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Abstract

Bulk Heterojunction, Natural and Synthetic Dye Sensitized Photoelectrochemical

Solar Energy Conversion

Sisay Tadesse

Addis Ababa University, 2012

A solid-state photoelectrochemical solar energy conversion device based on blend of
poly(3-hexylthiophene) (P3HT) and 1- (3-methoxycarbonyl)propyl-1-pheny! [6,6]Cq;
(PCBM), and an amorphous poly(ethylene oxide) complexed with I3 /I redox couple
has been constructed and characterized. The photoelectrochemical performance
parameters of the device were compared with pure P3HT and P3HT:Cy blend solid:
state photoelectrochemical cell. The current density—voltage characteristics in the dar}
and under white light illumination and photocurrent spectra for front and backside
illuminations have been studied. An open-circuit voltage of 140 mV and a short
circuit current density of 28.4 pA/cm’ at light intensity of 100 mW/cm?”; IPCE% o
1.52% for front side illumination (ITOJPEDOT) and IPCE% of 0.17% for backsid
illumination (ITO|P3HT:PCBM) at a wavelength of 510 nm were obtained. Th
dependence of the short-circuit current density and an open-circuit voltage on the ligh

intensity and time have also been studied.

A solid-state photoelectrochemical solar energy conversion device based on ne-TiC
sensitized with Di-Tetrabutylammoniumcis-bis(isothiocyanato)bis(2,2’-bipyridy
4,4’-dicarboxylato)-ruthenium(Il) (N-719) dye has been constructed an
characterized. The current—voltage characteristics in the dark and under white ligl
illumination and action spectra under monochromatic illuminations have been studie:

The following device parameters were obtained: an open-circuit voltage of 762.5 m
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and a short circuit current density of 33.2 pA/cm? at light intensity 100 mW/cm?; the
IPCE% obtained was 1.7% at 330 nm. The dependence of the short-circuit current and
an open-circuit voltage on the incident light intensity and illumination time have also

been studied.

DSSCs were assembled using natural dye extracted from fruits of Dokma (Syzygium
guineense) as sensitizer. The photoelectrochemical performance of the quasi-solid
state DSSCs based on the ethanol extract dye showed Voc of 0.506 V and Jsc of 2.03
mAcm ; and a power conversion efficiency of 0.51%. UV-vis spectroscopy studies
of light absorption of the natural dye were done. Furthermore, the ethanol extract
obtained from Syzygium guineense was further purified stepwise through solvent-
solvent extraction. The photoelectrochemical performance for the extracts with
different solvents indicated that the individual components have synergistic effect ir

the performance of the DSSC.

Quasi-solid state dye-sensitized solar cells (DSSCs) were assembled by using the lea
extracts of Amaranthus caudatus and Iresine herbstii, and flower extract of [pomoec
indica and Hibiscus sabdariffa as natural sensitizers of TiO; films. 0.1 M HCI lea
extracts of Amaranthus caudatus and [resine herbstii mainly contains the yellov
orange indicaxanthin and the red purple betacyanin whereas their respective ethanc
extract is mainly chlorophyll. In ethanol and 0.1 M HCI extract of [pomoea indica an
Hibiscus sabdariffa anthocyanins are the main components. The best overall sola
energy conversion efficiency of 1% was obtained, under 100 mW/cm® irradiatior
with ethanol extract of Amaranthus caudatus, that showed a current density (Jsc

3.44 mAfcmz). open circuit voltage (Voc = 0.57 V), and a high IPCE value (77% at

= 410 nm). Also the ethanol extract of Ipomoea indica flower showed interestin
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performances, with a Jsc of 3.11 mA/em?, Voc of 0.55 V, the corresponding solar to
electrical power conversion of efficiency of 0.94% and IPCE value (75% at A = 420
nm). The ethanol extract of Hibiscus sabdariffa flower showed Jsc of 3.21 mA/cm?,

Voc of 0.49 V, the corresponding solar to electrical power conversion of efficiency of

1% and IPCE value (50.2% at 4 = 600 nm).

Key Words: Photoelectrochemical cell, Solid State Electrolyte, Quasi-Solid State

Electrolyte, Dye Sensitized Solar Cells, Natural Dyes
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1. INTRODUCTION AND MOTIVATION

One of the many challenges we face today is the steady increase in energy
consumption. With a constantly growing human population and improved living
standards, more energy will be needed, with the result that the worldwide power
consumption is expected to double within the next 30 years [1]. Mankind’s overall
energy consumption came to be 13 terawatts (TW). It has been predicted that by the
year 2050, between 26.4 and 32.9 TW will be required to meet our demand for
energy. If fossil fuels continue to be the main source of energy, this could lead to
atmospheric CO; levels exceeding 750 ppm, with devastating effects on ecosystems.
animal species and populations throughout the globe. If this catastrophe is to be
prevented, production of CO,-neutral energy is of utmost importance. There are many
renewable energy sources, of which the most abundant, but also the most difficult tc
harness, is solar energy. Indeed, the solar energy reaching the Earth’s surface in one
hour surpasses the yearly expenditure of energy by humankind. The challenge tha'
now faces a section of the scientific community is to find an economically viable way
to utilize this energy [2]. There are essentially three ways to harness the sun’s energy
The simplest is by capturing the thermal energy, which can either be used directly foi
domestic use, or concentrated as a heat engine to drive a turbine to generatc
electricity. The second has been implemented by nature since the beginnings of life or
Earth. Photosynthesis is an example of a photochemical energy converter, whereb)
the photon’s energy is stored in the form of chemical energy. A promising example o
a renewable energy source is using sunlight to drive water splitting into hydroge:

which can later be used as a fuel [3 — 4]. Photovoltaic devices constitute the thin

method to harness the sun’s energy.



The availability of energy is not only necessary for people in their daily life; it is also
among the major driving forces of the global economy [5]. Everything, from politics
to economy and even further to individuals, is directly dependent on it. As it is
mentioned earlier, currently, the total energy usage is about 13 TW, where fossil fuel
(coal, oil, and natural gas) is the main source. There are however concerns on
maintaining the usage of fossil fuels as the main source of energy. Basically, energy
from fossil fuels faces two problems, the first being the limitation of resources and the
second their environmental impact. For these two reasons, there has been an urge to
develop sustainable energy solutions. The supply of clean sustainable energy is
considered as one of the most important scientific and technical challenges facing

humanity in the 21* century [5].

Among the different alternative power sources existing today (e.g. nuclear.
hydroelectric, geothermal, wind, biomass, and solar), solar energy has the mos!
potential [S]. In fact, several of the alternative energy sources used today ar
indirectly derived from solar energy [6]. The sun provides the earth with
approximately 100,000 TW which is almost 10,000 times more than the curren
energy consumption [7]. The practical global solar potential is about 600 TW [8]
This abundance of energy makes solar cells very attractive for electricity production
The solar cell that currently has the largest share in the market is based on crystalline
silicon and was first reported by Chapin et al. in 1954 [9]. Even if the efficiency sinc:
then has increased and the production cost decreased, it is still too expensive to b
able to compete with the conventional energy sources. This has lead to a grea

research interest in finding new ways of utilizing the solar energy with cheaper an

more efficient methods.



In this framework, we studied photoelectrochemical solar energy conversion based on
polymer PCBM, natural (dyes extracted from plants) and commercial dye based solid
state and quasi-solid state dye sensitized solar cells (DSSCs) with the interest to
investigate the photoelectrochemical properties of polymer:PCBM, commercial, and
natural dyes adsorbed on nanocrystalline TiO, film, with solid state electrolyte based
amorphous polymer poly[oxymethylene-oligo(oxyethylene)] (POMOE) complexed
with the redox couple I3 /" and the polymer polyvinylpyrrolidone (PVP) mixed with
1-ethyl-3-methylimmidazolium iodide (EMIm-I), sodium iodide, and iodine as quasi-

solid state electrolyte.
General Objectives of this work was:

To design and characterize polymer based solid state photoelectrochemical cells, solid
state and quasi-solid state Dye Sensitized Solar Cells based on nanocrystalline-TiO;
sensitized with natural pigments and ruthenium dyes for use in photoelectrochemical

solar energy conversion. The specific objectives include:

(i)  To produce bulk heterojunction all-solid-state photoelectrochemical solar cells
using conjugated polymer poly (3-hexylthiophene), P3HT, by blending with |
(3-methoxycarbonyl) propyl-1-phenyl [6, 6]Cs; PCBM as photoactive
materials and study the photovoltaic properties of polymer:PCBV
photoelectrochemical cells with basic structure: ITO|polymer:PCBM | polyme
electrolyte with redox couple| Pt or PEDOT] ITO.

(i) To produce all-solid-state Dye sensitized solar cell based on nc-TiO
sensitized with synthetic dyes like N-719 Dye and study the photovoltai
properties of hybrid solar cells with the basic structure; ITO|TiO;| Dye
polymer electrolyte with redox couple| Pt or PEDOT|ITO.
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(i)  To produce quasi-solid state dye sensitized solar cell based on nc-TiO,
sensitized with ruthenium dye and various natural dyes from plant sources,
polymer gel electrolyte composed of 1-ethyl-3-methylimmidazolium iodide
(EMImI), Nal, I, and polyvinylpyrrolidone (PVP) dissolved in acetonitrile and
study the photovoltaic properties of dye sensitized solar cells with the basic
structure; ITO|TiO; |Dye|Quasi-solid state polymer electrolyte with redox

couple[Pt or PEDOT|coated ITO.
This thesis is organized as follows:
Chapter 1 is an introductory chapter presenting the general motivation of this thesis.

In Chapter 2 the fundamental theoretical background for the understanding of the
work is described. Accordingly, photoelectrochemical cells without dyes
(photoelectrochemical cells based on photoactive polymers) and dye sensitized solai
cells, their operation principle and things to be done in order to improve the

performance of dye sensitized solar cells etc, are given.

Chapter 3 presents experimental procedures, materials, and methods used for the
preparations of the various photoelectrochemical cells. Detailed preparation steps foi
an all solid state photoelectrochemical cell based on blend of P3HT and PCBM or dy«
coated nanocrystalline TiO; as photoactive material and amorphous polyethylent
oxide complexed with the I3 /I" redox couple used as an electrolyte are described
Preparation of quasi-solid state dye sensitized solar cells using natural dyes a
sensitizer and polymer polyvinylpyrrolidone (PVP) mixed with an ionic liquid 1
ethyl-3-methylimmidazolium iodide (EMIm-I), sodium iodide and iodine as quasi

solid state electrolyte are described.



h

In Chapter 4 Experimental results are discussed. The first section (Section 4.1)
presents experimental results on the behaviour of a solid-state PEC containing a
mixture of poly(3-hexylthiophene) (P3HT) and PCBM coated on indium-doped tin
oxide (ITO) used as a photoactive electrode; amorphous polyethylene oxide
complexed with the I;7/I" redox couple used as an electrolyte; and a thin transparent
layer of poly(3.4-ethylenedioxythiophene), PEDOT, electrochemically coated on 1TO

as a counter electrode.

The second section (Section 4.2) describes the study of solid state
photoelectrochemicl cell based on dye sensitized TiO, and polymer electrolyte
complexed with I3 /I". In this section the studies made on an all-solid-state PEC
constructed with nc-TiO; coated onto ITO that is covered with N-719 dye and used as
a photoactive electrode, the ion conducting polymer, POMOE, complexed with redox

couple as a solid polymer electrolyte, and a PEDOT coated on ITO as counter

electrode are discussed.

The third section (Section 4.3) describes the work on natural dye sensitized solar cell:
using pigments extracted from fruit of Syzygium guineense. The photoelectrochemica
properties of the quasi—solid state DSSCs using these extracts as sensitizer anc
polymer polyvinylpyrrolidone (PVP) mixed with 1-ethyl-3-methylimmidazoliun
iodide (EMIm-I), sodium iodide, and iodine as quasi-solid state electrolyte

complexed with redox couple were investigated.

The fourth section (Section 4.4) describes the results of the study on solar energ
conversion based on quasi-solid state dye-sensitized solar cells using leaf and flowe
extracts as sensitizers are described. Here the results of a series of experiments carrie:

out on raw leaf extracts of Amaranthus caudatus and Iresine herbstii, and flower o
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morning glory (Jpomoea indica) and Karkade (Hbiscus sabdariffa) are described. The
photoelectrochemical properties of the quasi—solid state DSSCs using these extracts as
sensitizer and polymer PVP mixed with EMIm-I, sodium iodide and iodine as quasi-

solid state electrolyte were investigated.
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2. PHOTOELECTROCHEMICAL CELLS

2.1. Introduction

A typical type of the photocurrent-generated device has a semiconductor in contac
with an electrolyte, and this is often referred as photoelectrochemical cells (PECs). A
photoelectrochemical cell consists of a photoactive semiconductor working electrode
(either n- or p-type) and counter electrode made of metal (e.g. Pt). Both electrodes are
immersed in the electrolyte containing suitable redox couples. In a metal-electrolyte
junction, the potential drop occurs entirely on the solution side, whereas in @
semiconductor-electrolyte junction, the potential drop occurs on the semiconductor
side as well as the solution side. The charge on the semiconductor side is distributed
deep in the interior of the semiconductor, creating a space charge region. If the
junction of the semiconductor-electrolyte is illuminated with a light having energ)
greater than the bandgap of the semiconductor, photogenerated electrons/holes are
separated in the space charge region. The photogenerated minority carriers arrive a

the interface of the semiconductor-electrolyte.

Photogenerated majority carriers accumulate at the backside of the semiconductor
With the help of a connecting wire, photogenerated majority carriers are transportec
via a load to the counter electrode where these carriers electrochemically react witl
the redox electrolyte. A pioneering photoelectrochemical experiment was realized b;
obtaining photocurrent between two platinum electrodes immersed in the electrolyt
containing metal halide salts [10]. It was later found that the photosensitivity can by

extended to longer wavelengths by adding a dye to silver halide emulsions [11].

The interest in photoelectrochemistry of semiconductors led to the discovery of wet

type photoelectrochemical solar cells [12—14]. These studies showed electron transfe

ﬁ



to be the prevalent mechanism for photoelectrochemical sensitization processes.
Griitzel has then extended the concept to the dye sensitized solar cells (DSSC), which
will be discussed further in the later part. The PECs that convert light into electricity
are termed "electrochemical photovoltaic" or "regenerative cells” and those that
generate chemical fuels are "photoelectrosynthetic" or "non-regenerative cells".

Figure 2.1 shows various types of the photoelectrochemical cells.
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Photovoltaic cell
electrol\'te s @ electrolyte
p-fype
—
l
e |
el { Electrochemical
O'R’ hv- :OER photocatalytic cell
G|
i CE :
B-0YPE  electrolyte p-tpe electml\'le
e
L U
s—) 1
]
L E
hv~ R i Electrochemical
, OFR photoelectrolytic cell
electrol\'le CE

p-type
Figure 2. 1: Different types of photoelectrochemical cells with the working electrods
(WE) made of semiconductor (n- or p-type) and the counter electrode (CE), (a
regenerative photoelectrochemical cell (b) photocatalytic cell (non-regenerativi
photoelectrochemical  cell) (¢) photoelectrolytic  cell (non-regenerativ

photoelectrochemical cell).
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When shining the light, oxidation reaction will happen on the surface of n-type
semiconductors, whilst reduction reaction will happen on the surface of p-type
semiconductors. In the regenerative photoelectrochemical cell, which is based on a
narrow bandgap semiconductor and a redox couple as shown in Figure 2.1a, solar
energy is converted into electrical energy without change of the free energy of the

redox electrolyte (AG = 0).

