentration in TiO> therefore, the recombination of
electrons with acceptors in the electrolyte can alter Voc. Moreover, the rate of electron
transfer from the electrode to the electrolyte balances the rate of electron transfer from
the dye to TiO; affecting the electron concentration in the semiconductor under open-
circuit potential conditions.®® The recombination reaction rate increases as the
concentration of triiodide ions in the electrolyte increases.’”® Also, additives in the
electrolyte have the ability to suppress the reaction between the electrons in TiO2and
triiodide, such as TBP which shifts the conduction band edge towards a negative
potential.”* They reduce the recombination rate by adsorbing on the surface of TiOzand
hindering the approach between the electrons and acceptors on the surface or by
blocking the reduction sites.”? Furthermore, certain co-adsorbers that are added to the
dye solution can reduce recombination and shift the conduction band edge towards a
negative potential.” Dye sensitizers can also influence the recombination of electrons;
several dyes with hydrophobic chains acquire a blocking effect which reduces the
recombination reaction rate while other dyes increase the rate of recombination reaction
by increasing the concentration of triiodide ions near the dye or by binding of the iodine

to the dye.”*"
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4. Quantification parameters of the performance of DSSCs:
The overall conversion efficiency (n) of a solar cell is given by the maximum

power output obtained by a solar cell (Pmax) over the total power of the incident light

(Pin).

However, the maximum power (Pmax) is defined as the product of the maximum

phtotovoltage (Vmax) and the maximum photocurrent (Jmax).

Vmax] max

Pmax

The open-circuit potential of a solar cell (Voc) is described as the potential when the
device’s terminals are disconnected from any external load i.e. at zero current. It is the
difference between the semiconductor’s quasi-Fermi level and the redox level.
Furthermore, the short-circuit current of a solar cell (Jsc) is described as the current
measured when the voltage across the device is zero. It is strongly affected by the
alignment of energy of the dye/TiO>/electrolyte interface, the electron traps, and the dye’s
HOMO-LUMO bandgap. Moreover, the fill factor (FF) of a solar cell which can adopt
values between 0 and less than 1 is illustrated as the ratio of the maximum power (Pmax)

over the Voc and Jsc.

Pmax

FF =
Voclsc

It is associated with the series resistance where a reduced series resistance commonly
contributes to a larger fill factor. Hereby, the efficiency of a solar cell can be concluded

as

12



_JscVoc FF
P;
The incident photon-to-current conversion efficiency (IPCE) which is another
measurement of the performance of a solar cell is determined as the short-circuit current
under monochromatic illumination generated in the external circuit divided by the

photon flux that hits the solar cell.

Jse ) JscW[Acm™]
IPCE = e®() 1240 A[nm]P;,, (\)[Wem=2]

e represents the elementary charges’®

5. Components of DSSCs:
a. Electrolyte:

In an electrochemical device, the material that supplies pure ionic conductivity
between the negative and the positive electrodes is the electrolyte. It is an indispensable
component in a dye sensitized solar cell being a medium for the transportation of charge
carriers or ions between the two electrodes and continuously regenerating the oxidized
dye.”” The electrolyte and its interaction with the interfaces of the electrodes influence
the fill factor (FF), the photocurrent density (Jsc), and the photovoltage (Voc) affecting
accordingly the efficiency of a solar cell. In order to be used in DSSCs, the electrolyte
ought to have several crucial aspects.’® First, the electrolyte must have a suitable redox
potential in a way that permits the regeneration of the dye and itself and the transport of
the charge carriers between the working and counter electrodes. Second, it should
ensure high conductivity through rapid diffusion of charge carriers to generate good

interfacial contact between the counter electrode and the mesoporous metal oxide
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semiconductor thus, the evaporation of the solvent in liquid electrolytes should be
reduced to avoid its loss. Third, the electrolyte must not provoke the desorption or
degradation of the sensitizer and it should acquire a long-term stability. Finally, the
iodide/triiodide redox couple’s concentration must be optimized since the latter displays
a color, reducing the light absorption and leading to a reaction with the electrons
injected in TiO2. Moreover, the electrolyte must not reveal a notable absorption in the
range of visible light for the sake of prevailing significant absorption by the dye
sensitizer.” In the circuit of a DSSC, the TiO; film is responsible for the transport of the
electrons, whereas the holes are carried through the hole transport material or the
electrolyte. The main role of the electrolyte is the regeneration of the oxidized dye and
itself for example, the dye’s regeneration reaction for the typical iodide/triiodide redox
electrolyte is the following®°

2D"+3I > 2D + I3

Then, the regenerative cycle is achieved by the reduction of 13" back to 1" by the
following reaction that takes place on the counter electrode by the help of a catalyst

which is usually platinum®°
I+ 26— 3T

At the counter electrode, a charge transfer resistance (Rct) is generated due to the
charge transfer reaction which requires an overpotential (n) to be driven at a certain
current density (J). The catalytic activity at the counter electrode ensures a fast
regeneration reaction and low overpotential where Rct = n/J. The performance of a solar
cell is negatively affected by decreasing the fill factor if a poor counter electrode is

present in a DSSC.8! Moreover, the regeneration reactions are dependent on the
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transport of the redox mediator between the working and counter electrodes in a DSSC
in addition, the transport capacity is reflected by two significant parameters; the
conductivity and diffusivity.®? Electrolytes used in DSSCs can be classified into 3 major
categories: liquid electrolytes, quasi-solid electrolytes, and solid-state conductors. In
this section, our discussion will be limited to liquid electrolytes which are the most
broadly used transport media in DSSCs having various advantages over other kinds of
electrolytes such as; low viscosity, high conductivity, and uncomplicated preparation
leading to an increase in the conversion efficiency.®® In general, liquid electrolytes are
supposed to have low viscosity for the aim of reducing the charge transfer resistance, to
maintain physical and chemical stability, and be in a suitable solvent which dissolves
the electrolyte and the different additives present while avoiding the dissociation of the
adsorbed sensitizer.34 The three main components of liquid electrolytes are the solvent,

the ionic conductor, and the additives.

In a dye sensitized solar cell device, the solvent of an electrolyte should meet
certain general requirements for it to be eligible for the proper function of the cell: (i) a
broad electrochemical window to prevent the degradation of the electrolyte in the range
of the working potentials of the anode and the cathode and adequate chemical stability
in the dark and under light; (ii) a melting point less than -20°C and a boiling point
higher than 100°C to avoid the evaporation of the electrolyte specially in an outdoor
environment; (iii) a high dielectric constant that ensures sufficient solubility and full
dissociation of the electrolyte salts and proper solubility of the redox mediator; (iv) low

viscosity which guarantees high diffusion coefficients of the redox mediators and
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significant conductivity of the liquid electrolyte; (v) inertness to the sensitized dye and
to the TiO2-dye bond; (vi) weak solubility towards the sealing materials and the
electrodes; (vii) insignificant light absorption; (viii) low toxicity and a reduced price.®
Generally, polar organic solvents and ionic liquids are the two types of electrolyte
solvents that meet the general requirements and are suitable for dye sensitized solar
cells. Since it is difficult for a single solvent to meet all the above-mentioned
requirements, sometimes mixed solvents are used in order to achieve a good device
performance.®® Acetonitrile is believed to be an excellent polar organic solvent owing to
its low viscosity, admirable chemical stability, and efficient solubilizing ability.
However, it possesses a low boiling point of 82°C and serious toxicity restricting its use
for industrial solar cells. Acetonitrile is favorable for laboratory analysis attaining a high
conversion efficiency due to its decreased mass-transport limitations also, mixtures of
nitrile compounds are employed for the sake of increasing the boiling point to reduce
evaporation and cell sealing difficulties. Other than acetonitrile, various electrolyte
solvents have been investigated such as nitriles, esters, lactones, and others where most
of them contributed in designing stable and highly efficient DSSC devices.®” The more
basic the solvent is or the stronger its electron donating capacity; the lower the number
of surface-bound protons and the more negatively charged the surface of TiOzis. This
will lead to a decrease in the driving force for the transfer of electrons from the oxidized
sensitizer to the semiconductor which results in a reduced Jsc and an increase in the
potential difference between the elevated flatband potential (V) and the electrolyte’s
redox potential which causes a larger Voc.® Liquid electrolytes that are constituted
solely of ions are called ionic liquids or salts in their liquid states. Room-temperature

ionic liquids have been employed in electrolytes of DSSCs in view of their exceptional
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features such as thermal and chemical stability, analogous nonflammability, adjustable
viscosity, strong ionic conductivity, and intensely reduced vapor pressure decreasing
leakage and evaporation.®® The most commonly exploited and efficient electrolytes for
electrochemical cells in general and DSSCs in specific are the imidazolium-based ionic
liquids yet, other ionic liquids have also been used as solvents for the electrolytes of
DSSCs like sulfonium, ammonium, pyridinium, and many more.®® The nature of the
cations and anions that make up ionic liquids determine the device’s
photoelectrochemical properties. Moreover, the choice and grouping of cations and
anions controls the performance of a DSSC. For example, while utilizing imidazolium
iodides; smaller cations showed higher triiodide diffusion coefficients leading to larger
photocurrents whereas, bigger cations exhibited larger photovoltages.®*? The
drawbacks of pure ionic liquids are the low ion mobility and high viscosity which
reduce the diffusion coefficient of triiodide and limit the restoration of the oxidized
sensitizer.® On the other hand, in low viscosity ionic liquids; low temperature limits
triiodide diffusion and high temperature promotes recombination reactions that limit the
device’s performance.®* Therefore, in the aim of reducing their mass-transport
limitations, ionic liquids are sometimes diluted with an organic solvent such as
acetonitrile although it tends to have a high volatility, or high viscosity imidazolium
iodides are mixed with low viscosity ionic liquids.®> Despite their drawbacks, ionic
liquids are a promising alternative to the highly volatile organic solvents acting as

electrolyte solvents for DSSCs.%
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As previously discussed, the electrolyte or rather the reduced state of its redox
couple is responsible for the regeneration of the oxidized dye back to its ground state,
and then the couple’s oxidized state gets reduced again at the counter electrode.
Regarding reaction kinetics, the donation of electrons from the reduced electrolyte state
to the oxidized dye should be faster than the electron transfer from TiO; to the oxidized
dye for the aim of reducing recombination losses and improving the efficiency of dye
regeneration.®” Furthermore, the formation of the reduced redox state by the reduction
of the oxidized state at the counter electrode is supposed to be fast enough to wrap up
the electrochemical cycle and supply adequate couple sources in a minimal
overpotential. The energy level of the redox species is required to be as close as it could
be to the D*/D energy level for the sake of increasing the photovoltage of the device
however, it is crucial to preserve a sufficient driving force for the quantitative
regeneration of the dye.®” The iodide/triiodide redox couple adheres to the above
standards by possessing an appropriate redox potential providing fast dye regeneration
along with slow electron recombination. At the same time, Is/I" has long-term stability,
high conductivity, good solubility, and a beneficial ability of penetration into the
mesoporous TiO> film.%8 Due to its advantages, the iodide/triiodide redox couple has
been the most utilized paradigm primarily introduced by Grétzel in 1991.2° lodine binds

with iodide in solution to form triiodide in the following equilibrium reaction
K
Lo+ 1" S 137 Ki=107 M