The electrochemical reaction occurring at the counter electrode (CE) is opposite to the
photoassisted reaction occurring at the semiconductor working electrode. Thus, the)
are also called regenerative photoelectrochemical solar cells [15 — 18]. If the
photogenerated energy is converted to chemical energy, the free energy of the
electrolyte will have a change (AG # 0). Depending on the relative location of the
potentials of the two redox couples (O/R and O’/R” in Figure 2.1 (b) and (c)), the
photosynthetic cells containing two redox couples, can be further classified a:
photocatalytic cell (AG < 0, Figure 2.1(b)) where light merely serves to accelerate the
reaction rate and photoelectrolytic cell (AG > 0, Figure 2.1(c)) where the cell reactior
is driven by light in the opposite-thermodynamic direction. Comparing witl
electrochemical photovoltaic cells, anodic and cathodic compartments need to b
separated to prevent the mixing of the two redox couples in these types of cells
Titanium dioxide (TiOz) has been favored semiconductor for such studies [19]. A
early as 1971, photoelectrolysis of water was reported in an electrochemical cell witl
a TiO, photoanode and a Pt cathode without an external source [20]. A nove
microreactor for TiO»-assisted photocatalysis in a microfluidic electrochemical cel
was designed with TiO; nanoparticles embedded in a gold electrode matrix [21]. Th

metal ions in aqueous solution can be determined by voltammetry after in sif
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photocatalytic digestion of interfereing organic matter. This is very important for

environmental analysis.

Here we will mainly focus on the development of regenerative electrochemical
photovoltaic cells and dye sensitized solar cells. Absorption of light by the
semiconductor or the sensitizer layer gives rise to a photocurrent and/or a

photovoltage, which can be measured in the external circuit.
2.2. Electrochemical Photovoltaic Cells

One of the most important aspects in using solar energy is its conversion from solar
radiation into electric energy. Electrochemical photovoltaic cells have the following
advantages comparing with the solid photovoltaics.
1. It is not sensitive to the defects in semiconductors.
2. The solid/liquid junction is easy to form and the production price will be muck
reduced.
3. It is possible to realize the direct energy transfer from photons to chemica
energy.
Unlike conventional solid state photovoltaic cells, the potential of the working

electrode can be varied with respect to the reference electrode by means of an externa

voltage source connected between working and counter electrode.

The most striking difference between a photoelectrochemical photovoltaic cell and th
conventional Si based photovoltaics is that the former contains two interfaces a
which charge transport has to switch from electronic to ionic and vice versa. as i
batteries. In electrochemical photovoltaic cells without dyes, both the semiconducte

electrode and the counter electrode are immerged in the redox electrolyte. Th

—————————————————————————————————————————————
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incident light excites the semiconductor electrode and the photogenerated electrons
and holes are seperated in the space charge region. Specific reactions occur only at the
semiconductor and the metal as shown in Figure 2.1(a). In these kinds of cell, charge
balance due to oxidation and reduction processes is maintained. However, the wet-
type photoelectrochemical cells suffer from instability of semiconductor in aqueous
media. Unsensitized photoelectrochemical photovoltaic cells cannot replace the
silicon based photovoltaics unless some photoelectrochemically stable semiconducto

materials possessing band gap approximately 1.4 eV can be found [15—18].

2.3. Photoelectrochemical Cells based on Photoactive Polymers

2.3.1. Semiconductor-electrolyte interfaces

Photoelectrochemical cells allow the conversion of light to electricity. Their mair
characteristic is a semiconductor-electrolyte solution interface, which was intensel)
studied by Gerischer [22, 23]. For an n-type semiconductor, a scheme of the

energetics of the interface before and after contact is shown in Figure 2.2.
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Figure 2. 2: Energetics of an n-type semiconductor-electrolyte solution interface

before contact and at equilibrium.




After contact, the former different redox potential Eeqox 0f the electrolyte solution and
the Fermi level Ep of the semiconductor equilibrate, As a result, the interface gets
charged, which leads to a bending of the valence band (VB) and the conduction band
(CB) of the semiconductor. Due to illumination of the semiconductor, electrons may
be excited, jumping from the valence band to the conduction band. In the space
charge layer the generated charges are now separated, because the holes are attracted
towards the interface and the electrons to the opposite direction. As a result, a curren

is observed in an outer circuit.

For a p-type semiconductor the situation is reversed. Valence and conduction bands
are now bent downwards, and consequently the electrons excited by illumination are
attracted by the interface, pushing the holes away. The current flowing through ar
outer circuit is now opposite in sign. A scheme of the situation in a p-type

semiconductor is shown in Figure 2.3.
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Figure 2. 3: Energetics of a p-type semiconductor-electrolyte solution interface

before contact and at equilibrium.

When the high electrical conductivity of oxidised polyacetylene was discovered b;

Shirakawa, Heeger and MacDiarmid [24 — 26]. suddenly a new class of materials wa

e —————— e
1



%

available. Dependig on their doping state, conjugated polymers offer beside insulating

and metal-like conducting behaviour also semiconductor properties.

Moreover, they can be processed like other polymers [27]. The application of
conjugated polymers has been investigated in many fields, e.g. in batteries [28],
transistors [29], photodiodes [30], lasers [31], solar cells [32-36] and light emitting

diodes [37].
2.3.2. Conjugated polymers in photoelectrochemical cells

Conjugated polymers are also of interest in the studies of photoelectrochemical cells
because of their semiconductor behaviour and, as a result, their photoactivity. Besides
many other polymers like polyacetylenes, polyanilines (PANI), and polyphenylene-
vinylenes (PPV), polythiophenes were of great interest [38—42]. Even solic
electrolytes were applied in photoelectrochemical cells [43], paving a way to all-solic

state photoelectrochemical cells.

The working principle of such photoelectrochemical cells is shown in Figure 2.4. Fo
simplicity, the effects occuring at the interfaces described above (bending o
conduction and valence band) are neglected in the scheme. Due to illuminatios
electrons are excited from the valence band to the conduction band. The excitec
electrons are then transferred to the redox couple, i.e. reducing I; to 1. When th
electrons are transferred further to the back electrode, the former reduced species i
oxidised back, leaving no net chemical reaction [44]. The hole left in the valence ban

is refilled from the front side by transfer of an electron from the ITO electrode to th

polymer.
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Figure 2. 4: Working principle of a photoelectrochemical cell.
2.3.3. Fullerenes in photoelectrochemical cells

In typical organic polymeric solid-state solar cells the photoactive conjugated polymer
is blended with electron acceptors like methanofullerenes. These materials improve
the charge separation, allowing efficiencies of 2.5% [35] and recently up to 7.4%
[45]. Therefore, regarding the ultra fast electron transfer from the polymer to the
electron acceptor, they might also be useful in photoelectrochemical cells: Electror
acceptor intermediate layers could improve the charge separation before the electron:
would be transferred further to the redox couple. Moreover, photoelectrochemica
cells using Cgo as photoactive material were investigated [46]. From this point o
view, conjugated polymers which have better light absorption properties coulc

improve the cell's characteristics. In Figure 2.5 the energetic levels of such a device i

shown.
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Figure 2. 5: Modification of a photoelectrochemical cell by addition of acceptor

materials.

The conduction band of the electron acceptor has to be lower than the photoactive
polymer. So the excited electrons can be transfered from the lowest unoccupied

molecular orbital (LUMO) of the polymer to the LUMO of the acceptor and further tc

the electrolyte.

2.4. Dye Sensitized Photoelectrochemical Cells

2.4.1. Dye Sensitized Solar Cell (DSSC) structure and operating principle

The DSSC differs from other solar cell types both by its basic construction and the
physical processes behind its operation. Unlike the first and second generation P
devices based on solid semiconductor materials, the typical DSSC configuratior
combines solid and liquid phases. Electricity is generated on the photoelectrode
which is a nanoporous TiO, film sensitized with a monolayer of visible ligh
absorbing dye and penetrated with a redox electrolyte. The TiO;-electrolyte networl
is sandwiched between two conductive substrates that also work as current collectors

The opposite substrate to the TiO layer, the counter electrode, is coated with

———————————————— e ——————————
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material capable of catalyzing the redox reaction in the electrolyte. Thus, the DSSC

resembles more an electrochemical cell than a conventional p-» junction solar cell.

Research on wide band gap oxide semiconductors sensitized with dyes began already
in the late 1800’s, related to photography. The first studies on dye-sensitized TiO; and
ZnO photoelectrodes were done in 1960's and 1970's, but due to a limited amount of
dye that could be adsorbed on macrocrystalline semiconductors and too narrow
spectral absorbance range of the dyes the photocurrent and cell efficiency stayed on
very modest level [47]. Improvement to this was achieved in the early 1990’s, thanks
to nanotechnology and development of better dyes. Nanocrystalline TiOz enablec
drastic multiplying of the effective surface area of the photoelectrode for the dye tc
adsorb, and the new ruthenium bipyridyl organometallic complexes (Figure 2.6) hac
absorbance range from visible to near-infrared wavelengths [47].
Ru(dcbpy)2(NCS), Ru(tcterpy)(NCS);

SCN :
COO" TBA

COOH

N719 Black dye

Figure 2. 6: Molecular structures of some common dyes, N 719 and black dye [47].

The basic DSSC structure and operating principle are presented in Figure 2.7. Photo
absorption induces a metal-to-ligand type electronic transition between the HOMC(
(highest occupied molecular orbital) and LUMO of the dye. Since the LUMO i

located in the vicinity of the ligands (pyridyl m-orbitals) the electron injection to th

F
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TiO; is spatially favorable. Efficient electron injection is further enhanced by the
strong electronic interaction that forms when the dye bonds to the TiO; with the
ligand carboxyl groups and the energetic location of the TiO, conduction band in
relation to the LUMO of the dye. Efficient charge separation is, on the other hand,
achieved because the electrons and holes travel in different mediums. This prevents
bulk recombination which is a problem in conventional p-n junction cells. The
competing reactions, i.e. recombination of the photogenerated electrons with the
oxidized form of the dye or the redox species in the electrolyte (Figure 2.8; the lattes
reaction referred to as “dark current” in the picture) proceed also several decades
slower than the electron injection process. In addition to that, the electrolyte cations
and protons released in the dye adsorption process intercalate to the TiO; surface anc
lattice where they, together with the negative species in the electrolyte, form ¢
Helmholtz dipole layer on the photoelectrode surface. This enhances charge

separation even further.

The amount of current that the cell is able to generate is determined by the energetic
distance of the HOMO and LUMO of the dye, which equals the bandgap in inorgani
semiconductors. The maximum voltage, on the other hand, is defined as the differenc
between the redox level of the electrolyte and the Fermi level of the TiO., Witl
iodide/triiodide redox couple, this difference is about 0.9 V, though slight variation i
caused by the electrolyte composition due to species adsorbed on the TiO, surface
which may alter the Fermi level position somewhat. Also, there is always som

recombination in the cell which lessens the amount of electrons in the TiO> film, thu

lowering the Fermi level and decreasing the cell voltage.

ﬁ
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After injection, electrons diffuse in the nanocrystalline TiO, network to the
conductive coating of the substrate, from which they can be transferred to an external
circuit. There exist various models for the electron diffusion in the TiO, film but
thermally activated trapping/detrapping mechanism along localized energy levels
below the TiO; conduction band edge seems the most realistic one, in the light of

experimental evidence [48 — 51].
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Figure 2. 7: The structure and operating principle of the DSSC.

The electron injection to the TiO; leaves the dye molecule on an oxidized state, S, in
order for the current generation to continue, the dye must be reduced back to its
ground state. This is done by the redox couple in the electrolyte. The most commonly
used redox couple, and the one that gives the best cell efficiencies when combined

with TiO,, is iodide/triiodide. The oxidized dye gets electrons from the iodide ions
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which, in turn, get oxidized to triiodide in the process. The triiodide ions then diffuse
to the counter electrode, where they get reduced back to iodide by the electrons
returning from the external load. Thus, the cell operation is based on consecutive
reduction/oxidation cycles and, in an ideal cell, no chemical substances are
permanently transmuted. The most often used counter electrode catalyst for the
triiodide/iodide reduction reaction is platinum, though also carbon materials and
certain conductive polymers have been successfully employed in this function [52]
The chemical reactions going on in the cell can be summarized as follows:

At the photoelectrode

e Light absorption: 28" + 2hy — 28" 2.1
e Electron injection: 28"— 28" + 2¢" (TiO,) 2.2)
¢ Dye regeneration and iodide oxidation: 28" +31 —28°+13 (2.3)
e Overall: 31 +2hv— 15 +2¢ (TiO2) 2.4)
e Recapture (Dark reaction): I3 + 2e (TiO2)— 31 (2.5)
e Recombination: S' +¢ (Ti0y) — S° (2.6)

At the counter electrode:
e Triiodide reduction: I3 +2¢ — 31 2.7)
where S is the ground state of the dye; S" is the excited state of the dye and " is th

oxidized state of the dye.

The high solar energy conversion efficiencies of solar cells employing dye-sensitizes
nanocrystalline films of TiO, [53] have spawned many recent studies of simila
photoelectrochemical systems based on dye sensitization [54 — 59]. A detaile
understanding of the mechanism and time scale of electron transfer from surface

adsorbed dyes to semiconductors will help to explain the high conversion efficiencie
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and to improve them further. Femtosecond laser techniques make it possible to

explore the initial steps of the electron injection and recombination [60 — 63].

Comparison of the injection time and the recombination time measured in these
experiments should allow for selection of efficient dye compounds for the

nanocrystalline solar cell (or light detector).

Photoelectrode
...0 [ Electron hjectin:
(<

Figure 2. 8: The electron transfer reactions and their time scales in the dye-TiO;-

electrolyte system [47].

2.4.2. Nanocrystalline Film Morphology

A photovoltaic conversion system based on light harvesting by a molecular absorber

attached to a wide bandgap semiconductor surface faces two problems [64]:

1. A monolayer of dye on a flat surface absorbs at most a few percent of light
because it occupies an area that is much larger than its optical cross section.
Therefore it can only harvest a negligibly small fraction of the incoming light.

2. Compact oxide semiconductor films need to be n-doped to conduct electrons.
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Therefore it is detrimental to enlarge the interface between oxide semiconductor
phase and the sensitizing dye. This is successfully achieved by introducing a
nanoparticle based electrode construction which enhances the photoactive interface by
orders of magnitude [65]. Figure 2.9 shows scanning electron micrograph of a TiO;

anatase colloid film.

Figure 2. 9: Scanning electron micrograph of a TiO; anatase colloid film [65].
2.4.3. The Choice of the Sensitizer (Light Absorption)

While the high efficiency of the dye sensitized solar cells arises from a collective
effect of numerous physical-chemical nanoscale properties, the key issue is th
principle of dye sensitization of large band-gap semiconductor electrodes. In the dy
sensitized solar cells this is accomplished by coating the internal surfaces of porou

TiO, electrode with special dye molecules tuned to absorb the incoming photons [66]

The actual sensitization effect can be seen in Figure 2.10 [64] as a shift of the incider

photon to current conversion efficiency (IPCE) curve of the bare TiO> to highe

wavelengths when coated with the dye. The current efficiency of the cell is related t
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the *height’ of the IPCE curve, which depends on the charge separation and charge

collection efficiencies [66].

The ideal sensitizer for a single junction solar cell converting global AM 1.5 sunlight

to electricity should fullfill the following requirements [64, 65, 67]:

I5

!‘~J

The absorption spectrum of the photosensitizer should cover the whole visible
region and even the part of the near-infrared (NIR).

The photosensitizer should have anchoring groups (-COOH, -H,POs, -SO3H,
etc.) to strongly bind the dye onto the semiconductor surface.

The excited state level of the photosensitizer should be higher in energy than
the conduction band edge of n-type semiconductor (n-type DSSCs), so that an
efficient electron transfer process between the excited dye and conductior
band (CB) of the semiconductor can take place. In contrast, for p-type DSSCs.
the HOMO level of the photosensitizer should be at more positive potentia
than the valence band (VB) level of p-type semiconductor.

For dye regeneration, the oxidized state level of the photosensitizer must be
more positive than the redox potential of electrolyte.

Unfavorable dye aggregation on the semiconductor surface should be avoidec
through optimization of the molecular structure of the dye or by addition o

coadsorbers that prevent aggregation.

The photosensitizer should be photostable, and electrochemical and therma

stability are also required.

Based on these requirements, many different compounds have been investigated fo

semiconductor sensitization, such as porphyrins [68 — 70], phthalocyanines [71 — 73



transition metal complexes [74, 75], coumarin [62] and transition metal complexes

have been the best so far.
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Figure 2. 10: Sensitization effect can be seen as the shift of IPCE curves to highes

wavelengths when coated with dye as compared with that of naked TiO, [64].

Metal complex sensitizers usually have anchoring ligands (Figure 2.6). Anchoring
ligands are responsible for the complex adsorption onto the semiconductor surface
and are also chromophoric groups. Ancillary ligands are not directly attached onto the

semiconductor surface and can be used for tuning the overall properties of the

complexes [67].

The breakthrough in dye sensitization of semiconductor electrodes for solar cells wa
made by the use of metallo-organic ruthenium complexes along with nanostructure
TiO, electrodes. The dyes having the general structure of MLx(X),, where L stand
for 2,2’-bipyridyl-4-4’-dicarboxylic acid, M for ruthenium or osmium and X fo

halide, cyanide, thiocynate, or water have been found promising [66, 76, 77]. Amon
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these N3 dye has shown superior performance and has been the top choice for dye

sensitized solar cells.

The excitation of Ru complexes via photon absorption is of metal to ligand charge
transfer (MLCT) type. This means that the highest occupied molecular orbital
(HOMO) of the dye is localized near the metal atom, Ru in this case, whereas the
lowest unoccupied molecular orbital (LUMO) is localized at the ligand species, in this
case at the bipyridyl rings. At the excitation, an electron is lifted from the HOMO
level to the LUMO level. Furthermore, the LUMO level, extending even to the COOH
anchoring groups [66], is spatially close to the TiO; surface, which means that there is
significant overlap between electron wavefunctions of the LUMO level of the dye and
the conduction band of TiO,. This directionality of the excitation is proposed as one

of the reasons for the fast electron transfer process at the dye- TiO; interface [66].
2.4.4. Electrolytes for Dye Sensitized Solar Cells

It can be seen that DSSCs are a kind of complex system for light-to-electricity
conversion. As a basic component, the electrolyte plays an important role in the
process of light-to-electricity conversion in DSSCs. The electrolytes employed ir
DSSCs can be classified as liquid, solid state, or quasi solid state. Several aspects arc

essential for any electrolytes in a DSSC [78, 79].

I. The electrolyte must be able to transport the charge carrier betweer
photoanode and counter electrode. After the dye injects electrons into the
conduction band of TiO;, the oxidized dye must be reduced to its ground stat
rapidly. Thus, the choice of the electrolyte should take into account the dys

redox potential and regeneration of itself.
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2. The electrolyte must be able to permit the fast diffusion of charge carriers
(higher conductivity) and produce good interfacial contact with the porous
nanocrystalline layer and the counter electrode. For liquid clectrolytes, it is
necessary to prevent the loss of the liquid electrolyte by leakage and/or
evaporation of solvent,

3. The electrolyte must have long-term stability, including chemical, thermal.
optical, electrochemical, and interfacial stability, which does not cause the
desorption and degradation of the dye from the oxide surface.

4. The electrolyte should not exhibit a significant absorption in the range of
visible light. For the electrolyte containing Iy /I redox couple, since Iy
shows color and reduces the visible light absorption by the dye, and 15 ion:
can react with the injected electrons and increase the dark current. Thus, the

concentration of Iy /I" must be optimized.

Transport of the redox mediator between the electrodes is mainly driven by diffusion
Typical redox electrolytes have a high conductivity and ionic strength so that the
influence of the electric field and transport by migration is negligible. In viscou
electrolytes, such as ionic liquids, diffusion coefficients can be too low to maintain :
sufficiently large flux of redox components, which can limit the photocurrent of th
DSSC [80]. Transport of the redox mediator in the electrolyte gives rise to a diffusio
impedance, which acts as a series resistance in the solar cell. The diffusion impedanc
depends on the diffusion coefficient and concentration of the redox mediator and o
the distance between the electrodes [81]. Han et al. [82] optimized dye-sensitize
solar cells with the help of impedance spectroscopy measurements and achieved

value for the diffusion resistance as low as 0.7 Q cm’ by minimizing the distanc

between the working and counter electrodes, while a separation of 20 um led to
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value of 2 Q em?. In the case of the iodide/triiodide electrolyte, an alternative type of
charge transport can occur when high mediator concentrations are used, the Grotthus
mechanism [80]. In this case, charge transport corresponds to formation and cleavage
of chemical bonds:

L +I =1 =1+ (2.8)
In viscous electrolytes, such as ionic liquid based electrolytes, this mechanism can

contribute significantly to charge transport in the electrolyte [80].

The first DSSC was reported in 1991 by O’Reagan and M. Griitzel [33] using organic
liquid electrolyte containing Lil/l;, which obtained an overall light-to-electricity
conversion efficiency of about 7.1% under irradiation of AM 1.5, 100 mW cm*
Later, many Kinds of liquid electrolytes containing iodide/triiodide redox couple anc
high dielectric constant organic solvents such as acetonitrile (AcN), ethylent
carbonate (EC), 3-methoxypropionitrile (MePN). propylene carbonate (PC), y
butyrolactone (GBL), and N-methylpyrrolidone (NMP) were investigated, and som
DSSCs with high photovoltaic performance were obtained [83 — 87]. Research durin;
the past decade shows that each component of liquid electrolyte such as solvent, redo:

couple, and additive plays a different role in the photovoltaic performance of DSSCs.

A. Organic solvents

The organic solvent is a basic component in liquid electrolytes, it gives a
environment for iodide/triiodide ions’ dissolution and diffusion. The physice
characteristics of organic solvent including donor number, dielectric constant:
viscosity, etc. affect the photovoltaic performance of DSSCs. Especially, the donc
number of solvent shows obvious influence on the open-circuit voltage (Voe) an

short-circuit current density (Jsc) of DSSCs. The donor—acceptor reaction betwee
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non-aqueous solvents and iodide to generate triiodide in DSSCs was investigated, the
results showed [62] that the extent of transformation from iodide to triiodide ions in a
given solvent could be predicted according to the donor number of the solvent.
Therefore, the Voc increased and Js¢ decreased with the increase of the donor number

of solvent in liquid electrolytes in DSSCs [85].

The influence of the donor number of solvent on the Ve is related to the following
three factors:

I.  The electron donor-acceptor reaction between organic solvent and triiodide
|84]:

solvents + 15— solvent:--I5 «»solvents I, + 1 (2.9)

The above reaction equilibrium depends on the donor number of single or mixec

solvent. The higher donor number of solvent leads to the incline of reactior

equilibrium to the right [53, 56, 88, 89], which gives a lower concentration o

triiodide and causes a decrease of dark reaction (Equation 2.5) and an increase of Vox

according to Equation 2.10.

% —[E}In{———f'"’ }
=~ e nuk 15 (2.10)

where k is the Boltzmann constant, T is absolute temperature, e is an electroni
charge. I, is the flux of charge resulting from sensitized injection, ng is th
concentration of electrons on the surface of TiOa, ke is the reaction rate constant of I3

dark reaction on TiO; (Equation 2.5), [l;-] is the concentration of I3 in liqui

electrolyte.

2. According to Griitzel's hypothesis [33], the reaction between the bare Lewi

acidic TiO, surface and the Lewis basic solvent blocks the surface active site

of TiOs. electrode which is responsible for the dark reaction (Equation 2.5
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The solvent with higher donor number has higher Lewis basicity, which shows
a stronger function of blocking the active sites of TiO; electrode and
decreasing the rate constant (ke) of triiodide reduction. According to Equation
2.10, Vo increases with decreasing of ke,.

3. The flatband potential (Vin) of the TiO; electrode soaked in solvent was an
important factor affecting Voe [90]. and the Vg, of TiO; electrode is sensitive
to the contact solvent [44]. The contact solvent with higher donor number
causes an increase in Vg, of the TiO; electrode [91]. Under Fermi level

pinning, these two parameters are linked by the following equation:

Voc =|Vm -V,,.,l (2.11)

where V4 is the standard reduction potential of a redox couple, it remains constant
[92]. So the Ve increases with the increase of the donor number of solvent. The
decrease of Jsc is also related to the increasing of Vyy, of TiO; electrode. The increase
of Vi also causes a negative shift in the conduction band edge of TiO,, whick
decreases the energy bandgap between the conduction band of TiO; and LUMO ol
photoexcited dye, and causes a decrease of driving force for the excited dye to injec

electron into the conduction band of TiO,. So the Jsc decreases with the increase o

the donor number of solvent.

B. Redox couples

Although iodide/triiodide has been demonstrated as the most efficient redox couplh
for regeneration of the oxidized dye, its severe corrosion for many sealing materials
especially metals, causes a difficult assembling and sealing for a large-area DSSC an
poor long-term stability of DSSC [93]. Therefore, other kinds of redox couples suc
as Br /Br; , SCN-I(SCN)sl. SeCN_f’(ScCNh_. and bipyridine cobalt (ITI/II) complexe
_-___—2
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were investigated for use in DSSCs. Owing to their energy unmatchable with
sensitized dyes or their intrinsic low diffusion coefficients in electrolyte, these redox
couples show lower DSSCs’ light-to-electricity conversion efficiencies than the
iodide/triiodide redox couple does [ 78, 94 — 98]. Cations in liquid electrolytes seem to
function in the light-to-electricity conversion process of DSSCs. As a band bending
and a depletion layer, which usually exist in bulk, semiconductor materials contacted
with liquid electrolyte-containing redox couples [44] are considered unlikely in
nanocrystalline TiO; electrodes owing to the extremely small size of the particle [55,
99]. In fact, cations, particularly small cations such as protons, Li’, etc. play an
important role in the photoelectrochemical performance of DSSCs. This is due to the
fact that diffusion of electrons in the conduction band of TiO; is considered as an
ambipolar diffusion mechanism, namely, ion diffusion is strongly correlated with
electron transport to ensure that electroneutrality is obeyed throughout the TiO:
network [100 — 104]. For example, the addition of Lil into liquid electrolyte can
enhance the Jsc of DSSCs. The reason is that the small-radius of Li" can deeply
penetrate into the mesoporous dye-coated nanocrystalline TiO; film and form ar
ambipolar Li'-e” with the electrons in the conduction band of TiO;, which increase:
the transport speed of electrons in nanocrystalline TiO; network and enhances the Js
of DSSCs [105 — 107]. However, the negative influence of ambipolar Li'-e” o1
DSSCs is its easy combination with triiodide, which leads to the decrease of Voc 0
the DSSCs [105, 108]. In order to overcome this negative influence, an imidazols
cation with larger ionic radii is used in liquid electrolyte to form a Helmholtz layer o1
the surface of TiO, film and block the direct contact of triiodide with ambipolar Li -e
_ which has an efficient result for suppressing the reaction between ambipolar Li -e

and triiodide and enhancing the Voc of the DSSC [106, 108].
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C. Additives

Additive is another important component in liquid electrolytes for optimizing the
photovoltaic performance of DSSCs. It is found that the photovoltaic performance of
DSSCs can be enhanced hugely by adding a small amount of electric additive [53].
The influence of nitrogen-containing heterocyclic additives on the photovoltaic
performance of DSSCs was investigated, and it was found [109 — 115] that some
efficient additives such as 4-tert-butylpyridine, pyridine could enhance Voc but
decrease Jsc owing to the same aforementioned reasons about the donor number of
solvent on the photovoltaic performance of DSSC. The difference is that the function
of additive for optimizing the photovoltaic performance of DSSCs is more efficient
than that of the donor number of solvent. On the other hand, it is only a small amoun!
of additive added into the electrolyte, the excessive amount of additive, will cause

poor photovoltaic performance of DSSCs [87, 116].

D. Ionic liquids

Room-temperature ionic liquid (RTIL) has good chemical and thermal stability
negligible vapor pressure, nonflammability, and high ionic conductivity [117, 118]
When incorporated into DSSCs, RTIL can be both the source of iodide and the
solvent itself [119]. N. Papageorgiou et al. [120] reported in 1996 that these uniqu
properties of RTIL were effective for long-term operation of electrochemical device
such as DSSCs. They employed methyl-hexyl-imidazolium iodide (MHImI) as a
involatile electrolyte. The DSSC performance showed outstanding stability. with a
estimated sensitizer redox turnover number in excess of 50 million. However, pure [/
usually has higher viscosity than that of organic solvent, which limits th

iodide/triioide transport speed and the restoration of oxidized dye, so the photovoltai
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performance of these DSSCs is not so good as that of DSSCs using liquid electrolyte-
containing organic solvents. In 2004, a solvent-free IL electrolyte-based

SeCN /(SeCN); redox couple was reported [121].

The viscosity of this IL, 1-ethyl-3-methylimidazolium selenocyanate (EMImSeCN),
was determined to be 25 cP at 21°C, and the specific conductivity of EMImSeCN was
14.1 mS/cm. Thus, an unprecedented 7.5 — 8.3% light-to-electricity conversion
efficiency under AM 1.5 sunlight was achieved for DSSCs. The low viscosity. higher
conductivity, and visible-light absorbency of this kind of IL electrolyte ensure the
high photovoltaic performance of DSSCs. Liquid electrolyte-based organic solvent
usually has high ionic conductivity and excellent interfacial contact property, which
are the prerequisites for high photovoltaic performance of DSSCs. Although a
photoelectric conversion efficiency of 11% for the DSSC-containing liquid electrolyte
has been achieved [64, 65], the potential problems caused by liquid electrolytes, such
as leakage and volatilization of organic solvents, are considered as some of the critical
factors limiting the long-term performance and practical use of DSSCs. Although the
electrolyte using low-viscosity IL achieves a high photovoltaic performance foi
DSSCs, the sealing and leaking problems by liquid the same as liquid electrolyte:
with organic solvents still exist for high long-term stability of DSSCs. Thus, solid
state and quasi-solid-state electrolytes [83, 86, 122 — 124] with high long-tern

stability are attempted to replace liquid electrolytes.

2.4.5. Solid —State DSSCs

There are two kinds of solid-state DSSCs, one uses hole transport materials (HTMs

as medium, the other uses a solid-state electrolyte containing iodide/triiodide redo:

couple as medium.
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A. Hole transport materials (HTMs) for Solid-State DSSC

Familiar large-bandgap HTMs such as SiC and GaN are not suitably used in DSSCs
since the high-temperature deposition process for these materials will certainly
degrade the sensitized dyes on the surface of nanocrystalline TiO; [79]. Researchers
found [125 — 128] that a kind of inorganic HTM based on copper compounds such as
Cul, CuBr, or CuSCN could be used in fabricating DSSCs. These copper-based
materials can be cast from solution or vacuum deposition to form a complete hole-
transporting layer, and Cul and CuSCN share good conductivity in excess of 107
S/ecm, which facilitates their hole-conducting ability. For example, the DSSC based on
Cul HTM obtained as high as 2.4% light-to-electricity conversion efficiency under
irradiation of AM 1.5, 100 mW cm™ [129]. However, its stability is quite poor, even
worse than the traditional organic photovoltaic cell, which is also a common problem
existing in DSSCs based on this kind of inorganic HTMs. Therefore, researchers put

their vision into organic HTMs.

Compared with inorganic HTMs, organic HTMs possess the advantages of plentiful
sources, easy preparation, and low cost. In 1998, an efficient solid-state DSSC based
on organic HTM 2, 2, 7, 7-tetrakis(N,N-di-p-methoxyphenyl-amine) 9, 9'-
spirobifluorene (spiro-OMeTAD) was reported [130], although the overall light-to-
electricity conversion efficiency of this DSSC only reached 0.74% under irradiation
of 9.4 mW cm>, it is a pioneer for fabricating DSSCs with organic HTMs. Later, by
improving the dye adsorption in the presence of silver ions in the dye solution [85,
86], the efficiency of the solid-state DSSC employing spiro-OMeTAD was enhanced
10 3.2%. For DSSCs based on typical inorganic or organic HTMs, the overall light-to-
electricity conversion efficiencies are all much lower than that of the DSSCs based on

liquid electrolytes. This is due to the low intrinsic conductivities of HTMs, the high
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frequencies of charge recombination from TiO; to HTMs, and the poor electronic
contact between dye molecules and HTMs caused by incomplete penetration of solid

HTMs into the pores of the mesoporous TiOs electrodes.