Although other polyiodide species may be formed if the iodine concentration is high,

only triiodide is significant in DSSCs.% At the counter electrode, a two-electron
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reaction takes place where, according to it, the electrolyte’s redox potential (Eredox) IS

determined by the Nernst equation

, RT  [I7]
Eredox = EO +ﬁlnﬁ

E°': formal potential, F: Faraday constant, R: gas constant, T: absolute temperature'®

The difference of potential between E® (D*/D) and E° (Is/I) is about 0.75 V; it is

utilized to drive the forward reactions in a DSSC device. A potential loss of a few
hundred millivolts [E® (1271 - E®' (171)] is present in a DSSC where the driving force
for the regeneration of the sensitizer is provided by the difference between E® (I2/1°)

and E° (D*/D).1% In order to rapidly regenerate the oxidized dye sensitizer, the
concentration of iodide and the diffusion rate are required to be sufficiently high. For
example, a 30 mM concentration of triiodide is enough in a nonviscous solvent like
acetonitrile but in a viscous solvent, a higher triiodide concentration is required. This is
because the triiodide transport to the counter electrode may be a rate-determining step
owing to a low iodide concentration or a high solvent viscosity.1%? The cations that are
associated with the 1/13” anions in the electrolyte influence the electrolyte’s properties
and the DSSC’s photovoltaic performance. The cations’ type and concentration in the
electrolyte alter the TiO2 conduction band edge’s position. For example, the conduction
band of TiO2 shifts to a lesser energy as the concentration of cations increases.*’
Furthermore, for the sake of establishing electroneutrality in the TiO> film, the transport
of electrons is strongly associated with the diffusion of ions therefore, the electron
transport in the mesoporous oxide layer is considerably affected by the cations in the

electrolyte.>” For instance, when the electrolyte contains Lil, the Li* cations bearing a

19



small radius have the ability to deeply enter into the mesoporous layer of TiO2 where
they form an ambipolar Li*-e" leading to an increase in the electrons’ transport speed
and an enhancement in the photocurrent of the device.**® However, the small radius of
the cations negatively influences the open-circuit voltage of a DSSC by binding to
triiodide and causing recombination losses. Accordingly, an increase in the radius of the
cations shifts the potential of the conduction band negatively which increases the
photovoltage but decreases the photocurrent.’%* Apart from the cation size, the charge
density of the cations also influences the performance of DSSCs due to recombination
losses and shifts in energy bands.'® Even though the 17/1s redox couple demonstrates an
impressive performance in dye sensitized solar cells, it still reveals several unfavorable
features such as the acute corrosiveness of iodine towards various sealing materials
which increases the difficulty in assembling and sealing DSSCs with large areas and
decreases their long-term stability, the high vapor pressure of iodine which triggers a
problem in device encapsulation, the absorption of visible light by Is” and other
polyiodide species lowering the photocurrent of the device, and sometimes a loss in the
photovoltage of the device is induced due to the gap between the redox potential of I7/15
and that of certain sensitizers. % Earlier, the traditional /15" redox couple was mainly
employed in most of the studies on dye sensitized solar cells. Since 2010, the field of
development of contemporary redox mediators has received noticeable attention and the
number of articles about new redox couples has been enormous.?” Using a new Co-
complex-based electrolyte, the group of Grétzel reported a solar cell with an efficiency
of 12.3% in 2011.1% Co-complex one-electron redox systems are usually noncorrosive,
nonvolatile, lightly colored, and have a tunable potential by the modification of their

ligands.1%® However, electrolytes with such redox couples exhibit recombination losses
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of TiO2 conduction band electrons and mass transport limitations that go back to the
large size of the Co complex. For the sake of overcoming these detriments, different
research groups investigated the Co-complex-based electrolyte. One group found out
that the use of TiO> films with larger porosity helps in increasing the diffusion which is
usually slower for cobalt-based electrolytes within the mesoporous titania film.°
Another group showed that the structure of Co complexes has a large effect on the
recombination kinetics thus on the performance of DSSCs.'! Recently, Mathew and
Grétzel used a Co(ll/111) redox shuttle in conjugation with a panchromatic porphyrin
dye (SM315) to develop a device with 13% efficiency.*'? Furthermore, a study was
done by Song and coworkers on porphyrin-based sensitizers using a cobalt-based
electrolyte system, which showed increased efficiencies of DSSCs compared to an
iodine-based electrolyte system especially with sensitizers bearing bulky electron
donors. Those proved to be more efficient with cobalt electrolytes.'*® Therefore, cobalt-
complex mediators are currently the most competent redox couples for DSSCs. Other
than Co-based redox shuttles, the thiolate/ disulfide (T°/T2) organic redox couple proved
to be successful for DSSCs where T- symbolizes the 1methyl-1-H-tetrazole-5-thiolate
anion. The latter redox couple achieved a very high efficiency DSSC compared to
DSSCs with other organic redox couples.!'* The T/T2 redox couple exhibited a better
performance compared to other organosulfur-based redox couples although an
improvement of the long-term stability is needed.'*> Another metal-based redox couple
used in DSSCs was the Cu(1)/Cu(ll) redox mediator. A conversion efficiency of 7% was
reached by assembling a DSSC using the latter redox couple in combination with an

organic dye sensitizer.116
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iii. Additives:

Additives are substantial constituents of liquid electrolytes found to optimize
the photovoltaic performance of DSSCs. Adding a small amount of additives manages
to improve the potential of the redox couple, the surface states of the semiconductor, the
recombination Kkinetics, the conduction band edge shifting, and the photovoltaic
parameters of a DSSC.1!’ Grétzel et al. primarily used 4-tert-butyl pyridine or TBP as
an electrolyte additive which resulted in a significant enhancement of the open-circuit
potential of a DSSC.® After that, derivatives and analogues of pyridine, benzimidazole,
quinoline, and other nitrogen-containing compounds were investigated as additives in
liquid electrolytes. As a result of developing a similar impact on DSSCs compared to
TBP, nitrogen-containing heterocyclic compounds became the most commonly utilized
additives in DSSCs.!*® The electron recombination rate was reduced by approximately 1
to 2 orders of magnitude due to the addition of pyridine derivatives or TBP to the liquid
electrolyte in a solar cell. Furthermore, such additives caused an impressive increase in
the open-circuit potential of a DSSC which was mainly attributed to the negative shift of
the conduction band edge of the semiconductor film towards a higher energy level and
the longer lifetimes of electrons in the conduction band.!?%121:122 Raman measurements
and surface analysis of the TiO2 semiconductor showed that TBP binds to the surface of
TiO2 and probably also to iodine or the sensitizer molecules. Adversely, adding an
unnecessary amount of additives may negatively affect a solar cell and result in a poor
photovoltaic performance.*?® Lithium (Li*) or guanidinium (G*) ions are part of a
different class of regularly used additives. These additives are also able to boost the
performance of DSSCs, but they acquire a contrasting mechanism from that of nitrogen-

containing heterocyclic compounds.*?* Numerous studies on Li* additives demonstrated
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that they shift the conduction band edge towards a lower energy as a result of the
adsorption of Li* cations on the surface of TiO>. This causes an increased electron
injection from the D* energy level to the conduction band of the semiconductor leading
to an enhancement in the photocurrent of the device.®® Furthermore, the addition of G*
cations displayed a significant improvement in the photocurrent of the DSSC device due
to an increase in the electron injection. Also, when G* ions were adsorbed on the surface
of TiO along with the N3 dye they formed a compact monolayer of dye which caused a
reduction in the dark current thus, a remarkable enhancement of the device’s
photovoltage and a significant increase in the conversion efficiency.'?® The addition of
G cations also developed an advancement in the Voc because of the slower
recombination kinetics and the downward shift in the conduction band edge of TiO,.1%
As previously discussed, heterocyclic nitrogen-containing additives and cation additives
bear completely opposite functions concerning the energy level of the semiconductor.
Nevertheless, both differing kinds of additives are concurrently used in electrolytes.'?*
This argument is required to reinforce the DSSC device’s performance by retrieving
both benefits from both kinds of electrolyte additives, i.e., the shifting of the conduction
band to a higher energy leading to an increase in the photovoltage of the device as well
as the blocking of the surface of TiO> resulting in the reduction of recombination losses
thus, an increase in the photocurrent of the device.'?” For instance, electrolytes
containing both Li* cations and TBP provided a significant device performance which
was proved to be better that electrolytes with one kind of additives.'?® As explained
earlier, the electrolyte’s performance depends on the properties of the solvent, the ionic

conductor, and the additives. The interactions between those constituents and the
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electrolyte’s interaction with electrodes and dye sensitizers determines the performance

of an electrolyte in a DSSC device.

b. Dye Sensitizer:

Being one of the most essential parts of a dye-sensitized solar cell, a dye
sensitizer must display certain crucial characteristics. Its absorption spectrum must
cover the entire visible region and part of the near-infrared region as well. Also, the
excited state of the dye should be higher in energy than the conduction band of the
semiconductor for the aim of ensuring efficient electron transfer from the dye’s excited
state to the semiconductor’s conduction band.'?® Moreover, to provide effective dye
regeneration, the oxidized state level of the sensitizer should be lower in energy than the
redox potential of the electrolyte. The molecular structure of the dye should be
optimized or certain co-adsorbers should be added for the sake of reducing unfavorable
dye aggregation. Furthermore, the dye sensitizer should maintain electrochemical,
thermal, and photo stability.*** Most importantly, the dye must possess a suitable
anchoring group able to bind it to the surface of TiO>. Dye sensitizers are usually metal
complexes or organic dyes. Metal complexes, particularly ruthenium complexes, have
been extensively investigated for their application in DSSCs since they have favorable
electrochemical properties and a broad absorption spectrum.® Organic dyes are
considered as alternatives to ruthenium complexes because they demonstrate numerous
alternatives. First, their molecular structures can be seen in diverse forms and can be
effortlessly synthesized. Second, organic dyes possess higher molar extinction
coefficients compared to metal complexes which make them more attractive for thin

film solar cells. Third, organic dyes are cheaper than metal complexes and they have
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suitable environmental characteristics. Finally, organic dyes have showed improved
efficiencies compared to the efficiencies of ruthenium complexes.®*! As previously
discussed, the anchoring group is the most significant part of the dye sensitizer since it
is employed to bind the dye to the surface of the semiconductor and to promote the
injection of electrons to the conduction band of TiO.. Historically, carboxylic acid and
cyanoacrylic acid groups have been the most commonly used anchoring groups in
DSSCs.**? Usually, carboxylic acid anchors are used in transition metal complexes due
to their metal-to-ligand charge transfer and cyanoacrylic acid anchors are used in
organic D-ni-A dyes. These anchoring groups possess an excellent electron withdrawing
capability which makes them act as electron acceptors.'®® Subsequently, intramolecular
charge transfer is advanced towards the region of the dye close to the TiO substrate
from the donor region. Certain studies investigated the insertion of a phenyl moiety
between the adsorber and the acceptor group which resulted in an improvement of the
DSSC’s efficiency compared to the normal D-n-A structure. This gain in the
performance was attributed to the decrease of back electron transfer from the
semiconductor to the sensitizer.** Scheme 2 shows the structure of a sensitizer, DN-

FO5, possessing a cyanoacrylic acid anchoring group.
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Scheme 2: Structure of DN-F05 dye

In a class of carbazole-based organic dyes, pyridine was utilized as an
anchoring group by Ooyama et al. in 2011.1% Devices containing a pyridyl anchor as
well as a triarylamine donor showed comparable efficiencies to those containing a
traditional carboxylate anchor. The anchoring site for the pyridyl anchor on the surface
of TiO2 is different from the anchoring site of the carboxylate anchor. FTIR
spectroscopy was used to study the anchoring mode of pyridyl on TiO, where a new IR
band at 1615 cm™ was detected and assigned to the coordination complex between TiO>
and the pyridyl ring. The strong coordination bond was suggested to be formed between
the Lewis-acid sites of TiO, and the pyridine ring resulting in efficient electron injection
owing to the good electronic communication and a large red-shift in the absorption peak
of the dye sensitizer. Moreover, the maximum amounts of dyes containing a pyridyl

anchor adsorbed on the surface of TiO, were about half that of dyes containing a
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carboxylate anchor because there are less Lewis-acid sites than Brensted-acid sites used
for the adsorption of carboxylate anchors.**>!3 Since pyridyl groups adsorb on the
Lewis-acid sites of TiO2 and carboxylate groups adsorb on the Brgnsted-acid sites of
TiO2, a synergetic effect was possible where a carboxylate anchor was incorporated
with a pyridyl-based dye NI7 resulting in a higher overall conversion efficiency.*®’
Another study using a pyridyl-based dye incorporated a bulky trithiophenyl-triarylamine
group forming a dye TTC-105 having a decreased conversion efficiency due to the

decrease in the dye loading amount and an increase in the charge recombination rate.

The structures of N17 and TTC-105 are shown in scheme 3.

COOH

Scheme 3: Structures of NI-7 and TTC-105 respectively
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Other than cyanoacrylic acid, carboxylic acid, and pyridine, many other
anchoring groups have been investigated in the studies of anchoring groups for dye
sensitizers. Phosphonic acid is an extensively studied anchor due to its superior
anchoring stability and its immensely high adsorption strength compared to carboxylic
acid.'® However, the tetrahedral geometry of the phosphoryl center and the conjugation
loss remarkably decrease the charge transfer rate of phosphonic acid.*® The
performance of the phosphonate anchor in DSSCs devices is considered moderate and
acceptable.*! The latter binds to TiO, through the phosphoryl oxygen and it also allows
other anchoring modes like hydrogen bonding due to the presence of three oxygen

atoms.**? Scheme 4 shows a dye 4-O having a phosphonate anchoring group.

NMe,

H,03P

Scheme 4: Structure of 4-O dye

Pyridine-N-oxide was also implemented as an anchoring and electron acceptor.
An acceptable conversion efficiency was reached while utilizing pyridine-N-oxide-
based dyes. Pyridine-N-oxides are thought to bind to the Brgnsted-acid sites of TiO>-
similar to cyanoacrylic and carboxylic acid.}*® Scheme 5 shows a dye WL102 having a

pyridine-N-oxide anchoring group.
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Scheme 5: Structure of WL102 dye

A great deal of diverse anchoring groups has been explored in the study of dye
sensitizers for dye-sensitized solar cells. Those were sulfonic acid, boronic acid, nitro,
catechol, hydroxamate, acetylacetonate, and many others. The exploration and
understanding of these different types of anchoring substituents is contributing to
further development of dye-sensitized solar cells and to an improvement in their

performance and efficiency.4

C. Electrochemical impedance spectroscopy (EIS) studies:

EIS is a powerful steady-state technique used in evaluating the electrochemical
processes in a DSSC. It evaluates the current response upon the application of an AC
voltage as a function of frequency. EIS experiments are carried out by applying an AC
potential V(w,t) with a certain frequency range (f=w/2m) and then, measuring the current
I(w,t) of the electrochemical system. EIS data are usually demonstrated in the form of

Nyquist plots where the imaginary impedance Z’’ is plotted against the real impedance
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7’ for different values of the angular frequency w. A typical Nyquist plot and a DSSC

circuit model of a dye sensitized solar cell system are presented in Scheme 6 below.
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Scheme 6: A typical Nyquist plot of a DSSC and the equivalent circuit that is used for
the fitting of the data

The onset of the first semicircle on the x-axis represents the series resistance (Rs) in a
DSSC device. The semicircle in the high frequency region (left semicircle) represents
the charge transfer resistance and the double layer capacitance (Retand C,) at the
counter electrode. The semicircle at the middle frequency region represents the charge
transfer resistance of the electron recombination (Rct) and the chemical capacitance at
the TiO; interface (C,). The semicircle at the lowest frequency is associated to the
diffusion of the triiodide ions in the electrolyte (Zq). All of the electrical elements can be
obtained by fitting the EIS spectra using an equivalent DSSC circuit as shown in
Scheme 6. Moreover, the electron lifetime (t) corresponds to the product of the charge
transfer resistance and the chemical capacitance: 7= Rct.Ci. An increase in the charge
transfer resistance of the electron recombination (Rct) corresponds to a decrease in the

recombination processes in a DSSC. Moreover, an upward or a downward voltage shift
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in the capacitance at the TiO> interface (C,.) represents an upward or downward shift in

the quasi-Fermi level of TiO. with respect to the redox Fermi level, respectively.

D. Aim of the work:

In 2011, Harima et at. reported on new efficient dyes bearing a pyridine
anchoring group.®7 Those dyes were proved to bind to the Lewis-acid sites of TiO;
by the same research group later in 2013, where the pyridine-based dye N14 was co-
sensitized with a carboxylic acid-based dye 4CT and the latter showed no effect on the
amount of adsorbed N4 on the surface of TiO2. However, when co-sensitizing 2
carboxylic acid-based dyes NI2 and 4CT, the Bronsted-acid sites were occupied with
ACT which prevented the adsorbtion of N12 on them.*3® In 2014, Arakawa and
coworkers co-sensitized Black dye with a dye having a pyridine anchoring group and
displayed an increase in the short-circuit current of this co-sensitized device which was
due to an increase in the light absorption in the blue region of the spectrum where the
pyridine-based dye absorbs.1#>14¢ In a different study conducted by Sun and coworkers
in 2013, a dye having a pyridine-N-oxide anchoring group was sensitized in a DSSC
and showed a significant conversion efficiency, although its binding site on TiO, was
not determined.'*® Inspired by the studies mentioned earlier on pyridine and pyridine
oxide based sensitizers, we designed and synthesized two new dyes T181 and T182
bearing pyridine and pyridine-N-oxide anchoring groups respectively and studied their
photovoltaic performance and anchoring sites on the semiconductor TiO,. Both dyes
had similar molecular structures with large donor groups which are believed to decrease
the charge recombination in DSSCs with cobalt-based electrolyte systems. In addition,
T181 which was proven to bind to the Lewis-acid sites of TiO2, was co-sensitized with

two commercially available dyes YD2 and DB having carboxylic acid anchoring groups
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using two electrolyte systems; iodine and cobalt. This approach shall contribute to an
increase in the total dye loading amount due to the binding of T181 to the Lewis-acid
sites of TiO2 while conserving the loading amount of the co-sensitized carboxylic acid
dye. Moreover, the short-circuit current and open-circuit voltage of the co-sensitized
DSSCs are expected to increase resulting in the enhancement of the solar cells’

efficiencies.
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CHAPTER II

EXPERIMENTAL METHODS AND INSTRUMENTATION

A. Materials:

Chemicals were purchased from Sigma-Aldrich and were used as supplied.
TiO> colloids were purchased from Dyesol (Australia). Dyenamo Blue and YD2 dyes
were purchased from Dyenamo (Sweden). Fluorine-doped transparent conducting oxide
films that are deposited on glass (SnO2:F) "Tec15" and “Tec8” were purchased from
Pilkington (USA). TiO: colloids 30NR-D and WER2-O were purchased from Dyesol

(Australia).