B. Solid-State Polymer Electrolyte with Redox Couple for Solid-state DSSC

Organic or inorganic HTM as a transport material for DSSCs cannot satisfy the
practical application due to their low power conversion efficiencies. On the other
hand, some remarkable results have already been achieved by introducing
iodide/triioide redox couple into solid-state electrolytes as a transport medium for
DSSCs. For example, a solid-state electrolyte containing iodide/triiodide redox couple
by introducing TiO, nanoparticle into poly(ethylene oxide) (PEO) was prepared, the
overall light-to-electricity conversion efficiency of 4.2% for the DSSC with this solid-
state electrolyte was obtained under irradiation of AM 1.5, 100 mW ¢cm™ [131]. A
kind of ambient-temperature plastic crystal electrolyte containing iodide/triiodide
redox couple was used to fabricate DSSCs and achieved a high overall light- to-
electricity conversion efficiency of 6.5% under irradiation of AM 1.5, 100 mWem ™
[132]. A solid-state electrolyte based on LilCgH oN2O; [Lil(HPN):] single crystal and
iodide/triiodide was prepared. This solid-state electrolyte can be optimized by adding

SiO; nanoparticles and put into DSSCs to enhance light-to-electricity conversion

efficiency [133].

Higher photovoltaic performance for DSSCs using iodide/triiodide redox couple than
using HTMs is due to the fact that the iodide/triiodide can efficiently regenerate
oxidized dyes, and the dark reactions in these solid-state electrolytes are lower than in

HTMs. Another reason is that the interfacial contact properties of these solid-state
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electrolytes are better than that of HTMs. This kind of solid-state electrolyte has a

good prospect in practical DSSCs.

2.4.6. Quasi-Solid-State Electrolytes with Redox Couple for Quasi-Solid-

state DSSC

The quasi-solid-state, or gel state, is a particular state of matter, neither liquid nor
solid, or conversely both liquid and solid. Generally, a quasi-solid-state electrolyte is
defined as a system which consists of a polymer network (polymer host) swollen with
liquid electrolytes [58, 83, 134 — 137]. Owing to its unique hybrid network structure,
quasi-solid-state electrolytes always possess, simultancously, both the cohesive
property of a solid and the diffusive transport property of a liquid. Namely, quasi-
solid-state electrolytes show better long-term stability than liquid electrolytes do and
have the merits of liquid electrolytes including high ionic conductivity and excellent
interfacial contact property [78, 134, 135]. These unique characteristics of quasi-
solid-state electrolytes have been actively developed as highly conductive electrolyte
materials for DSSCs, lithium secondary batteries, and fuel cells [136]. Quasi-solid
state electrolytes are usually prepared by incorporating a large amount of a liquic
electrolyte into organic monomer or polymer matrix, forming a stable gel with ¢
network structure via a physical or chemical method. The quasi-solid-state electrolyt
formed via physical cross-linking is called “entanglement network™, which is thermo
reversible (thermoplastic). By contrast, chemical or covalent crosslinking leads to thi

formation of thermo-irreversible (thermosetting) gel electrolyte [78].

A. Thermoplastic gel electrolytes (TPGEs)

The formation of the TPGE is based on physical cross-linking of gelators to form

“entanglement network™ to solidify liquid electrolyte. The main characteristic of thi
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kind of gel electrolyte is the gel-sol state reversible conversion with the change of
temperature, which is a benefit of deep penetration of the electrolyte into mesoporous
dye-coated nanocrystalline TiO, film [78, 79, 137]. The interfacial contact between
the electrolyte layer and nanocrystalline TiO; film or counter electrode is one of the
most important factors influencing the photovoltaic performance of DSSCs besides
the ionic conductivity of the gel clectrolyte [S8]. The TPGE contains gelator and
liquid electrolyte, the liquid electrolyte consists of organic solvent, redox couple
additive, or IL electrolyte system. Y. Reng et al. [138] reported the first thermoplastic
polymer gel electrolyte used in DSSCs. The clectrolyte was composed o
poly(acrylonitrile) (PAcN), EC, PC, AcN., and Nal. The light-to-electricity conversior
efficiency of this DSSC was lower in comparison with that of the DSSC based or
liquid electrolytes, due to the unoptimized components and the difficult penetration o
the PAcN network into nanocrystalline TiO; film [59, 139]. The high photovoltaic
performance and excellent stability of DSSC was obtained by using a TPGI
containing poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) combinet
with MePN-based liquid electrolyte containing 1,2-dimethyl-3-propyl imidazoliun
iodide and iodine [83]. The DSSC showed a similar photovoltaic performance as the
of an analogous cell containing the same liquid electrolyte, which means that th

polymer matrix has no negative effect on the performance of DSSC.

B. Thermosetting gel electrolytes (TSGEs)

The TPGE is good for fabricating DSSCs. However, there is also a potential ventur
for actual application of DSSCs, which is the chemical unstability, such as phasc
separation, crystallization of iodide salts. Therefore, some more environmentall
stable electrolytes are still needed. Among those optional methods, the TSGE is on

of the good selections for high photovoltaic performance and good long-term stabilit
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of DSSCs. A high stable DSSC based on a TSGE containing ureasil precursors and
organic liquid electrolyte containing iodide salts was prepared [ 123, 140 — 142]. The
unique structure of this thermosetting organic—inorganic hybrid gel electrolyte leads
to the high quality of DSSC, which maintains 5 — 6% light-to-clectricity conversion

efficiency even after preserving for several years.

Wu et al. [124, 143 — 145] reported a novel TSGE based on poly(acrylic acid)-
poly(ethylene glycol) (PAA-PEG) hybrid and liquid electrolyte for fabricating a high-
performance and stable DSSC. It is known that PAA polymer matrix shows excellent
hydrogel stability due to the formation of 3D networks structure in hydrogel and the
strong interaction between absorbed aqueous solution and hydrophilic groups in PAA
[146, 147). PAA is a kind of oleophobic polymer, which cannot dissolve or swell in
organic solvents. By modifying PAA with amphiphilic PEG, the PAA-PEG hybrid
shows moderate liquid electrolyte absorbency in some organic Lewis basic liquid
electrolytes. The optimized Lewis basic organic mixed solvents for both PAA-PEG
hybrid and photovoltaic performance of DSSC was obtained by mixing 30% (v/v)
NMP with 70% (v/v) GBL [87]. The TSGE with ionic conductivity of 6.12 mS em”!
was obtained by swelling the PAA-PEG hybrid in the optimized Lewis basic organic
mixed solvents containing iodide/triiodide redox couple. Based on the TSGE, a DSSC

with light-to-electricity conversion efficiency of 6.10% was attained under AM 1.5

irradiation.
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2.4.7. Materials and manufacturing methods for DSSC
A. Substrates

Requirements for a good DSSC substrate are low sheet resistance which should also
be independent of temperature up to 450 — 500°C (in case when the electrode post-
treatment requires sintering), high transparency, and ability to prevent impurities such
as water and oxygen from entering into the cell. The traditional approach is to build
the DSSC on transparent conducting oxide (TCO) coated glass sheets. The most often
used TCOs are fluorine-doped and indium-doped tin oxides, whose sheet resistances
are around 10 {Yem?®. Whilst glass is obviously an effective barrier towards water and
oxygen penetration into the cell, its disadvantages are fragility, rigidity, heavy weight,
and high price. ITO’s sheet resistance also increases with temperature 5o ITO-coated

glass is not the best option for cells where high temperature treatments are needed.

Alternative substrate materials such as plastic foils and metal sheets overcome most of
the glass’ problems. Conductive plastics, like ITO-PET (indium-doped tin oxide
coated polyethyleneterphtalate) and ITO-PEN (indium-doped tin oxide coated
polyethylenenaphtalate), are light weight and flexible, whereas metals are also
mechanically robust, cheap, and their electrical conductivity is superior compared to
all other substrate materials. The last factor plays a crucial role in cell size upscaling,
since the main part of the total ohmic losses in the cell are due to lateral resistance on
the substrate surface. It has also been noticed that substrate-mediated recombination is
lower from stainless steel than from glass [148)]. Disadvantages of plastics include
low temperature tolerance, max. 150 — 160°C, for ITO-PET high sheet resistance,
around 60 ©/cm’, and uncertainties considering the oxygen and water penetration. For

metals, the main problem is the traditionally used, iodine-containing electrolyte.

I E———————— e ——————————————
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Triiodide ions are corrosive, and thus far only stainless steel and titanium have shown
enough chemical stability in the iodine electrolyte to be successfully employed as
DSSC substrates [96, 148 — 155]. Long-term stability of metal-based cells is still
unknown, though, and requires further studies before this DSSC type can be
transferred to large scale manufacturing. However, the main drive behind the
alternative substrate research is the flexibility of both the plastic and metal substrates
which enables roll-to-roll type manufacturing of the DSSC, potentially leading to high

volume production of low cost solar cells with wide variety of applications.
B. Photoelectrode

The semiconductor material that forms the core of the photoelectrode should be
chemically stable and inert towards the electrolyte species, it should have a lattice
structure suitable for dye bonding, its conduction band should be located slightly
below the LUMO level of the dye in order to facilitate efficient electron injection, and
it should be available in nanostructured form to enable high enough dye loading,
Titanium dioxide fulfills these requirements — in addition to that, it is also cheap and
casily available because of mass production. The material is in wide use for example
in pigments and paints and, due to its non-toxicity, even in cosmetic, hygiene and
food products. Another semiconductor oxide that has been employed in the DSSC is
zine oxide but there have been problems for example with the dye desorption [156]

which is why TiO; is still the most widely used DSSC photoelectrode material,

TiO; exists in three crystalline forms, anatase, rutile, and brookite, of which the
anatase structure is the most suitable for DSSC applications. The typical TiO;
nanoparticle size in the photoelectrode film is 10 — 30 nm, though larger particles up

to 300 — 400 nm are sometimes added to the film to increase the path length of the
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absorbed photons by scattering (improved light harvesting efficiency). The optimal
photoelectrode film thickness is 10 — 15 um — if the film is very thin the dye loading
remains too low whereas with too thick films, the distance the excited electrons
generated on the electrolyte side of the photoelectrode film have to travel before
reaching the current collector becomes so long that increased recombination

probability starts to decrease the cell efficiency.

Screen-printing is a typical TiO, layer deposition method, with which large quantities
of even quality films can be prepared with high speed (on laboratory scale, technique
called “doctor-blading” depicted in Figure 2.11, in which the TiOy precursor is
applied through a hand-cut tape mask is often employed). Several rescarch groups
prepare their own TiO, precursor materials but there exists also commercial titania
pastes specifically designed for screen-printing technique — in addition to the TiO;
nanoparticles they contain some high viscosity organic solvent, binders, pH-adjusting
agents, and morphology controlling agents. After the film deposition the solvent and
other organic ingredients have to be removed, which is done by sintering the film in
450 — 500°C for half an hour minimum. In this treatment the individual TiO,
nanoparticles also “neck™ together and adhere more tightly to the substrate surface
which decreases the interparticle resistance, thus facilitating efficient electron
diffusion in the film, and the resistance for the electron transfer from the TiO,
network to the substrate. Unfortunately, this sintering treatment, which drastically
improves the TiO, film quality and also its mechanical stability, cannot be employed
with plastic substrates, due to their low temperature tolerance. One promising
technique for low temperature photoelectrode film preparation is spraying suspension
of TiO, nanoparticles in high volatility solvent (e.g. ethanol) on heated substrate and

then mechanically compressing the resulting powder layer. Titania pastes suitable for
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low temperature sintering have also been developed but the problem of inadequate
interparticle necking and thus lower cell efficiency, due to slower electron transport in
the film and thus higher recombination probability, still remains with these materials

too.

Figure 2. 11: The application process of the TiO; to the surface of the conductive

glass plate.

Dye sensitization of the photoelectrode is done simply by soaking the TiO; film in the
dye solution as shown in Figure 2.12 (anhydrous ethanol being the common solvent,
though various nitriles have also been used), the soaking time typically being
overnight minimum, though the process can be speed up by heating the solution. The
dye is one of the most expensive components of the cell, due to the complex structure
and demanding, multistep synthesis of the molecule, but since its amount in the
solution is very small, typically of the order 10™ M, its effect on the overall
manufacturing costs of the cell remains reasonably low. In addition to the ruthenium
organometallic complexes mentioned already in Section 2.4, other dyes such as
coumarins, eosins, perylenes, and even natural dyes extracted from berries have been

employed in the DSSC, though the highest efficiencies have still been obtained with
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the Ru-complexes. As a matter of fact, the molecular structure of the dyes and the
clectron transfer processes in the dye excitation resemble those of the chlorophyll
molecule in green plants, which is why the DSSC operating principle has sometimes

been called “artificial photosynthesis”.

Figure 2. 12: Sintered TiO; photoanodes being soaked in dye solution after cooling.

Generally, the molecular adsorption modes on the host surface can be summarized in

six different modes:

a) covalent attachment brought about by directly linking groups of interest or via
linking agents,

b) electrostatic interactions, brought about via ion exchange, ion-pairing, or
donor-acceptor interactions,

c) hydrogen bonding,

d) hydrophobic interacting-derivatives,

¢) van der Waals forces involved in physisorption of molecules on solid surfaces,
and

f) physical entrapment inside the pores or cavities of hosts such as cyclodextrins,

micelles, etc [157].
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The adsorption modes of dyes on semiconductor surfaces are very important for the
DSSC efficiency [158]. To construct workable and efficient DSSCs, the dye must be
adsorbed on the surface of the semiconductor intimately. Therefore, the first kind
provides an approved strategy to accomplish a strong interlinkage between the dye
and the semiconductor. It requires that the dye should possess an anchoring group,
which should react with surface hydroxyl groups of the semiconductor oxide to form
chemical bonds. The standard anchoring group for sensitizers is carboxylic acid
(-COOH). Its derivatives, such as ester, acid chloride, acetic anhydride, carboxylate
salt. or amide, have also been used. Furthermore, sulfonate (-SOy ) and silane (SiX;
or Si(OX)3) have also been adopted [159]. Efficient sensitizers with phosphonic acid
binding groups were first developed by Pechy et al. [160]. They found that a
ruthenium complex with a single phosphonic acid bound about 80 times stronger 1o
TiO, than N3 (which has four carboxylic acid groups) and did not desorb from TiO;

in the presence of water, in contrast (0 N3.

Nevertheless, most of the photosensitizers employ the carboxylic acid as anchoring
group due to its relative stability and casy synthesis. However, there are different
binding modes between the oxide surface and the carboxylic acid (Figure 2.13) [161].
In general, the carboxylic acid group can coordinate t0 the TiO; surface in three ways

[162, 163]: unidentate mode, chelating mode, and bridging bidentate mode.
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Figure 2. 13: Binding modes for caboxylate unit on TiO surface.
C. Electrolyte

In addition to the redox couple — like the most commonly used iodide/triiodide— the
electrolyte usually contains some “blocking agent™ that adsorbs on the photoelectrode
on those surface sites not occupied by the dye to prevent recombination, i.¢. electron
leakage from the TiO; back to the electrolyte. As it is mentioned earlier additives like
4-tert-butylpyridine, guanidinium thiocyanate and 4-guanidinobutyric acid are some
molecules used in this purpose [65, 164]. Due to suppressed recombination, the cell
open circuit voltage increases. The requirements for the electrolyte solvent are its
ability to dissolve the other ingredients and preferably low volatility combined with
high viscosity to facilitate fast ionic diffusion between the electrodes. Typical solvents
used in the DSSC electrolyte are various nitriles (aceto-, methoxypropio-, valero-,

butyro-), carbonates (ethyl-, propyl-), and their mixtures. Liquid electrolyte can also



be gelatinized, for example with certain polymers (e.g. polyvinylidenefluoride-
hexafluoropropylene, PVDF-HFP) or silica nanoparticles [165]. While this does not
remove the problem of the cell “drying” in case of structural damage to the substrates,
it does prevent electrolyte leakage. Obviously, the liquid electrolyte is the weak link
considering the cells’ long-term stability which is why solid hole conductors such as
copper iodide (Cul), copper thiocyanate (CuSCN), copper bromide (CuBr)
complexes, 2.2'7,7'tetrakis-(N,N-di-p-methoxyphenyl-amine)-9.9'-spirobifluorene
(spiro-MeOTAD), and the conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) have also been studied as its replacement [131, 133, 166 — 174]. Either the
cell efficiency or its stability have not been satisfactory with these — one reason being
the solid material’s poor penetration into the pores of the TiO; layer — which is why
iodine-based liquid electrolyte is still the most often used alternative in the DSSC. An
example of a typical electrolyte composition is 0.5 M lithium jodide (Lil), 0.05 M
iodine (1), and 0.5 M 4-tert-butylpyridine in 3-methoxypropionitrile (triiodide ions
are generated in a reaction of molecular iodine with the iodide ions). The amount of
iodine may vary according to the electrolyte layer thickness — in cases where the light
enters the cell from the counter electrode (CE) side, through the CE and electrolyte
(e.g. if the photoelectrode is deposited on opaque metal sheet), the shadowing effect
of the dark red triiodide ions in the electrolyte reduces the amount of photons reaching

the photoelectrode (iodide ions, on the other hand, are transparent). When the order of

the maximum current the cell should be able to generate is known, the tritodide

concentration and electrolyte layer thickness can be minimized using the definition
for the diffusion-limited current density [175).

ZnFD”cf‘. (2.12)

ITInn = [
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where n is the number of electrons transferred in the redox reaction. F the Faraday

constant, Df; the triiodide diffusion coefficient, ¢, the tritodide concentration, and /

the distance between the electrodes,

There is also an interesting, new group of DSSC electrolytes in which so-called ionic
liquids, or room temperature molten salts are utilized [176 — 178]. lonic liquids are
fluids with no vapor pressure at all which eliminates the problem of clectrolyte drying
in case of fractures on the substrate, Typically, ionic liquids are salts of iodine with a
large, often imidazole-based cation, for example I-methyl-3-propylimidazolium
iodide (PMIml) or I, 2-dimethylimidazolium iodide (DMiml). Thus. ionic liquid
works as a source of iodide ions and also as a solvent, due to its fluidic nature. The
problem of these electrolytes is, however, the high viscosity of many ionic liquids,
which slows down the ionic diffusion and tends to keep cell efficiencies down. Some
jonic liquids are also hygroscopic which means that special conditions e.g. dry air or

nitrogen atmosphere is needed for cell preparation and storage of materials.

D. Counter electrode catalysts

After considering the characteristics of the porous semiconductor oxide, the sensitizer

dye and the electrolyte containing the charge mediator, which allows dye

regeneration, another essential material for an operative DSSC is the counter-

electrode. where the regeneration of the charge mediator takes place. The first

requirement for a material to be used as counter-electrode in a DSSC is a low charge

transfer resistance and high exchange current densities for the reduction of the

oxidized form of the charge mediator. Also, such materials must present chemical and

electrochemical stability in the electrolyte medium used in the cell [179]). For
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sufficiently fast reaction Kinetics for the triiodide reduction reaction at the TCO

coated cathode, a catalyst coating is needed.

As already discussed, the best charge mediator for most of the DSSC is the /15
redox couple. Unfortunately however, the iodine (and triiodide) reduction reaction is
not reversible in several materials and its kinetics is solvent dependent. For instance,
at the surface of transparent glass-ITO or glass-FTO electrodes, the electron-transfer

kinetics for reduction of triiodide to iodide is very slow [179].
i. Platinum

The best material that acts as a catalyst and provides high exchange current for this
reaction is platinum, particularly as thin films deposited by thermal oxidation of
hexachloroplatinate. Pt thin films obtained by sputtering also exhibited good
performance as counter electrodes in DSSC, but are more expensive [179]. As a
traditional and usually most efficient catalyst, platinum has been used almost
exclusively in the literature. However, the performance of the catalyst layer depends
on the method by which the Pt is deposited onto the TCO surface. Platinum catalyst
coating has been performed for example electrochemically [180, 181], by sputtering
[91]. pyrolytically or by spin coating [182]. Electrochemically [179] and vapor

deposited [183] Pt has been however found unstable in the presence of the iodide

electrolyte.

Papageorgiou et al. [179] developed an alternative Pt catalyst coating method called

"platinum thermal ~cluster catalyst". This catalyst provided superior kinetic

performance with respect t0 conventional platinum deposition methods, chemical and

‘ _ ST il
electrochemical stability in practical cells, low platinum loading of 5 — 10-mg/cm
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leading to cost reduction, mechanical stability of the counter-electrode surface and

optical transparency of the counter-electrode due to the low platinum content [179].

For DSSCs deposited on glass, thermally deposited or sputtered platinum is the most
widely used CE catalyst. The advantages of Pt are its high catalytic activity towards
the iodide/triiodide redox reaction which is why only a few nanometer layer of Pt is
required — this keeps the cell manufacturing costs low even if Pt is an expensive
element, and because the thin Pt layer is almost transparent, platinized counter
electrodes can be employed also in cells which require reverse lighting (i.e. lighting
from the CE side). Platinum is also chemically stable in the electrolyte, i.e. no
remarkable dissolution over time from the CE have been noticed (in case the CE
catalyst dissolves and diffuses to the PE, it may act there as recombination centers,
thus decreasing the cell efficiency). The usual procedure to prepare the counter-
electrode for DSSC consists in spreading a small quantity of a 5 mmol L
hexachloroplatinic acid solution in isopropanol on the conductive surface of a glass-
FTO electrode and heating the coated electrode at 385°C for 10 minutes. The
electrodes prepared by such a procedure remain almost transparent, which can be very
useful, since the cell can be irradiated from both sides. Moreover, they present low
charge-transfer resistance and high kinetic performance for the Iy~ reduction reaction.
This ensures high exchange current densities at the CE, and thus the processes at the

CE do not become rate limiting for the processes in solar energy conversion [179].

This results in reduction of metallic platinum as tightly adhered nanoscale clusters on

the substrate surface [179]. Due to high temperature involved, this method is naturally

not suitable for plastic substrates but sputtering, which is a well known and widely

applied method for thin film coatings, can be employed for low temperature tolerance

substrates as well.
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ii. Carbon

While having excellent catalytic action, platinum has the disadvantage of being very
expensive. Kay and Gritzel [184] have developed a cell design, which is very
interesting with this respect, The design utilizes a porous carbon counter-electrode as
a catalyst layer. This carbon electrode is made from a mixture of carbon black,
graphite powder and nanocrystalline TiO particles. A high conductivity (sheet
resistance of 5 €/cm? for a 50 mm thick layer) is obtained due to the carbon black
particles connecting together separate graphite flakes, while the TiO; particles are
used as a binder to the structure. It is claimed that thanks to the very high surface area
of these electrodes, caused by the carbon black, these electrodes are as active for

triiodide reduction as the conventional Pt electrodes [ 184].
iii. Conducting polymers

Since platinum is an expensive catalyst, even if the consumption is relatively low,
conducting polymers such as poly{Z,4~ethylencdioxythiophcnc) (PEDOT) or
polyaniline (PANI) have been studied as its replacement [185]. The main problem
with these materials is that often rather thick layers of them are needed in order o
reach high enough catalytic activity. This slows down the cell manufacturing process

and. as thick catalyst layers also absorb light, these kind of CEs are not suitable for
reverse lighting cells.

L. Bay et al. [186] investigated catalytic activity for platinum, PEDOT, polypyrrole

(PPy), and PANI-all deposited onto fluorine-doped tin oxide (FTO) glass. Both Ptand

PEDOT are found to have sufficiently high catalytic activities for practical use as

counter electrodes in DSSC. PEDOT is therefore a good candidate for substituting the

i ! i .iously Shibata et al. [187] reported
xpensive platinum. It was also mentioned prev y 2
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that the photocurrent for the DSSCs with a PEDOT-PSS electrode was higher than
that with a Pt counter electrode when the cells were filled with a gel electrolyte. The
charge transfer resistance between the gel film and Pt was 14.1 em® and that
between gel film and PEDOT-PSS decreased to 1.5 Q/em?, which was the reason for

the improvement of the photocurrent.
iv. Cobalt Sulfide

Very recently, electrodeposited CoS has been identified as a suitable catalyst for the
iodide/triiodide redox couple [188]. Deposited on a flexible substrate polyethylene
naphthalate (ITO/PEN) it outperforms Pt on the same substrate, with a charge transfer

resistance down to 1.8 Q/cm?, while thermal Pt on FTO gave 1.3 Q/cm’ using the

same ionic liquid electrolyte.
2.4.8. Measurement Process and Characteristic Solar Cell Data

The basis for the characterization of solar cell is the I-V curve (current-voltage curve).

The -V curve of a solar cell can be measured by using a solar simulator or other light

sources which provide in combination with filters light according to the international

norms. During illumination of the solar cells at 25°C a voltage is applied and the

current is measured, resulting in the -V curve of that cell which is presented

schematically in Figure 2.14.
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Figure 2. 14: Typical shape of an I-V curve with important values for efficiency

determination.

With the help of the I-V curve it is possible to determine important electronic
parameters like the open-circuit voltage (Voc), the short circuit current (Isc), and the

fill factor (FF).
A. Open-circuit voltage (Voc)

Under open-circuit conditions the flow of charges through the illuminated device is
interrupted. At these conditions all charge carriers recombine within the photoactive
layer. The open-circuit voltage is the intercept point of the illuminated I-V curve with
the voltage-axis (x-axis in Figure 2.14) and represents the maximum voltage that the
measured solar cell can provide under ideal conditions. The Voc in organic solar cells
is predominantly determined by the materials and their frontier orbitals used in the
solar cell. However, also other factors connected to the processes in the cell can

influence the open-circuit voltage. The Voc can be for example lower due to charge

recombination, which cannot be avoided [189].
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B. Short-circuit current (Isc)

Under short-circuit conditions no resistance is present in the electric circuit.
Consequentially there is no change in the voltage and thus no work is done
eventhough a current is flowing. The short-circuit current is the intercept point of the
illuminated I-V curve with the current-axis (y-axis in Figure 2.14) and represents the
maximum current that could be withdrawn from the solar cell if the cell was ideal.
Another important value strongly associated with the short-circuit current is the short-
circuit current density (Jsc). This value reports the short-circuit current per area
(Equation 2.13).

L

Jg. =% (2.13)
A

The short-circuit current is directly proportional to the incident photons that can be
used by the solar cell as long as no saturation effects oceur. /s is therefore dependent
on the surface area of the solar cell, the light intensity, the device thickness, and the
absorption range. Also, the charge carrier mobility which depends on the temperature

due to a thermally active hopping transport plays an important role [190, 191].

C. Fill Factor (FF)

The fill factor is a measure of the quality of the solar cell and describes the relation

between the photogenerated charge carriers and the charge carriers that reach the

electrodes. In an ideal solar cell all generatcd charge carriers reach the electrodes and

the FF is 1. Due to charge recombination and resistances within the device not all

generated charge carriers reach the electrodes. There are two types of resistance in the

; er-. contact-, and
solar cell. The serial resistance, Rs, represents the sum of all layer-, contact

/-_51-



e e e

current-resistances and is the reciprocal slope of the tangent to the -V curve under

open-circuit conditions (Equation 2.14).

dv
R =|—
: (df ]Ja{l (2.14)

The shunt (parallel) resistance, Rgy represents the surface recombination losses,
which occur at the different interfaces and leakage currents. Rgy is the reciprocal

slope of the tangent to the I-V curve under short-circuit conditions (Equation 2.15).

dv
Rev=|— i
SH (‘”l-:o (2.15)

In an ideal solar cell Rg should be minimized (Rs — 0) and Rgy; would be maximized
(Rgyy — ). In this case the -V curve would be rectangular and go along the light-
green area in Figure 2.14. In a real solar cell losses cannot be avoided and the -V
curve is bended. The point on the 1=V curve where the maximum power of the solar
cell can be produced is called maximum power point (mp-point). The mp-point is
located on the -V curve exactly where the product of 1 and V reaches its maximal
value. The area A, in Figure 2.14 (dark green color) indicates this maximal power
value. The maximum power of an ideal solar cell is represented by area A (light-

green). The FF is the relation between those two areas (Equation 2.16).

pp=th (2.16)

The voltage at the maximum pOWer point is Vimp and the current density Jyy. The FF

can be calculated using these values according to Equation 2. 17.

FF = __Vw-J np (2.17)
Vood s

(1.8
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D. Solar Cell Efficiency ()

All the values mentioned above contribute to the overall power conversion efficiency
that describes the relation between the electric power that the device produces (Pou)

and the power of the incident light (P,,). The efficiency can be calculated according to

Equation 2.18:

(2.18)

E. Incident Photon to Current Efficiency (IPCE)

The incident photon to current conversion efficiency (IPCE) or external quantum
efficiency (EQE) describes the relation between the number of the dissipated charges

and the number of the incident photons at a certain wavelength (Equation 2.19).

|8 ‘J _I
Ry 1240 LeVnml <y [nm:m e

Alnm] (2.19)

where Jsc is the short-circuit photocurrent density for monochromatic irradiation, and
) and 1,, are the wavelength and the intensity, respectively, of the monochromatic

light. If IPCE is 1, every absorbed photon injects an electron into the circuit. IPCE is a

measure for the absorption quality of the solar cell at a certain wavelength combined

with its charge transport quality. If, €.2. the cell absorbs all incident photons at a

certain wavelength but the charges cannol travel to the electrodes due to

recombination, the IPCE nevertheless will be zero. Hence, the IPCE correlates often

to the absorption spectrum of the active layer but a strong deviation cannot be

excluded.
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2.5. Natural Dyes as Sensitizer for Photoelectrochemical Cells

2.5.1. Anthocyanins and Anthocyanidins

Flavonoids are sugar bound polyphenols found in all land plants. A class of
flavonoids called anthocyanins is responsible for the red and purple coloration of
many fruits and flowers. An ample range of colors in the red blue range are available
to anthocyanins as a result of their complexation with other polyphenols, pectins, and
metal ions [192]. Proposed biological roles of anthocyanins include insect attraction,
photoprotection [192], antioxidant activity [193], and photosynthesis enhancement,

but the full scope of their abilities has yet to be fully understood.

The various coloured pigments that can easily be extracted from fruits, flowers, and
so on, can be employed in DSSCs. Unlike artificial dyes, the natural ones are
available, easy to prepare, low in cost, non toxic. environmentally friendly. and fully
biodegradable. In most case, their photoactivity belongs 10 the anthocyanins family.
Moreover their absorption spectra have favourable overlap with the solar spectrum.
Hara et al. [194] made a remarkable advance in the use of organic dyes for DSSCs.

Other groups have obtained good solar electric power conversion efficiencies, testing

natural dyes as cheap and environmentally friendly alternatives to artificial sensitizers

for DSSCs [195]. The natural dyes that have been employed for this purpose were

extracted from red oranges, eggplants, red radicchio, sicilian red wines. blueberry, and

mulberry are rich in anthocyanins. The general molecular structure of anthocyanins 1s

shown in Figure 2.15. Red orange juice contains a high concentration of cyanidin=

glucoside pigment, of citric acid and other antioxidants, such as delphinidin-3-

glucoside, flavones (hesperedin and narirutin). The extract from eggplant peels

- . i olphinidin=3-(
confains masumin, & mixture of cis-trans 1SOMErs of delphinid p-
e ]
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coumaroylrutinoside)-5-glucoside. Delphinidine is the main pigment of the red
radicchio too, while, in the extracts of the red wines, the most responsible pigment for
their red-violet colour is the malvidine. The main drawback of this component is the
presence of OCH; groups (in the position of R; and R; in Figure 2.15) on the phenolic
ring. For this reason the phenolic groups is not able to chelate the titanium and most
of the sensitization occurs from delphinidine which is the lowest components of these

natural compounds in red wines.

OH

OH o
AN R,

\

OGlu
OH

Figure 2. 15: Chemical structures of anthocyanines. R, =OH, R, = H (Cyanidin-3-
glucoside), Ry = Ry = OH (Delphinidin-3-glucoside), R; = R; = OCH; (Malvidin-3-

glucoside).