B. Instrumentation:

The NMR spectra (*H and *3C) were measured on a Bruker AM 500 MHz
spectrometer. UV-vis spectra were recorded on a Jasco V-570 UV/vis/NIR. Steady state
emission spectra were measured on a JobinYvon Horiba Fluorolog-3
spectrofluorometer. The electrochemical setup consisted of a three-electrode cell, with a
platinum rod as the working electrode, a Pt wire ~ 1 mm diameter as the counter
electrode, and Ag/Ag* (10 mM AgNO:s) as the reference electrode. The electrochemical
measurements were performed in 0.1 TBAPFs in DMF, and Fc/Fc* standard (0.69 vs
NHE in DMF) was used as an internal reference. Electrochemical impedance spectra of
the DSSCs were performed with CH Instruments 760B (USA). The obtained impedance
spectra were fitted with the Z-view software (v2.8b, Scribner Associates Inc.). The

spectra were performed in the frequency range 0.1 Hz - 105 Hz with oscillation
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potential amplitudes of 10 mV at RT under open circuit conditions at different light
levels. IPCE% spectra were recorded using a Newport 74000 Cornerstone™
monochromator. Photocurrent vs. Voltage characteristics were measured with a
Keithley 2400 source meter and a solar simulator illuminated by a Xenon arc lamp
(Oriel) through an AM1.5 simulation filter (ScienceTech). The irradiated area of the cell

was 0.5 x 0.5 cm with a 0.6 x0.6 cm black mask.

C. Electrolytes:

The iodine electrolyte used in the YD2 study was composed of 2 M DMII, 0.5
M TBP, 0.1 M GuSCN, 0.05 M Lil, 0.05 M Iz in ACN and that used in the DB study
was composed of 2 M DMII, 0.2 M TBP, 0.1 M GuSCN, 0.05 M Lil, 0.05 M I in ACN.
The cobalt electrolyte used in the YD2 study was composed of 0.25 M Co(ll), 0.06 M
Co(l11), 0.1 M LiCIO4 and 0.6 M TBP and that used in the DB study was composed of

0.25 M Co(ll), 0.06 M Co(IIl), 0.1 M LiCIO4 and 0.2 M TBP.

D. Computational Methods:
Calculations were carried out using Gaussian 03.14” Geometries were

optimized using the 6-31G* basis set with (B3LYP) in water (C-PCM algorithm).148

E. Synthesis:
1. Synthesis of T181 dye:

a. Preparation of 4-dihexyl-4H-cyclopenta2,1-b:3,4-b’]dithiophene:

In a nitrogen-degassed dimethyl sulfoxide, a mixture of 4H-cyclopenta[2,1-

b:3,4-b "]dithiophene (3.36 g, 18.88 mmol), potassium hydroxide (3.17 g, 56.63 mmol),
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and 1-iodo hexane (12.01 g, 56.63 mmol) was stirred at room temperature for 24 hours
then water was added. Then, the crude product was extracted into diethyl ether for 3
times. The organic layer was washed with an aqueous solution of ammonium chloride
and water then dried with anhydrous sodium sulfate. Finally, the product was filtered
and the solvent was removed under reduced pressure. The product was purified by
column chromatography with hexane as the eluting solvent. The main band was
collected and the solvent was removed by reduced pressure to get 4,4-dihexyl-4H-
cyclopenta[2,1-b:3,4-5 "]dithiophene as a pure solid (5.6 g, 89% yield). *H NMR (500
MHz, Chloroform-d) & 7.08 (d, 2H), 7.00 (d, 2H), 1.69 (d, J = 552.0 Hz, 4H), 1.45 —

1.37 (m, 8H), 1.30 — 1.18 (m, 8H), 0.80 (t, 4H).

b. Preparation of 2,6-dibromo-4,4-dihexyl-4H-cyclopenta]2,1-b:3,4-b’]dithiophene:

To prepare 2,6-dibromo-4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-5 ]dithiophene,
4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-5 ]dithiophene (2 g, 5.78 mmol) was dissolved in
tetrahydrofuran at 0 °C under nitrogen and kept for 15 minutes. Then, N-
bromosuccinimide (2.06 g, 11.56 mmol) was added and the reaction was warmed to
room temperature and stirred in the dark for 24 hours then water was added. The crude
product was extracted into dichloromethane then washed with water. The organic layer
was dried over anhydrous sodium sulfate. Finally, the product was filtered and the
solvent was removed under reduced pressure. The product was purified by column
chromatography with hexane as the eluting solvent. The main band was collected and
the solvent was removed by reduced pressure to get a yellow colored 2,6-dibromo-4,4-

dihexyl-4H-cyclopenta[2,1-b:3,4-b ]dithiophene (1.7g, 59% yield). *H NMR (500 MHz,
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Chloroform-d) 6 6.86 (s, 2H), 1.68 (t, 4H), 1.27 — 1.17 (m, 8H), 1.16 — 1.03 (m, 8H),

0.79 (t, 4H).

c. Preparation of T181 dye:

In a nitrogen-degassed medium of dioxane:tetrahydrofuran:water 5:1:1, a mixture of
2,6-dibromo-4,4-dihexyl-4H-cyclopenta[2,1-b:3,4-b "]dithiophene (0.4 g, 0.6 mmol), 4-
pyridinylboronic acid (0.09 g, 0.73 mmol), 2',4'-dibutoxy-N-(2',4'-dibutoxy-[1,1'-
biphenyl]-4-yl)-N-(4-(4,4,5,5-tetramethyl- 1,3,2-dioxaborolan-2-yl)phenyl)-[1,1'-
biphenyl]-4-amine (0.58 g, 0.72 mmol), triphenylphosphine (0.08 g, 0.29 mmol),
potassium carbonate (1.35 g, 9.77 mmol), and palladium acetate (12 mg, 0.05 mmol)
was stirred under reflux for 48 hours. The product was extracted into dichloromethane
and washed with water. Then, the organic layer was dried over anhydrous potassium
carbonate and the product was filtered and the solvent was removed under reduced
pressure. The product was purified by column chromatography with hexane:ethyl
acetate as the eluting solvent and the main band was collected. Finally, the solvent was
removed under reduced pressure to get an orange compound T181 (141.7 mg, 21%
yield). 1H NMR (500 MHz, Acetone) & 8.41 (dd, J = 4.5, 1.6 Hz, 2H), 7.71 (s, 1H), 7.53
(d, J =8.7 Hz, 2H), 7.48 (dd, J = 4.5, 1.6 Hz, 2H), 7.40 (d, J = 8.7 Hz, 4H), 7.38 (s,
1H), 7.16 (d, J = 8.4 Hz, 2H), 7.03 (d, J = 2.1 Hz, 3H), 7.03 (d, J = 8.7, 6.6 Hz, 3H),
6.53 (d, J = 2.4 Hz, 2H), 6.48 (dd, J = 8.4, 2.4 Hz, 2H), 3.92 (t, J = 6.4, 3.5 Hz, 4H),
3.92 (t, J = 6.4, 3.5 Hz, 4H), 1.63 (quin, 4H), 1.63 (quin, 4H), 1.37 (sext, J = 22.6, 15.1,
7.5 Hz, 4H), 1.37 (sext, J = 22.6, 15.1, 7.5 Hz, 4H), 1.20 — 1.00 (m, J = 63.1 Hz, 10H),
0.84 (t, J = 22.2, 7.4 Hz, 6H), 0.84 (t, J = 22.2, 7.4 Hz, 6H), 0.67 (t, J = 7.0 Hz, 6H).

APP1 MS (m/z): calculated for C7,HgsN204S2 [M + H']*, 1107.6; found, 1108.1. °C
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NMR (126 MHz) 6 160.57, 157.87, 153.03, 151.22, 148.67, 146.70, 146.43, 142.43,
141.66, 141.14, 138.28, 134.74, 131.64, 131.25, 130.17, 127.35, 126.54, 126.13,
125.24, 125.08, 124.78, 124.32, 123.97, 123.95, 119.88, 105.87, 101.40, 68.28, 67.90,
31.95, 31.66, 19.83, 19.81, 14.23, 14.17, 1.61. MALDI-TOF MS (m/z): calculated for
CesHesN4O4S3, 1061.4; found, 1061.3.

2. Synthesis of T182 dye:

A mixture of T181 (50 mg, 0.045 mmol) and meta-chloroperoxybenzoic acid
(mCPBA) (24 mg, 0.14 mmol) was dissolved in chloroform and stirred while heating
for 24 hours. The reaction was then diluted with chloroform and stirred for 15 minutes.
The product was washed with a solution of potassium carbonate then with water. After
that, the organic layer was dried over anhydrous potassium carbonate where the product
was filtered, and the solvent was dried under reduced pressure. The product was purified
by column chromatography with hexane:ethyl acetate as the eluting solvent and the
main band was collected. Finally, the solvent was removed under reduced pressure to
get a red compound T182 (30 mg, 59.3% yield). *H NMR (500 MHz, Acetone) & 7.97
(dd, J = 7.4 Hz, 2H), 7.59 (s, 1H), 7.52 (d, 2H), 7.50 (dd, 2H), 7.39 (d, J = 8.7 Hz, 4H),
7.36 (s, 1H), 7.15 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.6 Hz, 4H), 7.00 (d, 1H), 6.52 (d, J =
2.4 Hz, 2H), 6.47 (dd, J = 8.4, 2.4 Hz, 2H), 3.91 (t, J = 6.4, 3.0 Hz, 4H), 3.90 (t, J=6.4,
3.0 Hz, 4H), 1.63 (quin, 4H), 1.58 (quin, 4H), 1.39 (sex, J = 15.1, 7.5 Hz, 4H), 1.34
(sex, J = 15.1, 7.5 Hz, 4H), 1.18 — 1.00 (m, J = 65.4 Hz, 10H), 0.85 (t, J = 7.4 Hz, 6H),
0.80 (t, J=7.4 Hz, 6H), 0.66 (t, J = 7.0 Hz, 6H). MALDI-TOF MS (m/z): calculated for

C72HgsN20s5S2 [M + H']*, 1123.6; found, 1124.1.