The presence of other additives in the extracted dyes, such as citric acid, which act as

co-adsorbers, is responsible for a better sensitization of these solutions onto titanium

dioxide film. In fact these compounds, filling the free space between the dye

molecules, partially block the physical contact between I3~ and titanium dioxide

semiconductor film surface reducing recombination reactions and inhibiting dye

aggregation. Moreover, the presence of 2/3 hydroxyl groups in cyanidine and

delphinidine pigments favoures the chelating effect towards titanium, inducing the

attachment of Ti(IV) to the h}adroxyphenol moiety where the LUMO electron density

is located. Hence this leads to an efficient electron injection from the dye to the

semiconductor film.
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Table 2. 1: Selected anthocyanidins and their substitutions,

nthocyanidin

Aurantinidin
Cyanidin
Delphinidin
Europinidin
Luteolinidin
Pelargonidin
Malvidin
Peonidin

1 Petunidin

r Rosinidin 1

H
OH
OH

OCH;

M OCH;
OCH;
OH

OCH;

OH H

OH H

OH OH
OH OH
OH H

OH H

OH OCH;,
OH H

OH OCH,

OH H

Basic structure R, R; R,

Ry R R, R,
OH OH OH OH
OH OH H oH
OH OH H OH
OH OCH, H OH
H OH H OH
OH OH H OH
OH OH H OH
OH OH H OH
OH OH H OH
OH OH H OCH,

As of 2003 more than 400 anthocyanins had been reported while in early 2006, puts
the number at more than 550 different anthocyanins [196]. The difference in chemical
structure that occurs in response to changes in pH is the reason why anthocyanins are
often used as pH indicator, as they change red in acids to blue in bases. In aqueous
solution anthocyanin species are in equilibrium between a protonated form (flavylium

cation) and a quinonoidal form as it is shown in Figure 2.16. In acidic solution they

S |

appear red, due to an intense band centred at about 520 nm which is typical of

anthocyanins family due to a n—n* charge transfer transition which results in a shift of

L = > ¥ . ' lh
the electronic charge density from the chromenium portion to the catechol end of the

—— e ——————
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anthocyanin molecule. Hence the LUMO presents increased charge density in close
proximity to the titanium binding site (Figure 2.16) allowing for good electronic
coupling for charge injection. The absorption band of anthocyanins is pH and solvent
sensitive. showing the red flavylium form in acidic solution and the purple
deprotonated quinonoidal form as pH increases. The visible absorption band also
shifts to lower wavelengths upon coordination to metal ions as it is shown in Figure

217,

OH OoH
OH (4]

OH O*

(a) Flavylium cation (b) Quinonoidal form
Figure 2. 16: Equilibrium between flavylium and quinonoidal form in anthocyanins

in solution and in presence of TiO- which is able t0 bind the anthocyanin.
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Figure 2. 17: UV-Vis spectrum of flower extract of 4 sabdariffa (a) in in ethanol

solution and (b) dye adsorbed on TiO; ,

Generally, anthocyanins adapt to changes in acidity (or alkalinity) according to this
outline: In acidic environments chromophore of anthocyanins is an aromatic
flavylium (2—phenylchromenylium) cation, red in colour. In a more basic condition
the double bond of the flavylium cation is disrupted by a water molecule, and the
result is a colourless structure. This structure can regain colour under even more
alkaline ambient conditions, since dehydroxylation restores a conjugated double bond
in the anthocyanin structure. The key to this behaviour lies in the conjugated double
bonds. Figure 2.18 shows the change in molecular structure and colour for cyanin for
different pH-values. Anthocyanins are not very stable in alkaline environments, o in

5 > ‘gen ¢ light
environments with a high sugar concentration. They are also heat, oxygen and lig

sensitive,
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Figure 2. 18: The molecular Structure and colour of cyanin dependence on pH.
2.5.2. Betalains

Betalains are water-soluble nitrogen-containing alkaloid pigments [197], which are
found in vacuoles of cells of families of plants belonging to the order Caryophyllales.
Only in this order, and in no other order of plants, betalains are found. Also in some
fungi e.g. Fly Agaric (dmanita muscaria), betalains exist. A finding, which so far
remains unexplained, is why plants containing betalains appear to be void of
anthocyanins and vice versa. The two pigment groups seem to perfectly exclude each

other in the paths of evolution [197].

Betalain pigments represent an additional class of organic natural dyes of potential
interest. These pigments have high molar extinction coefficients in the visible region
and pH dependent redox properties. The pigments are present in the different parts of
the plant including flowers petals, fruits, leaves, stems and roots. There are two
categories of betalains, namely betacyanins and betaxanthins. Betacyanins include the
reddish to violet betalain pigments. Betaxanthins are those betalain pigments which
appear yellow to orange. Among the betaxanthins present in plants include
vulgaxanthin, miraxanthin, portulaxanthin, and indicaxanthin. The betalain pigment

(Figure 2.19) comprises the red purple betacyanins namely betanin and betanidin. The
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chemical structure of betaxanthins is shown in Figure 2.20. The yellowish betaxanthin

known as indicaxanthin (Figure 220 (a)) shows an absorption maxima at 480 nm

[198].

oo

HOOC

Figure 2. 19:Chemical structure of betacyanins, R = p-D-glucose (Betanin), R = H

(Betanidin).

The Eurasian biennial plant beta vulgaris, the common beet root (red beet) is in the
family Chenopodiaceae. Its ball-shaped red roots contain a high concentration of
betalain pigments, a red-purple pigment, used as a colouring agent in food. Betanin
(Figure 2.19 with R = B-D-glucose), makes up 75 — 95% of the total red colouring
matter of the beetroot [199]. It is a type of betacyanin, which is a larger group of red-
violet pigments. The prickly pear is a member of the Cactaceae family, originating
from Mexico and widely distributed in much of Latin America, South Africa, and in
the Mediterranean area. Bougainvillea plants (found in the family of Nyctaginaceae)
often grow in mild climates and have typically small flowers enclosed by large,
brilliant red or purple bracts (modified leaves). The prevailing pigment coloration of
the cited plants varies from orange to red, due to the combination of two main dyes:

betanin (red-purple) and betaxanthins (yellow-orange) whose chemical structures are

shown in Figure 2.19 and Figure 2.20 respectively.
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Figure 2. 20: Chemical structure of betaxanthins, (a) indicaxanthin, (b) vulgaxanthin |

(¢) Vulgaxanthin II (d) portulaxanthin.

The extracts of red turnips contain pigments that belong to the betalain family. They
have been previously studied by Zhang et al. [200] but efficiencies of the devices
obtained using these natural pigments are very low. Like anthocyanins, the betalains
have favourable light absorbing and antioxidant properties, are capable of complexing
metal ions, and exist in nature in association with various copigments which modify
their light absorption properties. Betalains possess the functional group -COOH to
bind to TiO,. While the absorption of anthocyanins to titanium dioxide depends on the
presence of —OH groups, in betalains the attachment onto TiO; film is from
carboxylic functions and this should lead to a stronger electronic coupling and rapid

forward and reverse electron transfer reactions.

2.5.3. Chlorophyll and its derivatives

Chlorophylls are the key components of natural photosynthetic systems in green

; : i Ils are
plants, bacteria, and algae. In photosynthetic reaction centers, bacteriochlorophy

ok eparation
organized in a special pair which, upon photoexcitation initiates the charge s¢p
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events leading to the fabrication of NADPH and ultimately of ATP (Figure 2.21), thus
converting solar energy into chemical energy for the living organism. It is worthwhile
to note that the special pair is excited by energy transfer from antenna systems made
of different types of porphyrin and carotenoid arrays, abundantly distributed in grana
structures, which effectively harvest sunlight and funnel the electronic excitation
energy 1o the reaction centers. The porphyrin macrocycle is the core of chlorophyll

structures.

Chloroplat stroma

thylakoid lumen
Figure 2. 21: Fabrication of NADPH and ATP (photophosphorylation) through light-

dependent reactions of photosynthesis at the thylakoid membrane [201].

There are actually two main types of chlorophyll, named chlorophyll a and

chlorophyll b (Figure 2.22 (a)). They differ only slightly, in the composition of a side

chain R (in chlorophyll a, it is CHs, in chlorophyll b it is CHO). Both of these two

chlorophylls are very effective photoreceptors because they contain a network of

alternating single and double bonds, and the orbitals can delocalize stabilizing the

structure. Such delocalized polyenes have very strong absorption in the visible regions

of the spectrum, allowing the plant to absorb the energy from sunlight.
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One of the most successful applications of natural chlorophyll derivatives to TiO;
sensitization dates back to 1993 by Gritzel et al. [202]Chlorophyll a (Figure 2.22 (a))
was either used as pure commercial product or extracted with methanol from spinach
leaves and partially purified by precipitation in dioxane/water. Treatment of a
diethylether solution with dilute HCI gave the magnesium free pheophytin (Figure
2.22 (b)), whereas the acid hydrolysis of the phytyl ester bonds gave pheophorbides
(Figure 2.22 (c)) and b (not shown) which could be separated by extraction in

diethylether at their respective HCl numbers [202].

Alkaline hydrolysis of chlorophyll not only saponifies the phytil ester but also opens
the cyclopentanone ring with the formation of two additional carboxylic groups
leading to chlorophylline (Figure 2.22 (d)), the Mg complex of chlorin e6 [202].
Copper chlorophyllin is produced on a large scale as a water soluble dye for
application in the food and cosmetic industries. The introduction of copper in the
chlorin ring (Figure 2.22 (f)) improves the photostability of the dye by reducing the
excited state lifetime [202]. However, commercial chlorophyllin contains several

degradation products, due to decarboxylation side reactions which lead to the absence

of the carboxylic group conjugated to the m—electron system. Thus, to avoid

decarboxylation, the carboxylic acid groups of chlorin have been protected as

trimethy! esters by treatment with NaOCH; before the introduction of copper by

addition of a saturated solution of cupric acetate in acetic acid. Saponification was

carried out afterwards, leading to a good quality Cu chlorin dye (Figure 2.22 (1)

[202].

Chlorophyll a (Figure 2.22 (a)) does not adsorb efficiently on TiO: from most polar

: sarbonyl groups
organic solvents, due to the weak interaction of the ester keto and carbonyl group:
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with the oxide surface. However the adsorption is carried out quite efficiently from
diethyl ether or hexane [202]. The absorption spectrum on TiO film is broadened and
red shifted compared to the absorption spectrum in solution, probably due to the
interaction with the surface and dye aggregation. The IPCE is low. at 670 nm with an
IPCE of 3.5% in the presence of pyridine, which acting as an axial Mg ligand, reduces

dye aggregation and excited state quenching. Pheophytin (Figure 2.22 (b)), the free

base of chlorophyll, shows a similarly poor photosensitization behavior [202].

The carboxylic group of pheophorbide (Figure 2.22 (c)) allows for a much stronger
adsorption onto TiO,, resulting in an optical density of the electrode in the Q, band
(corresponding to the lowest singlet excited state) at 675 nm, of the order of 0.7.
Despite this, the IPCE at 675 nm was only 25%, far behind the unit quantum
efficiency for natural photosynthesis. Under the hypothesis that the propionic acid
side chain might act as an insulating barrier for charge injection into the conduction
band of TiO,, chlorophyll derivatives with a carboxylic acid conjugated to the n-
electron system of the tetrapyrrole macrocycle were investigated ((Figure 2.22 (d)-
(2)). The free base chlorin (Figure 2.2 (e)) and Cu chlorin (Figure 2.22 (f)) resulted
in good efficiencies in the whole visible region, with an IPCE up to 70% for Cu

chlorin at 650 nm [202].

However, the presence of the conjugated carboxylic anchoring group could not be

considered entirely responsible for the good quantum efficiencies, since, for example,

Cu-2-a-oxymesochlorin (Figure 2.22 (g)) [202], obtained as a major product from

] 2+ similar IPCE (u
saponification of raw chlorophyll in the presence of Cu™', gave very similar y

to 70% at 630 nm). Based on this evidence, conjugation of the attaching group with

the porphyrin ring does not seem strictly necessary for efficient injection.

/ﬁ?
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Both the photocurrent and the photovoltage generated with chlorophyll derivatives
could be significantly improved by addition of relatively high concentration (20 — 100
mM) of cholanic acids to the ethanolic dye solutions [202]. This family of bile acids is
characterized by a steroid skeleton with a carboxylic acid side chain and a variable
number of OH groups on one side of the steroid backbone. Due to these groups,
cholanic acids bind to the TiO; surface, and act as spacer preventing dye aggregation
and avoiding excited state self quenching. Adsorption of these acidic species also
cause a positive shift of the conduction band edge of TiO,, resulting in a larger
driving force for photoinjection from the excited dye. The effect is most prominent
with Cu-2-a-oxymesochlorin (Figure 2.22 (g)) which has an excited state oxidation
potential barely more negative (0.5 V vs SCE) than the conduction band edge of
TiO,. Indeed, at 630 nm the IPCE generated by (Figure 2.22 (g)) increases from 25%

to 68% in the presence of 20 mM chenodeoxycholic acid [202].

Detailed investigations based on sub-nanosecond laser spectroscopy [203] have

demonstrated that non fluorescent chlorophyll derivatives like Cu chlorins have

s .] “ . .
smaller charge injection rate constants (k=3 * 10°57) than dyes injecting from

4 |
singlet states like the free base chlorin €6 (ki = 22 x 10° s, however the longer

lived triplet state of Cu chlorins still allows for a high electron injection quantum

yield. Moreover competitive excited state quenching due to exciton migration and

annihilation is reduced with metal porphyrins undergoing efficient intersystem

. is spin forbidden.
crossing, since long range energy transfer (Forster type) P

nversion yields have been reached in the red part of

Interestingly photon to current €0

- 2 Voo =530 mV for
the spectrum, with overall efficiencies of 2.6% (Jsc = 9:4 mA/em’, Voc

(Figure 2.22 (g)) under full sunlight (100 mW/em’) 202]:
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HO

(e) 6} (2)

Figure 2, 22. Structure of natural chlorophyll derivatives: (a) R = CH, chlorophyll a;
R = CHo, chlorophyll 4 (b) pheophytin; (c) pheophorbide a; (d) Mg chlorin e: (¢)

chlorin eg; (f) Cu chlorine es; (g) Cu-2-a-oxymesochlorin.

Researchers have pursued efficient TiO; sensitization exploiting natural pyrrole

macrocycles. Interestingly, Amao et al. [204] have used Zn chlorine ¢6 (Figure

hﬁ,ﬁ
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2.23(a)) to spontaneously form side-to-side n-aggregates (J-aggregates) on the TiO;
surface. The formation of aggregates results in a considerable red shift of the
electronic spectrum of the sensitizer which shows an absorption maximum at 800 nm.
Although the absolute values of the IPCE were rather low (< 10%), an IPCE of 7% at
800 nm was achieved, indicating that, through careful tuning of the electronic
properties of the sensitizer, a photoelectrochemical device based on natural dyes can

absorb and convert near IR photons inte electrons.

H;CO0C

HO

(a) (b) (¢)

Figure 2. 23: Structure of: (a) Zn chlorin e6; (b) chlorophyll ¢2 (Chl=2); (¢)

synthetic oxo-bacteriochlorin Bl.

Wang et al. [205] achieved global power conversion efficiencies as high as 4.6%

under simulated sunlight, by employing purified chlorophylls extracted from Wakame

brown seaweed (Undaria pinnatifida), of which the most effective was chlorophyll

¢2, probably due to the presence of the viny! group in the C8 position (see Figure 2.23

(b)) which, acting as an electron donor, increases the electronic density of the

chlorophyill ring. This results in a slight red shift of the absorption spectrum of the

dye and, more importantly, in an improvement of the electron donating capabilities of
ential (1.06 V vs

its excited state, thanks to a less positive ground state oxidation pot
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NHE with respect to 1.13 V vs NHE measured for the saturated Chl—2 with the ethy!

group in the C8 position).

By using TiO; photoelectrodes equipped with a light scattering layer, Chl-2
generated IPCE% ranging from 80 to 60% in the 380 — 700 nm range, and
correspondingly displayed a relevant performance under AM 1.5 conditions, with Js¢
~ 14 mA/cm® and Voc = 0.58 V. These performances have been very recently
surpassed by an entirely synthetic bacteriochlorin sensitizer [206] capable of a
panchromatic absorption, up to 800 nm. Although, strictly speaking, this latter dye is
not natural, its design was clearly inspired by nature, since its structure (Figure 2.23

(¢)) closely resembles previously reported chlorophyll derivatives.

Starting from 800 nm, oxo-bacteriochlorin B1 achieved an IPCE% of 70% in the
whole visible region and a global efficiency of 6.6% [206], which to date, is the

highest reported solar to electrical power conversion for chlorin sensitizers.
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3. EXPERIMENTAL: MATERIALS AND METHODS
3.1. Preparation of Photoelectrochemical cell based on Blend of Poly(3-

hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyricacid methyl ester

(PCBM)

3.1.1. Coating of ITO with the photoactive material

In this study a blend of P3HT (Aldrich) and PCBM (Merk) was used as a photoactive
electrode. Both P3HT and PCBM were used without any pre-treatment. ITO-coated
glass having transmittance above 80% in the visible region of the solar spectrum was
employed as a substrate for the photoactive materials and counter electrodes. It was
cleaned successively with acetone (Aldrich), 2-propanol (Riedel-de Haen), and
ethanol (BDH) and dried with an air gun. A solution of the photoactive electrode was
prepared by dissolving a mixture of 2.5 mg P3HT and 2.5 mg PCBM in | mlof 1, 2-
dichlorobenzene (Riedel-de Haen). The photoactive film was formed by drop casting

a solution of P3HT and PCBM on a pre-cleaned ITO-coated glass.