37



F. Solar Cell Fabrication:

Dye sensitized solar cells were fabricated using standard procedures. A
compact titania layer (Ti-Nanoxide BL/SP, Solaronix, Switzerland) was first spin-
coated to the cleaned “TEC15” conductive glass, followed by the treatment with 40 mM
TiCls aqueous solution at 70 °C for 30 min. A 4 um was then was printed by the doctor
blade method from a diluted TiO paste (60% TiO2 Dyesol 30NRD, 34% terpineol and
6% ethyl cellulose), followed by a scatting layer (4 um) of Dyesol WER2-O TiO; paste.
Next, the electrodes were sintered at 500 °C for 60 min, followed by treatment with 40
mM TiCls aqueous solution at 70 °C for 30 min. The films were further heated at 500 °C
for 60 min before sensitizing with 0.2 mM YD2 or 0.03 mM DB with 0.2 mM T181 in
1:1:1 THF/acetonitrile/tert-butanol mixture. The counter electrodes were fabricated by
applying a 2-3 ul/cm? of 5 MM H2PtClg in 2-propanol to the “Tec8” FTO glass,
followed by heating in an oven at 400 °C for 20 minutes. Cell assembly was performed
by sealing the counter electrode to the TiO> electrode with a 25 um Surlyn (Dupont)
spacer at ~ 100 °C for 3 mins. The corresponding electrolyte was introduced through
two small holes, previously drilled through the counter electrode, which were then

sealed with Surlyn.
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CHAPTER 111

RESULTS AND DISCUSSION

A. Synthesis and Characterization:

The synthesis of the two new dyes T181 and T182 was successful using the
procedure shown in synthetic Schemes 7 and 8 below. While T181 possesses a pyridine
anchoring group, T182 possesses a pyridine oxide anchoring group where the nitrogen
in the ring is coordinated to an oxygen atom. In order to synthesize T181, 4H-
cyclopenta[2,1-b:3,4-5 ]dithiophene was substituted by two hexyl groups. This
substitution was essential to prevent other unwanted reactions and to derivatize the dye
by alkyl groups. Alkyl groups are believed to decrease recombination between TiO and
the electrolyte by reducing their contact with each other. The second step was the
bromination of position 2 and 2’ of the thiophene rings for subsequent Suzuki coupling
on these sites. Finally, the synthesis of T181 was completed by two simultaneous
Suzuki coupling reactions. Moreover, the synthesis of T182 was accomplished by the
reaction of T181 with m-CPBA which oxidizes the nitrogen atom of the pyridine ring.

The structures of the dyes were confirmed by NMR and mass spectrometry.
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Scheme 7: The synthetic scheme of T181where (a) dimethyl sulfoxide, KOH, 1-
iodohexane; (b) NBS, THF; (c) CsHsBNO2, Cs2HssBNO2, triphenyl phosphine,
potassium carbonate, palladium acetate, dioxane: THF:H>O

40



Scheme 8: The synthetic scheme of T182 where (d) m-CPBA, chloroform
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Furthermore, the two dyes were characterized by UV/Vis and emission

spectroscopy. The UV/Vis spectra of T181 and T182 are shown in Figure 1 below.
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Figure 1: The absorbance spectra of T181 and T182 dyes in THF

The UV/Vis spectrum of T181 shows peaks at 334 nm (e = 32900 Mt cm™)
and at 442 nm (e = 38600 M cm™). Likewise, the UV/Vis spectrum of T182 is red-
shifted as expected and shows peaks at 336 nm (s = 39000 M cm™) and at 460 nm (e =
36300 M cm™). The emission spectra of T181 and T182 are shown in Figures 2 and 3
respectively. The emission maximum of T181 was seen at 538 nm at an excitation
wavelength of 460 nm whereas, that of T182 was seen at 566 nm at an excitation

wavelength of 480 nm.
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Figure 2: The emission spectrum of T181 dye in THF (Aex= 460 nm)
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Figure 3: The emission spectrum of T182 dye in THF (Aex= 480 nm)
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From the intersection of the absorbance and the emission curves of T181 and
T182, the Eo.0 was calculated to be 2.422 eV and 2.296 eV for T181 and T182,
respectively. Furthermore, differential pulse voltammetry measurements were
performed in order to evaluate the redox potential of the two dyes (T181 and T182). The
measurements were carried out at a scan rate of 100 mV.s™ using dimethyl formamide
as a solvent where Ag/Ag*was used as a reference electrode and platinum as a counter

electrode. The differential pulse voltammograms of T181 and T182 are shown in Figure

4 (a,b) below.
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Figure 4: Differential pulse voltammograms of (a) T181 dye in DMF and (b) T182
dye in DMF obtained at a scan rate of 100 mV.s* vs. Ag/Ag* using Pt as a counter
electrode

The measurements obtained from differential pulse voltammetry were
normalized in contrast to ferrocene/ferrocenium used as a reference vs. NHE (Fc/Fc*
0.69 V vs. NHE in DMF). The Eox of T181 and T182 were approximated to be 1.00 V
and 1.04 V vs. NHE, respectively. In order to calculate the excited state potential (E o)
of the two dyes, the bandgap energy (Eo-0) was subtracted from the measured redox
potential (Eox). The values obtained from the absorbance and emission spectra and

differential pulse voltammetry are summarized in Table 1 below.
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Transmittance (a.u.)

Table 1: The spectra and electrochemistry results for T181 and T182 dyes

Dye Abs. (A innm) | Em. (A in nm) Eox (V vs. Eox = Eox— Eo-0
g (10 Mt.cmr NHE) (v vs. NHE)
T181 334, 442 538 1.00 -1.42
3.3,39
T182 336, 460 566 1.04 -1.26
3.9,3.6

B. Determination of the Binding Sites:

For the aim of studying the binding sites on TiO; of the anchoring groups of T181 and

T182 dyes, FT-IR spectroscopy was performed on T181 and T182 powder as

well as T181 and T182 adsorbed on TiO». The different FT-IR spectra are shown in

Figures 5 and 6 below.
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Figure 5: FT-IR spectra of T181 powder and T181 adsorbed on TiO-
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Figure 6: FT-IR spectra of T182 powder and T182 adsorbed on TiO-

As shown in Figure 5, T181 powder has a peak at 1595 cm™ close to 1580 cm'™?
which was ascribed to a breathing mode of the pyridine ring. When T181 was adsorbed
on TiO,, the peak at 1595 cm™ was shifted to a higher energy side. An intense peak
observed at 1610 cm™ in the spectrum of T181 adsorbed on TiO2, along with other
peaks at a higher wavenumber, indicated that the pyridine ring of T181 was adsorbed on
the Lewis-acid sites of TiO through a coordinate bond. Similar results were previously
seen in a study done by Harima and coworkers on the dye N14 having a pyridine
anchoring group that binds to the Lewis-acid sites of TiO.. The FTIR spectrum of Ni4
adsorbed on TiO2 showed an intense peak at 1614 cm™ indicating the coordinate

bonding of the pyridine ring to the Lewis-acid sites on TiO2.1% However, in Figure 6,

47



while T182 powder showed a peak at 1606 cm™ which can also be assigned to one of
the breathing modes of a pyridine ring, no significant peak indicating adsorption on
Lewis-acid sites of TiO2 was seen in the spectrum of T182 adsorbed on TiO. The latter
only showed shifts in the peaks’ positions already present in the spectrum of T182
powder. This indicates that the pyridyl anchoring group of T181 clearly binds to the
Lewis-acid sites of TiO2 however, there was no clear peak indicating the binding of
T182 on the surface of TiO». Furthermore, to precisely specify the sites of adsorption of
T181 and T182 on TiO2, 6 um electrodes of TiO2 were dipped in 0.2 mM solutions of
T181, T182, and T181 mixed with T182 in THF:EtOH for 24 hours. The UV/Vis

spectra of the dyes adsorbed on TiO: films are shown in Figure 7 below.
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Figure 7: The absorbance spectra of TiO> films of T181, T182, and T181-T182

Later, the dye-adsorbed TiO- electrodes were soaked in an alkaline solution in
THF:EtOH:H-0 for a couple of minutes to allow the desorption of the dye molecules.
Then, the absorbance spectra of the desorbed solutions were measured as a function of
wavelength in order to calculate the dye loading amounts from the maximum
absorbance of the curves. The absorbance spectra of desorbed TiO: films of T181,
T182, and T181 mixed with T182 are shown in Figure 8 below. Table 2 shows the

calculated dye loading amounts of T181 and T182 in the 3 different electrodes.
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Figure 8: The absorbance spectra of desorbed TiO> films of T181, T182, and

T181-T182

Table 2: The dye loading amounts of T181 and T182 in pure and co-adsorbed TiO-

films
Dye concentration in solution Nt1s1 (Mol) nt182 (Mol) Total dye
loading
amount (mol)
T181 (0.2 mM) 15 (+0.1) x 0 15 (+0.1) x
107 107
T182 (0.2 mM) 0 02(£0.1)x | 02(x0.1)x
10”7 107
T181 (0.2 mM) + T182 (0.2 mM) | 1.4 (x0.1)x | 1.8(£0.1)x | 1.6 (x0.2)x
107 10°® 107

2.56 cm?

TiO2 colloid 18NR-T; TiO- film thickness= 6.0 £ 0.5 um; TiO; electrode area=
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For the sake of calculating the percentage of adsorption of T181 and T182 in
the co-sensitized electrode, the experimental values of the co-sensitized T181 and T182
were fitted along with the spectra of T181 and T182 of the desorbed solutions. The
coefficients adsorbed T181 and T182 were calculated from the graph and found to be
0.908 for T181 and 0.877 for T182, Figure 8. These coefficients which were close to 1
suggest that when T181 and T182 were co-sensitized together, the two dyes did not
compete for the same site or else the sum of the two coefficients would be less than 1
designating the decrease in the dye loading amount of each dye. The dye loading
amounts shown in Table 2 showed that T181 was adsorbed on TiO2 in a higher
proportion than T182. However, when the two dyes were co-sensitized together, the dye
loading amounts weren’t significantly decreased which implied that T181 and T182 did

not compete for the same adsorption site.

C. Dye Loading Measurements:

T181 bearing a pyridine anchoring group that binds to the Lewis-acid sites of
TiO2 is expected to be an efficient co-sensitizer with dyes that adsorb to the Brensted-
acid sites of TiO: like the ones having carboxylic acid anchoring groups. In order to
verify the previous hypothesis, T181 was co-sensitized with two commercial dyes
having a carboxylic acid anchoring group which were chosen to be YD2 and Dyenamo

Blue (DB) having the structures shown in Scheme 9 below.
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Scheme 9: The molecular structures of (a) YD2 dye and (b) DB dye

To study the dye loading amounts of DB co-sensitized with T181, 4 um TiO>
electrodes were immersed in 0.2 mM solution of T181, 0.03 mM solution of DB, and
T181 mixed with DB having the same concentrations in THF:EtOH for 24 hours. The

UV/Vis spectra of the dyes adsorbed on TiO> films are shown in Figure 9 below.
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Figure 9: The absorbance spectra of TiO> films of T181, DB, and T181-DB

As performed earlier, the dye-adsorbed TiO: electrodes were dipped in an
alkaline solution in THF:EtOH:H>O for a couple of minutes to allow the desorption of
the dye molecules. Then, the absorbance spectra of the desorbed solutions were
measured as a function of wavelength in order to calculate the dye loading amounts
from the maximum absorbance of the curves. The absorbance spectra of desorbed TiO>
films of T181, DB, and T181 mixed with DB are shown in Figure 10 below. Table 3

shows the dye loading amounts of T181 and DB in the 3 different electrodes.
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Figure 10: The absorbance spectra of desorbed TiO- films of T181, DB, and

T181-DB

Table 3: The dye loading amount of T181 and DB in pure and co-adsorbed TiO> films

Dye concentration in solution Nt1s1 (Mol) nep (mol) Total dye
loading

amount (mol)

T181 (0.2 mM) 6.6 (£0.1) x 0 6.6 (£ 0.1) x
108 108

BD (0.03 mM) 0 8.5 (x0.3) x 8.5 (x0.3) x
108 108

T181 (0.2 mM) + BD (0.03 mM) | 6.6 (x0.1) x 8.6(x0.3)x | 152 (x0.4)x
108 108 108

2.56 cm?

TiOz colloids 30 NR-D, TiO> film thickness= 3.8 £ 0.5 um; TiO: electrode area=

The experimental values of the co-sensitized T181 and DB were fitted along

with the spectra of T181 and DB of the desorbed solutions. The coefficients of adsorbed
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T181 and DB were calculated from the graph and found to be 1.000 for T181 and 1.023
for DB. These coefficients which are both close to 1 show that the two dyes did not
compete for the same adsorption site. The dye loading amounts for the co-sensitized

film of T181-DB were measured as 6.6 x 10 mol for T181 and 8.6 x 10 mol for DB.

In a second study, YD2 having a different structure than DB was co-adsorbed

with T181. The UV/Vis spectrum of YD2 is shown in Figure 11 below.
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Figure 11: The absorption spectrum of YD2 in THF

The UV/Vis spectrum of YD2 shows 2 maxima at 442 nm (e = 199,000 M~
1 em™) and at 646 nm (e = 33,000 Mt.cm™), Figure 11. 8 um TiO- electrodes were

immersed in 0.2 mM solutions of T181, YD2, and T181 mixed with YD2 in THF:EtOH
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for 24 hours. The UV/Vis spectra of the dyes adsorbed on TiO; films are shown in

Figure 12 below.
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Figure 12: The absorbance spectra of TiOz films of T181, YD2, and T181-YD2

Later, the dye-adsorbed TiO> electrodes were dipped in an alkaline solution in
THF:EtOH:H-0 for a couple of minutes to allow the desorption of the dye molecules.
Then, the absorbance spectra of the desorbed solutions were measured as a function of
wavelength in order to calculate the dye loading amounts from the maximum
absorbance of the curves. The absorbance spectra of desorbed TiO; films of T181, YD2,
and T181 mixed with YD2 are shown in Figure 13 below. Table 4 shows the dye

loading amounts of T181 and YD2 in the 3 different electrodes.
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Figure 13: The absorbance spectra of desorbed TiO; films of T181, YD2, and

T181-YD2

Table 4: The dye loading amount of T181 and YD2 in pure and co-sensitized TiO>

films
Dye concentration in solution Nt1s1 (Mol) Nyp2 (Mol) Total dye
loading
amount (mol)
T181 (0.2 mM) 2.4 (£0.1) x 0 2.4 (£0.1) x
10”7 10”7
YD2 (0.2 mM) 0 1.3(x0.2) x 1.3(£0.2) x
10”7 107
T181 (0.2 mM) + YD2 (0.2 mM) | 1.8 (x0.1) x 1.0(x0.2) x 2.8 (£0.3) x
107 107 107
TiOz colloids 18 NR-T; TiO> film thickness= 8.0 £ 0.5 um; TiO: electrode area=
2.56 cm?

To calculate the percentage of adsorption of T181 and YD?2 in the co-sensitized
electrode, the experimental values of the co-sensitized T181 and YD2 were fitted along

with the spectra of T181 and YD2 of the desorbed solutions. The coefficients calculated
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from the fitted graph were found out to be 0.752 for T181 and 0.781 for YD2. The
decrease in the coefficients of YD2 and T181 to a value lower than 1 shows that the two
dyes influenced each other by decreasing the dye loading amount when co-sensitized
together. Furthermore, the dye loading amounts for the co-adsorbed film of T181-YD2
(1.83 x 10" mol of T181 and 1.00 x 10" mol of YD2) were less than those of T181 and
YD2 when they were not co-sensitized (2.44 x 10" mol of T181 and 1.28 x 10~ mol of

YD2).

D. DFT Calculations:
The decrease in the dye loading amounts of the two dyes when co-sensitized
together was attributed to the dyes’ structural size thus, we performed density functional

theory (DFT) calculations on the three dyes. Schemes 10 and 11 show the relative sizes.
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Scheme 10: The calculated relative sizes of the geometry optimized T181 and DB dyes
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Scheme 11: The calculated relative sizes of the geometry optimized T181 and YD2
dyes

The calculated vertical distances between the N atom of the triphenylamine
donor moiety to the N atom of the pyridyl moiety is 16.24 A for T181 and the distance
between the triphenylamine N atom and the O atom of the carboxylic acid moiety 24.34
A for DB. As can be seen in Scheme 10, the bulky donor group of T181 can fit within
the groove right below the DB donor group; however, this is not the case in the co-
sensitized T181 and YD2, Scheme 11. The calculated vertical distance between the
diphenylamine N atom and the O atom of the carboxylic acid moiety is 17.32 A for
YD2 which is very close to that of T181. Therefore, T181 and YD2 aren’t able to fit
together like T181 and DB. We speculate that the reason behind the lower loading of
T181 in the T181-YD2 co-sensitized film might be only due to a complementary size

relationship between the co-sensitized dyes, where T181 has a suitable shape and size to
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fit better in the voids of the adsorbed DB dye than the YD2 dye. It is important to note
here that we did not increase the DB concentration in the T181-DB film bath above 0.03
mM to increase its loading amount mainly because DB is very prone to aggregation,4°
and therefore any higher concentration would greatly and negatively affect our DSSC

efficiency measurements. Based on the above results it is suggested that site selective

adsorption was achieved when co-sensitizing T181 with DB or YD2.

E. Prediction of the Ideal Concentration for Co-sensitization:

Since T181 holding a pyridine anchoring group is expected to bind to the
Lewis-acid sites of TiOz, the ideal concentration that should be used in co-sensitization
studies for DSSCs had to be measured in order to achieve the best photovoltaic
performance from the assembled cells. Hereby, the current-voltage characteristic curves
of solar cells using individual T181 and YD2 and co-sensitized T181-YD2 were
studied. The working electrodes of the studied DSSCs were dipped in solutions of: 0.2
mM T181, 0.2 mM YD2,0.2 mM YD2 + 0.1 mM T181, 0.2 mM YD2 + 0.2 mM T181,
0.2 mM YD2 + 0.3 mM T181 respectively. The current-voltage curves of the above

mentioned DSSCs with I/13”electrolyte are displayed in Figure 14 below.
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Figure 14: The current-voltage characteristic curves of YD2, T181, YD2 + 0.1
mM T181, YD2 + 0.2 mM T181, and YD2 + 0.3 mM T181 with an iodine-based
electrolyte system

The advantage of co-sensitization was clearly demonstrated in the current-
voltage characteristic curves. The solar cell using T181 as a sensitizer displayed a
photocurrent density (Jsc) of 7.4 + 0.1 mA.cm™ and a value of 11.3 + 0.1 mA.cm™2 for
that using YD2 as a sensitizer. However, the performances of the cells using the co-
sensitized T181-YD2 were significantly improved. As shown in Figure 14, the solar cell
co-sensitized with a solution of 0.2 mM YD2 + 0.1 mM T181 showed a photocurrent
density of a value 11.8 + 0.1 mA.cm higher than that of YD2 alone. Moreover, the
solar cell stained in a solution of 0.2 mM YD2 + 0.2 mM T181 demonstrated the highest
photocurrent density of a value 12.3 + 0.1 mA.cm™. On the other hand, a value of 10.8 +

0.1 mA.cm?was demonstrated for the cell stained with a solution of 0.2 mM YD2 + 0.3
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mM T181 which was less than the cells with a lower concentration of the co-adsorbent
T181. Based on the previous results, 0.2 mM concentration of T181 was used in the rest

of the studies.

F. Co-sensitization with YD2 and DB:

After demonstrating that T181 binds to the Lewis-acid sites of the
semiconductor TiO2 by co-sensitizing it with two carboxylic acid-based dyes and
acquiring the ideal concentration of T181 used for co-sensitization, dye-sensitized solar
cells were fabricated in order to test the photovoltaic performance of T181 co-sensitized
with DB and YD2. Two studies were performed; the first was done using an iodine-

based electrolyte whereas the second using a cobalt-based electrolyte.

1. Using an lodine-based Electrolyte System:
In our first study utilizing an iodine-based electrolyte, DSSCs were fabricated
by adsorbing individual dyes T181 and YD2 having concentrations of 0.2 mM each and
co-sensitized dyes T181-YD2 having the same concentrations. The photovoltaic

performances of these DSSCs were studied and presented in Figure 15(a,b) and Table 5.
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Figure 15: (a) Current density versus applied potential curves under 1000 W m2
AML.5 G illumination of DSSCs sensitized with T181 and YD2 and co-sensitized
with T181-YD2 (lines) and in darkness (dotted lines). (b) Their corresponding
incident photon-to-current conversion efficiency spectra
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Table 5: Photovoltaic Performance of the T181 and YD2 DSSCs and co-sensitized
T181-YD2?