3.1.2. Preparation of the counter electrode

The polymer film for the counter electrode was formed by electrochemical

polymerization of 3, 4-ethylenedioxythiophene (EDOT) (Bayer), in a three electrode

one-compartment electrochemical cell. The electrochemical cell consisted of a pre-

i i 2 , and
cleaned 1TO-coated glass working electrode, platinum foil counter electrode

quasi-Ag/AgCl reference electrode dipped in LiCIOs (Aldrich) acetonitrile (Sigma-
L3 ined 0.1 M EDOT
Aldrich) solution. The solution used for the polymerization contained 0.1
ceived. Th
and 0.1 M LiClO; in acetonitrile. The monomer Was used as receive ¢

! : is potential, the
polymerization was carried out potenuoslallcall)’ at +1.8 V. At this P
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electrode surface becomes covered with blue-doped PEDOT film. The cell was then

rinsed with acetonitrile and dried in air.

3.1.3. Preparation of the solid state electrolyte PEC assembly and measurement

The polymer electrolyte was prepared by dissolving 309 mg of POMOE in 25 ml of
methanol (Fluka). The redox couple I3 /I" was prepared by dissolving 48.13 mg KI
(BDH) and 7.36 mg I, (Aldrich) separately in 25 ml of methanol (Fluka). Finally, 2 ml
of each of the above three solutions were mixed to produce the polymer electrolyte
complexed with a redox couple. The mole ratio of oxygen to potassium as calculated
by taking into account both the oxymethylene and oxyethylene oxygen atoms was 25
and the mole ratio of KI to I was 10, i.., the concentration of I, is one-tenth the
concentration of KI. The ionic conductivity of POMOE is known to be high at room

temperature when the oxygen to cation (potassium) mole ratio is 25 [207].

Finally, the polymer electrolyte complexed with I, /1" was deposited in the form of

thin film by solvent casting on top of P3HT:PCBM coated ITO-glass and allowed to
dry in a laboratory atmosphere. The PEC was completed by pressing against PEDOT-

coated 1TO-glass counter electrode. Figure 3.1 shows the chemical structures of

P3HT, PCBM, and PEDOT, and the device structure of the solid-state PEC used in

this study. The PEC was then mounted in a sample holder inside metal box with |

em’ opening to allow light from the source. All experiments were carried out al room

lemperature.
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Counter Electrode
(PEDOT coated ITO) il
e

Bl €C1riCal CONtact
. Solid State Electrolyte

Electrical contact _ ; '
= i e

) (P3HT:PCBM coated ITO)

Figure 3. 1: The Chemical structure of (a) poly(3-hexylthiophene), P3HT, (b) 1-(3-
methoxycarbonyl)propyl-1-phenyl [6,61C,, PCBM, (c) poly(34-ethylenedioxy

thiophene), PEDOT, and (d) the basic structure of the solid-state PEC.

The photoelectrochemical measurements of the cell were performed using a
computer-controlled CHI630A Electrochemical Analyzer. A 250-W tungsten—halogen
lamp regulated by an Oriel power supply (Model 68830) was used to illuminate the
PEC. A grating monochromator (Model 77250) placed into the light path was used to
select a wavelength between 300 and 800 nm. The measured photocurrent spectra
Wwere corrected for the spectral response of the lamp and the monochromator by
normalization to the response of a calibrated silicon photodiode (Hamamatsu, Model
S1336-8BK) whose sensitivity spectrum was known. No correction was made for the
reflection from the surface of the sample. The white light intensity was measured in

Mﬂ
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the. prstiion. GE e sample cell with Gigahertz-Optik X1, Optometer. A series of
. A series 0

neutral density filters were used to vary the light intensity incident on the sample. Th
. c

geeseeel experimental set-up for the photoelectrochemical measurements is shown in

19 : ;
Figure J.-. The optical absorption spectrum of the film was measured using

Spectroscopic GENESYS 2PC UV-Vis spectrometer.

8 Power supply

Figure 3. 2: General experimental set-up for the photoelcclrochemical measurements.

3.2. Preparation of Solid State Photoelectrochemical Cell based on Dye
Sensitized TiO:

3.2.1. Preparation of the photoanode

Preparation of mesoporous TiO: film was done with the method described in

reference [53]. Nanocrystalline TiO, films were prepared by spreading a viscous

dispersion of colloidal TiOz particles on [TO with heating under air for 30 min at

450°C. The method for preparation of nanocrystalline films employed commercial

TiO, (P25, Degussa). 3 g powder was ground in @ porcelain mortar with 1 ml water

containing (.1 ml acetylacetone 10 prevent reaggregation of the particles. After the

powder had been dispersed by the high shear forces in the viscous paste, i

e —————— 72
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by slow addition of 4 ml water under continued grinding. Finally, a detergent 0.05 ml
Triton X-100, (Aldrich) was added to facilitate the spreading of the colloid on the
substrate. The ITO was covered on two parallel edges with adhesive tape to control
the thickness of the TiO; film and to provide noncoated areas for electrical contact.
The colloid was applied to one of the free edges of the conducting glass and
distributed with a glass rod sliding over the tape-covered edges as shown in Figure
2.11. After air drying, the electrode was fired for 30 min at 450°C in a furnace

(Carbolite Model ELF 11/14B).

Coating of the TiO, surface with dye was carried out by soaking the film for 2 hina
0.3 mM solution of N-719 dye (Aldrich) in dry ethanol. The dye coating was done
immediately after the high temperature annealing in order to avoid rehydration of the
TiO, surface or capillary condensation of water vapor from ambient air inside the
nanopores of the film. The presence of water in the pores decreases the injection
efficiency of the dye. The electrode was dipped into the dye solution while it was still

hot. After completion of the dye adsorption, the electrode was withdrawn from the

solution under a stream of dry air. It was stored in dry ethanol or immediately wetted

with redox electrolyte solution for testing.

3.2.2. Preparation of the solid state electrolyte, PEC assembly and measurement

; S
The polymer electrolyte was prepared by dissolving 311 mg of POMOE in 25 ml of

et in 25 ml of
methanol. The redox couple I37/1" was prepared by dissolving 48.47 mg Kl in 25mlo

methanol and 7.41 mg I in 25 ml of methanol. Finally, 1ml of each of the above three

»xed with a redox
solutions were mixed to produce the polymer electrolyte complexe
. . taking into account
couple. The mole ratio of oxygen 10 potassium as calculated by taking

. « mole ratio of
both the oxymethylene and oxyethylene OXYget atoms was 23 and the mo
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KI to 1> was 10. Finally, the polymer electrolyte complexed with I5/1" was deposited
in the form of thin film by solvent casting on top of the dye coated TiO, electrode and
allowed to dry in a laboratory atmosphere. The PEC was completed by pressing
against PEDOT-coated 1TO glass counter electrode which was prepared using a
procedure mentioned in section 3.1.2. The PEC was then mounted in a sample holder
inside a metal box with 1 cm? opening to allow light from the source. All experiments
were carried out at room temperature. The photoelectrochemical measurements of the
cell were performed using a procedure described in section 3.1.3 using an
experimental setup shown in Figure 3.2. The basic structure of the device is shown in

Figure 3.3.
Counter Electrode

(PEDOT coated tTg Electrical contact

Solid State Electrolyte

" Spacer

Electrical contact
. Photoanode

(N719 dye coated TiO; 0n ITO)

Figure 3. 3: The device structure of the solid-state PEC based on dye coated nc-TiO;

photoanode.

33. Preparation of natural dye sensitized solar cell from Syzygium guineense

Extracts

33.1. Preparation of the photoanode

3 - x = ts
Natural dyes were extracted from fruits of Syzygium guineense with different solven

i ts were
namely water, methanol, and ethanol. The dyes extracted with these solven

— e ——————
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obtained using the following steps: fruits of Syzygium guineense were washed with
water, separated from the seed, cut with knife into smaller pieces and dried in open air
for two weeks. The dried materials of the fruit were made into powder with an
electrical blender. The powder of the plant material was soaked in three different
solvents (water, ethanol and methanol) in three 250 ml brown colored bottles. All the
samples were kept with stirring for 12 hours and the solid material was allowed to
settle down overnight. Then the solids were filtered out. Filtrates were used as
sensitizer without further purification and concentration. Further purification through
solvent-solvent extraction of the ethanol extract was done with different solvents. The
further purified solutions also were used as sensitizer. Figure 3.4 depicts a picture of
Syzygim Guineense tree, fruit, seed separated from the fruit for drying and powder of

the dried fruit.

©) @

. : the fruit for
Figure 3. 4 Syzygim Guineense (a) tree (b) fruit (c) seed separated i

drying (d) powder of the dried fruit.
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precleaned ITO conductive glass sheets (2.5 ¢cm x 1.5 ¢} were: aed for the

preparation of the photoanode. Preparation of mesoporous TiO; paste and TiO; coated

photoanode film was done with the method described earlier in Section 3.2.1.

Coating of the TiO; surface with dye was carried out by soaking the film for 2 h in the
extracted dyes. After completion of the dye adsorption, the electrode was withdrawn
from the solution under a stream of dry air and was immediately wetted with redox

electrolyte solution for testing.

3.3.2. Preparation of the Quasi-Solid state electrolyte, PEC assembly and

measurement

The polymer gel electrolyte was prepared as reported in reference [208]. 0.9 M of 1-
ethyl-3-methyl immidazolium iodide (EMIm-I) was added into acetonitrile (Aldrich)
under stirring to form a homogeneous liquid electrolyte. In order to obtain a better
conductivity, 0.5 M of sodium iodide (BDH) was dissolved in the above
homogeneous liquid electrolyte, and then 0.12 M iodine and 35% (w/w) of
polyvinylpyrrolidone (PVP) (Aldrich) were added. Then, the resulting mixture was
heated at 70 — 80 °C under vigorous stirring t0 dissolve the PVP polymer. followed by

cooling down to room temperature to form a gel electrolyte, Photographic picture o

the polymer gel electrolyte prepared by this procedure and used in this study 1S

depicted in Figure 3.5.

J;
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Figure 3. 5: Polymer gel electrolyte composed of polymer PVP, EMIm-1, Nal, and I,

as quasi-solid state electrolyte.

Finally, the gel electrolyte was deposited in the form of thin film on top of the dye
coated TiO; electrode. The photoelectrochemical cell (PEC) was completed by
pressing against PEDOT-coated ITO glass counter electrode which was prepared
electrochemically with a procedure described in Section 3.1.2. The PEC was then
mounted in a sample holder inside a metal box with an area of | cm’ opening to allow
light from the source. All experiments were carried out at ambient temperature.
Absorption spectra measurement of the extracted dyes and photoclectrochemical
measurements of the DSSCs were performed using a procedure described in Section
3.1.3. Figure 3.6 shows the chemical structure of -ethyl-3-methylimmidazolium

iodide (EMIm-I) and polyvinylpyrrolidone (PVP).

= ]

&

(b)
pyrrolidone (PVP) (b) 1-cthyl-3-

(a)

Figure 3. 6: The Chemical structure of (a) Polyvinyl

methyl immidazolium iodide.
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Figure 3.7 shows the device structure of quasi-solid state dye sensitized PEC.
Counter Electrode

(PEDOT coated ITO) S—
R b coni
.-“-

Quasi-Solid State
Electrolyte

~ Spacer

Electrical contact

T A -
(Dye coated TiO; on ITO)

Figure 3. 7: The device structure of quasi-solid state dye sensitized PEC.

34. Preparation of Quasi-Solid State Dye-Sensitized Solar Cells from Leaf
and flower Extracts as Sensitizers

3.4.1. Preparation of the photoanode

A 0.5 mM solution of commercial ruthenium dye [Ru(ITX2,2’-bipyridyl-4,4’-
dicarboxylic-acid)(2,2-bipyridyl-4,4™-ditetrabutylammonium-carboxylate)  (NCS),]
called N719 (Aldrich) was prepared in dry ethanol. Fresh leafs of A. caudatus and I
herbstii, flowers of I indica and Hibiscus sabdariffa were air dried for two weeks and
made into powder form with an electric blender. The powder of the plant material was
soaked in 0.1M HCI solution and ethanol in two 250 ml brown colored bottles for
¢ach plant materials. All the samples were kept with stirring for 12 hours and the solid
material was allowed to settle down overnight. Then the solids were filtered out.
Filtrates were used as sensitizer without further purification and concentration. If
properly stored, protected from direct sunlight and refrigerated at about +4°C, the
acidic natural dye solutions (pH = 5.0) are usually stable, with a deactivation half-

- icture of leaf of
time of more than 12 months [209). Figure 3.6(a) and (b) depicts & p s

M



-iﬁ-ﬂ-__“
herbstii, and A. caudatus, respectively. Figures 3.6 (c) and (d) show flower of /
ol L

indica and drying flower of L indica, respectively. Figures 3.6 (c) and (f) depi
- ict

flower of Hbiscus sabdariffa and drying flower of Hbiscus sabdariffa, respctively
cly.

Figure 3. 8: Leafs of and flowers of the investigated plants (a) Leaf of / herbstii (b)

Leaf of A. caudatus (c) Flower of I indica (d) Drying flower of 1. indica (¢) Flower of

Hbiscus sabdariffa (f) Drying flower of Hbiscus sabdariffa.

Precleaned ITO conductive glass sheets (2.5 ¢m 1.5 cm) were used for the

preparation of the photoanode. Preparation of mesoporous TiO, paste and TiO: coated

ier in Section 3.2.1.

photoanode film was done with the method described earl
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Coating of the TiO; surface with dye was carried out by soaking the film overnight in
the extracted dyes. After completion of the dye adsorption, the electrode was
withdrawn from the solution under a stream of dry air. It was immediately wetted

with redox electrolyte solution for testing.
3.4.2. PEC assembly and measurement

The PEC assembly was made as follows. The gel electrolyte which was prepared with
a procedure decribed in Section 3.3.2 was deposited in the form of thin film on top of
the dye coated TiO; electrode. The PEDOT film for the counter electrode was formed
as it was described in Section 3.1.2 and the photoelectrochemical cell (PEC) was
completed by pressing the photoanode against PEDOT-coated ITO glass counter
electrode. The PEC was then mounted in a sample holder. All experiments were
carried out at room temperature. Absorption spectra measurement of the extracted

dyes and photoelectrochemical measurements of the DSSCs were performed using 2

procedure described in Section 3.1.3.
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4. RESULTS AND DISCUSSION
4.1. Photoelectrochemical Solar Energy Conversion based on Blend of Poly(3-

hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyricacid methyl ester

(PCBM)

4.1.1. Background

Organic photovoltaic (OPV) devices based on m-conjugated polymers have been
intensively studied following the discovery of fast charge transfer between polymer
and Ceo [35. 210 — 217]. The photovoltaic process in OPV first starts from the
absorption of light mainly by the polymer, followed by the formation of excitons. The
exciton then migrates to and dissociates at the interface of donor (polymer)/acceptor
(fullerene). Separated electrons and holes travel to opposite electrodes and are
collected at the electrodes, resulting in an open circuit voltage (Voc). Upon

connection of electrodes, a photocurrent (short circuit current, Isc) is generated.