Dye Jsc(MA.cm?)  Voc (MV) FF PCE (%)

T181 7.4 (7.42) 702 0.67 35

YD2 11.3 (11.35)° 776 0.60 5.2
T181-YD2 15 4(12.89) 739 0.59 5.4

3Measured under 100 mW.cm2 simulated AM1.5 spectrum with an active area 0.5 x 0.5 cm and a black mask (0.6 x
0.6 cm); the electrolyte consisted of 2 M DMII, 0.5 M TBP, 0.1 M GuSCN, 0.05 M Lil, 0.05 M I2in ACN. P
Integrated photocurrent (AM1.5 Global).

According to the above results, the T181-based DSSC had a power conversion
efficiency of 3.5%, which was less than that of YD2 that showed a PCE% of 5.2%. The
short-circuit current of the YD2-based DSSC being 11.3 mA.cm was significantly
greater than the Jsc of the T181-based DSSC being 7.4 mA.cm™%; this was due to the
limited absorption of T181 in the visible region. After co-sensitizing T181 with YD2,
notable increases in the short-circuit current and power conversion efficiency were seen,
as presented in Table 5. A slight increase by 3% was seen in the power conversion
efficiency of the co-sensitized T181-YD2 DSSC (5.4%) compared to that of the YD2
based DSSC (5.2%). However, the Voc of the co-sensitized cell was 739 mV, which
was less than the Voc of the YD2-based cell of 776 mV, but greater than that of the
T181 based cell of 702 mV. Regarding the short-circuit currents, the co-sensitized
T181-YD2 DSSC showed a Jsc of 12.4 mA.cm™ greater than that of the YD2-based
DSSC having a Jsc of 11.3 mA.cm™. The increase in Jsc was due to the complementary
absorption response between T181 and YD2 which was also consistent with the IPCE%
response of the co-sensitized DSSC. However, the increase in the IPCE% of the co-
sensitized cell between 600 and 750 nm was probably due to a decrease in

recombination processes since T181 does not absorb in this region of the spectrum.
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Using the same iodine electrolyte, another co-sensitization study was done but
with the T181 dye and the DB dye. DSSCs with individual T181 and DB having
concentrations of 0.2 mM and 0.03 mM respectively and co-sensitized T181-DB having
the same concentration as before were assembled. Their photovoltaic performances

were studied and the results are presented in Figure 16 (a,b) and Table 6.
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Figure 16: (a) Current density versus applied potential curves under 1000 W m2

AML.5 G illumination of DSSCs sensitized with T181 and DB and co-sensitized
with T181-DB (lines) and in darkness (dotted lines). (b) Their corresponding
incident photon-to-current conversion efficiency spectra
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Table 6: Photovoltaic Performance of the T181 and DB DSSCs and co-sensitized T181-
DB?

Dye Jsc(MA.cm?)  Voc (MmV) FF PCE (%)
T181 7.4 (7.42) 702 0.67 35
DB 8.8 (8.73)" 660 0.67 3.7
T181-DB 10.0 (10.60)° 697 0.68 4.8

aMeasured under 100 mW.cm-2 simulated AM1.5 spectrum with an active area 0.5 x 0.5 cm and a black mask (0.6 x
0.6 cm); the electrolyte consisted of 2 M DMII, 0.2 M TBP, 0.1 M GuSCN, 0.05 M Lil, 0.05 M I2 in ACN. ?
Integrated photocurrent (AM1.5 Global).

The power conversion efficiency of DB (3.7%) was larger than that of T181
(3.5%). Moreover, the DB-based DSSC showed a greater short-circuit current of 8.8
mA.cm in comparison to that of T181 of 7.4 mA.cm™. This difference in Jsc was due
to the larger absorbance of DB in the visible region compared to the absorbance of
T181. Concerning the co-sensitized T181-DB DSSC, the open-circuit voltage, short-
circuit current, and power conversion efficiency were larger than those of DSSCs with
individual dyes. The power conversion efficiency of the co-sensitized T181-DB cell
(4.8%) was larger by 30% than that of DB (3.7%). Furthermore, the Jsc of the co-
sensitized T181-DB DSSC was 10.0 mA.cm™ larger than that of the DB-based DSSC
which was 8.8 mA.cm™. This is because of the complementary absorption response
between the two dyes as mirrored in the high IPCE% responses especially between 400
and 600 nm where T181 has its maximum absorption. Moreover, the T181-DB cell had

a Voc of 697 mV greater than the Voc of the DB-based cell which was 660 mV.

2. Using a Cobalt-based Electrolyte System:
After studying the efficiencies of co-sensitizing YD2 and DB with our

synthetic dye T181 using an iodine-based electrolyte, the same studies were repeated
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using the same dyes but using a cobalt-based electrolyte system. As shown in Scheme 7,
T181 has a structure bearing an extended linker fragment having arms connected to an
oxygen atom. These fragments are responsible of increasing the steric barrier which
blocks the approach of the electrolyte to the TiO>. Such structure is expected to be
effective with the cobalt-based electrolyte and the positive effect of the large alkyl
groups would be more significant in this electrolyte compared to the iodine-based one.
This might predictably lead to the retardation of recombination.'®%1152 Hereby, the
photovoltaic performances of DSSCs sensitized with the individual dyes T181 and YD2
having a concentration in solution of 0.2 mM each along with that of the co-sensitized
dyes T181-YD2 with the same concentration as the individual dyes are presented in

Figure 17 and Table 7.
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Figure 17: (a) Current density versus applied potential curves under 1000 W m2
AML.5 G illumination of DSSCs sensitized with T181 and YD2 and co-sensitized
with T181-YD2 (lines) and in darkness (dotted lines). (b) Their corresponding
incident photon-to-current conversion efficiency spectra
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Table 7: Photovoltaic Performance of the T181 and YD2 DSSCs and co-sensitized
T181-YD2?

Dye Jsc(MA.cm?)  Voc (MmV) FF PCE (%)

Ti8l 6.1 (6.0)° 712 0.71 3.1

YD2 6.7 (6.72)° 718 1.01 4.9
T181-YD2 10.3 (9.2)° 807 7.70 6.4

aMeasured under 100 mW.cm simulated AM1.5 spectrum with an active area 0.5 x 0.5 cm and a black mask (0.6 x
0.6 cm); the electrolyte consisted of 0.25 M Co(ll), 0.06 M Co(lll), 0.1 M LiClO4 and 0.6 M TBP. ? Integrated
photocurrent (AM1.5 Global).

By referring to the above data, the power conversion efficiency of YD2 (4.9%)
was greater than that of T181 (3.1%). Furthermore, T181 showed a slightly lower short-
circuit current of 6.1 mA.cm compared to that of YD2 having 6.7 mA.cm™. This slight
increase for YD2 was due to the fact that YD2 had a better light absorption in the visible
region than T181. However, remarkable increases in Jsc, Voc, and PCE were seen upon
the co-sensitization of T181 with YD2. As shown in Figure 17(a) and Table 7, the PCE
of the co-sensitized T181-YD2 (6.4%) increased by 30% in comparison to that of YD2
alone (4.9%). Moreover, the open-circuit voltage of T181-YD2 being 807 mV was
remarkably greater than that of the individual YD2 being 718 mV. With respect to the
short-circuit current, the co-sensitized T181-YD2 showed a Jsc of 10.3 mA.cm™
whereas the individual YD2 showed a Jsc of 6.7 mA.cm™. This result can be explained
from the IPCE spectra where T181-YD2 showed a higher IPCE% when compared to

YD?2 alone.

In a second study using the same cobalt electrolyte, DSSCs were sensitized

with individual dyes T181 and DB with a concentration of 0.2 mM and 0.03 mM,
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respectively, and co-sensitized dyes T181-DB with the same concentration as the
individual dyes. The photovoltaic performances of those DSSCs were tested and

presented in Figure 18 and Table 8.
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Figure 18: (a) Current density versus applied potential curves under 1000 W m2

AML.5 G illumination of DSSCs sensitized with T181 and DB and co-sensitized
with T181-DB (lines) and in darkness (dotted lines). (b) Their corresponding
incident photon-to-current conversion efficiency spectra
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Table 8: Photovoltaic Performance of the T181 and DB DSSCs and co-sensitized T181-
DB?

Dye Jsc(MA.cm?)  Voc (MV) FF PCE (%)
T181 6.1 (6.0)° 712 0.71 3.1
DB 10.6 (10.7)" 737 0.66 5.1
T181-DB 13.3 (13.0)° 781 0.71 7.4

3Measured under 100 mW.cm2 simulated AM1.5 spectrum with an active area 0.5 x 0.5 cm and a black mask (0.6 x
0.6 cm); the electrolyte consisted of 0.25 M Co(ll), 0.06 M Co(lll), 0.1 M LiClO4 and 0.2 M TBP. ? Integrated
photocurrent (AM1.5 Global).

According to the data, the DB-based DSSC had a power conversion efficiency
of 5.1%, which is greater than that of T181 that showed a PCE of 3.1%. Moreover,
T181 showed a much lower short-circuit current (Jsc) of 6.1 mA.cm™ than DB which
has a Jsc of 10.6 mA.cm™. This was due to the limited absorption of T181 in the visible
region as shown in its absorption spectrum in Figure 9 and the IPCE in Figure 18(b).
Upon co-sensitizing T181 with DB, remarkable increases in IPCE, Jsc, and Voc were
shown, Figure 18(a,b) and Table 8. The PCE of the co-sensitized T181-DB (7.4%)
showed a 45% increase compared to that of DB alone (5.1%). The Voc increased by 44
mV for the T181-DB co-sensitized DSSC when compared to that of DB alone. The
increase of the Jsc values of the co-sensitized cell (Jsc = 13.3 mA.cm™) was mainly due
to the complementary absorption response of T181 with the DB. This result was also
consistent with the IPCE% response of the co-sensitized DSSC especially in the 400 to

600 nm region where T181 has its maximum absorption.

G. Electrochemical Impedance Spectroscopy Measurements:
For the aim of understanding the above mentioned results especially the higher

Voc and the high efficiencies of the co-sensitized dyes using both electrolytes,

74



electrochemical impedance spectroscopy (EIS) measurments were performed on all the

assembled DSSCs at open-circuit voltage at different light intensities.

1. DSSCs with the lodine-based Electrolyte System:
The plots of the chemical capacitance (C,), the charge recombination
resistance (Rct), and the electron lifetimes of the inidividual YD2 and T181 DSSCs and
the co-sensitized T181-YD2 DSSC using the iodine-based electrolyte are presented in

Figures 19, 20, and 21 respectively.
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Figure 19: Chemical capacitance values obtained from EIS of T181, YD2, and
the co-sensitized T181-YD2 DSSCs in an iodine-based electrolyte
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Figure 20: Charge transfer resistance values obtained from EIS of T181, YD2,
and the co-sensitized T181-YD2 DSSCs in an iodine-based electrolyte
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Figure 21: Electron lifetime values obtained from EIS of T181, YD2, and the
co-sensitized T181-YD2 DSSCs in an iodine-based electrolyte

From the results presented in Table 5, we have seen that the Voc of the co-
sensitized T181-YD2 DSSC showed a decrease compared to that of the individual YD2
based DSSC. This is compatible with the chemical capacitance values presented in
Figure 19, where the T181-YD2 co-sensitized device showed a shift A(hEF — EF redox) t0
a lower value in comparison to the YD2 sensitized device. While EF redox OF the redox
electrolyte’s Fermi level was kept the same since the same electrolyte was used in the
three cells, the nEr or the electron’s quasi-Fermi energy level in the TiO- film was
considered to be shifted downwards. This downward shift in the quasi-Fermi level of
TiO, was attributed to the decrease in the dye loading amounts of YD2 and T181 when

co-sensitized together as shown in Table 4 earlier, which resulted in lower electron
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injection rates into TiO> hence a lower nEr and Voc. Furthermore, in Figure 20, the Rct
values of the T181-YD2 co-sensitized device were 37 times and 4 times higher than
those of T181 and YD2, respectively. The larger Rct values that correspond to lower
electron recombination in the co-sensitized device were consistent with its larger short-
circuit currents presented earlier, which were probably due to the blockage of the
electrolyte pathway to the TiO> surface reducing the recombination processes. However,
the recombination resistance of the T181-YD2 device was only 4 times greater than that
of the YD2 device, this increase was not enough to cause an increase in the open-circuit
voltage of the device. The enhancement of the short-circuit current and the
recombination resistance of the co-sensitized device explained the slight increase in its
conversion efficiency. Moreover, the electron lifetimes (tn) in the three solar cells were
evaluated from the EIS experiments (tn = Rct.C,) and shown in Figure 21. The t values
were consistent with the slower recombination processes in the T181-YD2 solar cell

when compared to the YD2 based solar cell.

Furthermore, electrochemical impedance spectroscopy (EIS) measurments at
open-circuit voltage at different light intensities were performed on individual T181 and
DB based DSSCs and co-sensitized T181-DB DSSC with the iodine-based electrolyte.
The plots of the chemical capacitance (C,), the charge recombination resistance (Rct),
and the electron lifetimes of those DSSCs assembled also in an iodine-based electrolyte

are presented in Figures 22, 23, and 24 respectively.
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Figure 22: Chemical capacitance values obtained from EIS of T181, DB, and

nEF - EF, redox (mV)

the co-sensitized T181-DB DSSCs in an iodine-based electrolyte
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Figure 23: Charge transfer resistance values obtained from EIS of T181, DB,
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and the co-sensitized T181-DB DSSCs in an iodine-based electrolyte
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Figure 24: Electron lifetime values obtained from EIS of T181, DB, and the
co-sensitized T181-DB DSSCs in an iodine-based electrolyte

From the current-voltage curves in Figure 16(a) and the values of Table 6, it
was clearly seen that the open-circuit voltage of the co-sensitized T181-DB device is
larger than that of the individual DB based device. This increase in Voc was also
depicted in the chemical capacitance curves of the devices, where the co-sensitized
device showed a shift A(LEF — Er redox) Of approximately 70 mV higher than the DB-
based device. This shift designates that the nEr of the TiO2 film was shifted upwards
since the Er redox Was kept the same in all three devices by using the same electrolyte.
The upward shift of the electrons’ quasi-Fermi energy level of the TiO: film resulting
from the increase in the total dye loading amount of the co-sensitized device, as shown
earlier in Table 3, was the reason behind the higher Voc of the co-sensitized device.

Furthermore, the short-circuit current of the co-sensitized T181-DB cell also showed an
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increase compared to that of the individual DB-based cell. This was explained by the
charge transfer resistance values depicted in Figure 23, where the values of the T181-
DB device were 30 times and 10 times larger than the values of the DB and the T181-
based devices respectively. The effect of the increase of the dye loading amount in the
co-sensitized cell, which prevents the approach between the electrolyte and the surface
of TiO2 was the reason behind decreasing the electron recombination rates and
increasing the values of the charge transfer resistance. Moreover, the electron lifetime
values shown in Figure 24 were consistent with the slower recombination processes
explained above. All these factors explain the enhancement of the power conversion

efficiency of the co-sensitized T181-DB cell compared to the individual dye-based cells.

2. DSSCs with the Cobalt-based Electrolyte System:

In order to explain the results of co-sensitizing YD2 and DB with T181 using a
cobalt-based electrolyte system, EIS measurements were performed on the individual
and co-sensitized devices assembled using the cobalt-based electrolyte system and the
plots of the chemical capacitance (C,), the charge recombination resistance (Rct), and
the electron lifetimes of those DSSCs are presented in Figures 25, 26, and 27

respectively.
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Figure 25: Chemical capacitance values obtained from EIS of T181, YD2, and
the co-sensitized T181-YD2 DSSCs in a cobalt-based electrolyte
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Figure 26: Charge Transfer Resistance values obtained from EIS of T181, YD2,
and the co-sensitized T181-YD2 DSSCs in a cobalt-based electrolyte
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Figure 27: Electron lifetime values obtained from EIS of T181, YD2, and
the co-sensitized T181-YD2 DSSCs in a cobalt-based electrolyte

From the results presented in Table 7, we have seen that the open-circuit
voltage of the co-sensitized T181-YD2 was greater than that of the individual YD2
based device. This result was not clearly depicted in the values of the chemical
capacitance presented in Figure 25, which did not show a significant shift in (h\Er —
Er.redox) between the co-sensitized T181-YD2 and the individual YD2-based device.
However, the increase in the open-circuit voltage was explained using the charge
transfer resistance values in Figure 26, where the values of the T181-YD2 device were
45 times greater than those of the YD2-based device. This considerable increase in Rct
indicates the large regression in the recombination rates of the co-sensitized device
compared to the YD2 based device, which was due to the increase in the total dye
loading amount of the co-sensitized device. The high regression in the recombination

rates of the co-sensitized cell lead to an increase in the open-circuit voltage of the
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device. Moreover, the lower electron recombination caused a higher power conversion
efficiency and a higher short-circuit current of the device compared to the YD2-based

device. Furthermore, the electron lifetime values of Figure 27 were consistent with the
slower recombination processes seen by the Rct values of the co-sensitized T181-YD2

solar cell.

In the second study using the same cobalt-based electrolyte system where T181
was co-sensitized with DB, the EIS measurements of the DSSCs were performed and
the values of Cy;, Rcr, and the electron lifetimes of those DSSCs are presented in

Figures 28, 29, and 30 respectively.
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Figure 28: Chemical capacitance values obtained from EIS of T181, DB, and
the co-sensitized T181-DB DSSCs in a cobalt-based electrolyte
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Figure 29: Charge transfer resistance values obtained from EIS of T181, YD2, and
the co-sensitized T181-YD2 DSSCs in a cobalt-based electrolyte
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Figure 30: Electron lifetime values obtained from EIS of T181, YD2, and
the co-sensitized T181-YD2 DSSCs in a cobalt-based electrolyte
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From the results shown in Figure 28 of the chemical capacitance values, the
T181-DB co-sensitized device showed a shift of 40-50 mV approximately towards a
higher value in the (hEr — EFredox). This upward shift could be a reason for the increase
in the Voc of the co-sensitized device compared to the DB-based device. The above
mentioned higher voltage was due to the larger dye coverage on the surface of TiO>
which resulted in higher electron injection rates into TiO2 and subsequently, a higher
electron quasi-Fermi energy level nErand a larger open-circuit voltage. Futhermore, in
Figure 29, the charge transfer resistance values of the co-sensitized T181-DB cell were
significantly higher than those of the individual DB based cell indicating lower electron
recombination rates probably due to the prevention of the approach between the
electrolyte and the surface of TiO2. The upward shift in nErand the decrease in
recombination rates were consistent with the high open-circuit voltage and short-circuit
current of the co-sensitized device. In addition, the high electron lifetimes of the T181-
DB solar cell depicted in Figure 30 were also in consistency with the slow

recombination processes explained above.
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CHAPTER IV

CONCLUSION

In conclusion, we were successful in synthesizing two dyes T181 and T182 having
pyridine and pyridine oxide anchoring groups, respectively. After proving that T181
binds to the Lewis-acid sites of TiO2 which was not the case with T182; T181 was
effectively co-sensitized with carboxylic acid-based dyes YD2 and DB in fully
operating DSSCs using iodine and cobalt-based electrolyte systems. The dye loading
measurements of T181 with DB clearly showed that the two dyes do not compete on the
same adsorption site since the total dye loading amount was about the sum of the
amounts of the two dyes in the individual films. However, the total dye loading amount
of T181 and YD2 showed a decrease from the sum of the two dyes in the individual
films, which was explained by the structure-size effect on the dye loadings of T181 and
YD2, where YD2 and T181 have similar structural dimensions. Moreover, the
photovoltaic performances of the co-sensitized T181-YD2 and T181-DB liquid DSSCs
were enhanced in both electrolyte systems in comparison to the individual YD2 and DB
DSSCs. However, better photovoltage and photocurrent enhancements were seen for co-
sensitized DSSCs assembled with the cobalt-based electrolyte system since the structure
of T181 bearing an extended linker fragment is more effective with the cobalt-based
electrolyte, where the positive effect of the large alkyl groups would be more significant
compared to an iodine-based electrolyte. Furthermore, the electrochemical impedance
spectroscopy measurements of the individual and co-sensitized DSSCs in both

electrolyte systems were consistent with the results seen. The EIS experiments

87



explained the reason behind the increases of Vocs and Iscs, that were due to large
decreases in recombination processes and Er shifts towards higher values. As a final
conclusion, the method of co-sensitization of carboxylic acid and pyridine-based dyes
proved to be a successful strategy to increase light absorption, decrease recombination

losses, and enhance the performance of dye sensitized solar cells.
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Figure 31S: *H NMR of 4-dihexyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene
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