Regioregular polythiophene derivatives have been widely investigated for bulk

heterojunctions (BHJs) because of their highly crystallizable state, leading to good

light harvesting in the visible spectrum and excellent carrier mobility. Power

conversion efficiencies (PCEs) of up to 3% have been achieved using poly(3-

hexylthiophene)|[6,6]-phenyl-Co-butyric acid methylesicr (P3HTIPCBM) composies

; lyme
as the photoactive layer [215, 218 — 220]. More recently, the PCE of BHJ polymer

' , bandga
solar cells (PSCs) has been increased t0 around 6.0 — 7:4% by using low bandgap

butyric acid
conjugated polymers as electron donors and PCBM or [6,6]-pheny! Cro DUy

or. the efficiency of
methyl ester (PC70BM) as electron acceptor [221 = 224]. However
its limi tion range.
device based on P3HT, is difficult to improve pecause of its limited absorp
ess than 650 nm and merely about 22%

which absorbs photons only at wavelengths |
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of the absorbed photons from sun light [225]. Moreover, its high lying highest
occupied molecular orbital (HOMO) also limits the Voc for the devices based on
P3HT:PCBM blend. Voc of P3HT:PCBM cells is limited around 0.6 V due to the
relatively small energy difference between the highest occupied molecular orbital
(HOMO) of P3HT and the lowest unoccupied molecular orbital (LUMO) of PCBM
[226]. With a bandgap of 1.9 eV of P3HT, this system is still limited by the mismatch
of the absorption to the terrestrial solar spectrum [223]. A bandgap of 1.3 = 1.5 ¢V is

regarded as ideal for polymer—fullerene BHJ solar cells [227].

Previously the use of substituted polythiophenes as photoactive electrodes in solid-
state photoelectrochemical cells (PECs) have been reported [38, 39, 43, 228, 229].
Mengesha et al. [230] also made the first report on solid-state photoelectrochemical
energy conversion using conducting polymer and fullerene mixtures. In this work
experimental results on the behaviour of a solid-state PEC containing a mixture of

poly(3-hexylthiophene) (P3HT) and PCBM coated on indium-doped tin oxide (ITO)

used as a photoactive electrode: amorphous polyethylene oxide complexed with the

I,/ redox couple used as an electrolyte; and a thin transparent layer of poly(3,4-

ethylenedioxythiophene), PEDOT, electrochemically coated on ITO as @ GONIDR

electrode is presented. P3HT combines commercial availability with sufficient

solubility, a low bandgap relative 10 the most conjugated polymers and a high degree

of intermolecular order leading to high-charge carrier mobility (231

; .ations mobile In
Unlike classical solid electrolytes, both the anions and the cations are

. . / ain liberates
polymer electrolytes. The stronger cation bonding 10 the polymer ch

in hi jon mobility and
anions from cation association and thus results In higher amni
s on the strength of the cation-polymer

conductivity. Cation mobility depend

______.——-———'_—_—_E
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interactions; if these are strong, cation transport is suppressed. The criteria for the
development of polymer electrolyte systems that can achieve good working
conductivity, in the range 107-10® S/em, are established. The low ionic conductivity
can be compensated by forming very thin films with large surface area. The polymer
must be capable of dissolving the salt and ionizing it to produce sufficient number of
charge carrying species. It must also be amorphous to allow easy movement of ions,
and must have a flexible chain to assist the ion transport. In PEO the ionic
conductivity was found to increase on departing from the stoichiometric ether oxygen
to cation ratio (O:M), as the number of vacant sites would increase on increasing the
O:M ratio. Here the polymer electrolyte, amorphous poly(ethylene oxide) (POMOE)
with the redox couple is used as an electrolyte. POMOE has a melting point below
room temperature and a glass transition temperature of 209 K [232 ~ 236]. At room
temperature it will not crystallize or form crystalline polymer-salt complexes with
re 4.1 shows the simplified schematic

moderate salt concentrations. Figu

representation of cation movements in a polymer electrolyte [237].

@
&,z ___'/U["b
7

Intrachain hopping

K‘DJ
® 4 g:/
P
Interchain hopping

: on i lvmer electrolyte.
Figure 4. 1: Schematic representation of cation motion in a poly
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Electrochemically oxidized PEDOT was required on ITO because it improved charge
transfer between ITO and the iodide/triiodide redox couple through its catalytic
behaviour [228]. It is known that bare ITO is irreversible for the Iy /1™ redox reaction

[238].
4.1.2. Current density— voltage characteristics

The current from the PEC is measured as a function of the applied voltage, both in the
dark. and under illumination. This data allows the Jsc, the Ve, and the rectifying
properties of the devices to be determined, and enables to calculate the fill factor.
Figure 4.2 show the current-voltage curves of the PECs based on a blend of
P3HT:-PCBM. in the dark and under white light illumination at 100 mW/em®,

respectively. The devices were illuminated from their front sides (ITO[PEDOT).

In the dark, the current was negligible and remained relatively constant in the negative
potential range while a larger anodic current was observed in the larger positive
potential range. The current-voltage characteristic of the cell in the dark is described

mathematically by Equation 4.1 [239]:

qV 4.1
1=1, [exp(ﬁ]—l] (1)

where J, is the saturation current, ¢ the electron charge, k the Boltzman constant, T the

absolute temperature, V' the applied voltage, and n the ideality factor. The positive

applied potential acts to diminish the effects of the internal barrier field that is set at

. = srgy (4]
the polymer/electrolyte junction. As a result, charge carriers acquire Enough enecgy X

; L applying a
cross the barrier, resulting with large anodic currents. On the other hand, applying

small current flows. The

negative potential enhances the barrier potential and only 2

: ials i indicates that the
current response of the devices 10 the applied potentials in the dark in
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devices exhibit the desirable photoelectrochemical properties. Under illumination
cathodic photocurrents were observed that extend from a negative potential range u[;
to a positive potential range, which is expressed as the open-circuit voltage (the
voltage where the current is zero). This indicates that the direction of the
photoinduced charge separation is the same as that of the charge separation by the
applied potential. The current-voltage characteristic under illumination can be

described by Equation 4.2 [239]:

%
I=I.-1I|exp| = |-1
ph 0[ "P(nﬂ.) ] (42)

where 1, is the photogenerated minority carrier current (which is opposite in sign to
the dark current) and is equal to the product of the absorbed photon flux and the
charge on an electron. The Voc of BHJ based solar cells is strongly correlated 1o
inherent material properties. It was demonstrated that the open circuit voltage of
polymer/fullerene BHJ based solar cells is correlated to the reduction potential of the
fullerene molecule [240). A reduction potential defines the LUMO level of the

molecule. Moreover, the Voc of polymer/fullerene based solar cells is affected by the

morphology of the active layer [241]). From Table 4.1, it can be scen that the

P3HT:PCBM based device exhibits many fold improvement in the short-circuit

current density, higher Voc when compared with the P3HT:Ceo [230] based device.

Higher Voc and the several fold enhancement in the short circuit current density of

P3HT:PCBM based device most likely originates from the enhanced charge carrier

separation and improved charge carrier mobility [35] due t© better solubility of
so results in betier

mixture of P3HT with PCBM in an organic solven! which al

in the same organic solvent.

morphology compared with mixture of P3HT with Ceo

/——-_—8?
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Table 4. 1: Typical photoelectrochemical parameters calculated fi J
rom J-V

characteristics for PSHT:PCBM PEC compared with P3HT:Cy PEC [230]

Photoactive material ~ Voc(mV) Jsc(pA/em’) Referenc
e
P3HT:Cso (1:1) 97.8 7.28 [230]
P3HT:PCBM (1:1) 140.0 284 This work
125
100
o 754
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Figure 4. 2: Curent density-voltage characteristics of ITO[P3HT:PCBM

|[POMOE:1; /1" |PEDOTI|ITO cell (a) in the dark and (b) under illumination through

front side with light intensity of 100 mWem™.

Figure 4. 3 illustrates the schematic of operation of the P3HT:PCBM based solid-state

re at -3.53 eV and

PECs. The energy levels of the LUMO and the HOMO of P3HT a

-5.2 eV, respectively [242] while those of PCBM are at -3.75 ¢V and -6.1 ¢V,

respectively [36]. Thus, photogenerated free electrons can be iransferred from the
LUMO of P3HT directly to the electrolyte or to the LUMO of PCBM and then to the

electrolyte where they reduce I3 to I, Exdox (1) =49 eV [76). 13 38 regenerated

= ime. the
when I” is oxidized at the counter electrode (anode). [n the mean ume, HE

T s
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photogenerated holes move to the back contact (ITO) of the PEC throu ok 0 pokking:
network. Thus, light energy is converted to electrical energy without net chemical

change.

A 110 PIAT PCBM  edox (Cownter electrode)
1 | |

|
e
|

>
o |

&
1

HOMO

Electron Energy vs Vacuum (eV)
N
i 1

T |

T

Figure 4. 3: Schematic of operation of the P3HT:PCBM-based solid-state PEC.

4.13. The dependence of Jsc and Voc on time

The parameters that are used to describe solar cells are short-circuit current density
(Jsc) and open-circuit voltage (Voc). These parameters determine the efficiency and
are the key parameters in experimental investigation of solar cells. Steady state and
transient measurements of Jsc and Voc, established during long and short period of

irradiation, are used to characterize the stability of the PECs towards illumination.

Figure 4.4 shows photocurrent response to continuous illumination with light intensity

of 100 mWem™ for the ITO|P3HT:PCBM[POMOE:1; /I |PEDOTIITO solid-state

. . H ll'ld
PEC. The inset in Figure 4.4 and Figure 4.5 show the short-circuit current density

: i :PCBM
Open circuit voltage, respectively, as a function of time for the ITO|P3HT:PC

O A the
IPOMOE:1, /I [PEDOT|ITO solid-state PEC. The illumination Was made from

M
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PEDOT|ITO side (front side) with a white light intensity of 100 mWem™. The
generation of photovoltage and photocurrent were characterized by a rise 10 a steady
state value when the light is switched on and decay at approximately the same rate
when the light is switched off. The stability of the photocurrent was very good. The
short-circuit photocurrent density and open-circuit voltage obtained from the transient
measurements were 26.28 pA/cm? and 142.5 mV, respectively. The results of time

dependence study show that the steady state Jsc and Voc values are consistent with

those obtained from the J-V curve.
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Figure 4. 4: Photocurrent response to continuous illumination with light intensity of

—— i e » PREC
100 mWem?™ for the ITO[P3HT:PCBMPOMOE:1; /I JPEDOTIITO solid-state PEC
from the front side. The inset shows the photocurrent  response to switching

illumination on and off.
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Figure 4. 5: Photovoltage response to switching illumination on and off from the
front side of the ITO|P3HT:PCBM|POMOE:I; /I"|PEDOTJITO solid-state PEC w ith

light intensity of 100 mWem™.

4.1.4. Photocurrent action spectra

The photocurrent collected at a different wavelength, relative to the number of

photons incident on the surface at that wavelength, determines the spectral response

of the device (sometimes known as the external quantum efficiency or collection

efficiency at each wavelength). Light of different wavelengths is absorbed at different

polymer film. The ability of a solar cell to generate

depths in the conjugated

sl oy / the incident
photocurrent at a given wavelength of the incident light 1s measured by the mcider

. ; 3y defined as the
monochromatic photon to current conversion efficiency (IPCE), define

S ¢ calculated
number of electrons generated per number of incident photons. It can b

using Equation 2.19.
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The photocurrent action spectrum plotted in terms of IPCE% versus wavelength under
front- and backside illumination conditions for the ITO[P3HT:PCBM|POMOE:1; /1"
[PEDOTJITO solid-state PEC is shown in Figure 4.6. The wavelength was varied at 10
nm intervals and the photocurrent was measured at each wavelength. For each
wavelength, the light intensity of the source was kept constant at 100 mW/em® but
correction for monochromatic intensity at different wavelengths was made when
calculating the IPCE. The maximum value of the IPCE is found to be 1.52 % for front

side illumination and 0.17 % for backside illumination at a wavelength of 510 nm.

Comparison of front side and backside conversion efficiencies showed that front side
illumination resulted in higher conversion efficiency than backside illumination at the
maximum absorbance. The reason behind this difference lies on the optical filtering
effect of the P3HT:PCBM composite film. When light is illuminated from the
backside, only a small fraction of the excitons (bound electron-hole pairs) produced
by light absorption reach the interface to dissociate into carriers. Moreover, the

presence of a high density of the traps in the film reduces the number of carriers for

the photocurrent generation. The greater the distance from the surface, the smaller 1s

the probability for an exciton to reach the interface and dissociate into carriers.

: 249
The IPCE% values at the maximum absorbance for pure P3HT-based PEC is 0.024%

under front side and 0.003% under backside illumination conditions [229], and for

’ id
P3HT:Cg composite based PEC is 0.43% under front side and 0.01% under backside

" PCBM-based
[230] which is smaller than what has been presented here for the P3HT:PC
PEC.

i hotoresponse can be
Comparison of the optical absorption spectrum and spectral p po

i i he photoel
used to identify the active junction responsible for ! p
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phenomena. If illumination through the front side of the PEC produc
es a spectral

response that corresponds to the absorption spectrum of the PIHT:PCBM composi
; Somposite

film, then P3HT:PCBMlelectrolyte junction is responsible for the

photoelectrochemical phenomena. If illumination from backside produces a matching

spectrum, then it is the PSHT:PCBMIITO junction that is active.

1.6

IPCE%

300 400 500 600 700 800
Wavelength/nm

Figure 4. 6: Photocurrent action spectra for IT0|P3H'I':P(‘BM1POML)li:l-._flF

IPEDOT|ITO solid-state PEC illuminated through (a) front side and (b) backside.

The normalized absorption spectrum of the P3HT:PCBM composite film as compared

to normalized photocurrent action spectra of ETO|P3HT:PCBM[POMOE:I;'-’l'1

PEDOT] ITO solid-state PEC for front side and backside illumination conditions are

shown in Figure 4.7. The wavelength dependence of the IPCE% obtained from front

T:PCBM film,

side illumination closely resembles the absorption spectrum of P3H

indicating that the photoactive junction is the P3HT:P(‘BMlclcclroI)-1c interface

there is @ mismatch between the action

When illuminated through the backside.
n be explained as follows

spectrum and the optical absorption spectrum. This ca
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When the absorption constant is high, excitons are created very close to the
[TO|photoactive layer (backside). Therefore, only a small fraction of the light reaches
the barrier regions and as a result charge carriers are lost due to recombination or
trapping, which decreases the photocurrent. However, at wavelengths where the
absorption constant is low, light penetrates deeper and the excitons will be created
much closer to the photoactive electrode/polymer electrolyte interface so that a
relatively large photocurrent will be measured. Only charge carriers in or near the
space charge region of the active junction have a significant probability of being
collected by the external circuit. Thus, photons absorbed away from the active

junction generally have no effect on photocurrent generation.
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Figure 4. 7: Normalized photocurrent action spectrum of ITO|P3HT:PCBMIPON

5 -kside, d (c)
|/ [PEDOTJITO for illumination through (a) front side (b o n¢ ©

- ited on glass.
normalized optical absorption spectrum of P3HT:PCBM blend deposite
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4.1.5. The dependence of Jsc and Vo on light intensity

For organic and some inorganic solar cells, the Jsc increases with increasing light
intensity (I,) and is proportional to 1%, [243]. Thus, a plot of loglsc versus log 1,
yields a straight line whose slope is characteristic of the photoactive material. The plot
of loglsc versus logliy of the ITO[P3HT:PCBM|POMOE:I; /I'[PEDOT|ITO solid-
state PEC is shown in Figure 4.8. The illumination intensity was varied from 0.01 to
100 mWem™. The Jsc increases with illumination intensity and is proportional to 1.,
where « is the power factor and I, is the incident light intensity. The plot of loglsc
versus logl;, yielded a straight line with & = 0.94 which is close to 1. Such dependence

implies there is no bimolecular recombination of excitons [243 —246].
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Figure 4. 8: Plot of loglsc versus loglin of lTOiP}HT.PCBMiPOM(I 3

[PEDOTJITO solid-state PEC.
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For Schottky junction solar cells under open-circuit conditions, no net current will
flow through the junction. Thus, Equation 4.2 can be rearranged to yield the following

relationship:

nkT 1,;. nkT 1
v, =25 in|| 2 |41 |x ——In| -2
= q [( Iﬂ J ] q In In 4 for fph>>lu {4 } ]

As can be seen from Equation 4.3, Voc increases logarithmically with the light
intensity because Iy, is linearly proportional to the incident light intensity. The plot of
Voc versus logli, of the lT0|P3HT:PCBMIPOMOE:]ﬂl'lPEDOT\lTO solid-state PEC
is shown in Figure 4.9. Voc increases logarithmically with the light intensity, n

agreement with the projected behaviour of Schottky barrier solar cells [247).

160+
1404

120+

=
log(fmWem ™)
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Figure 4. 9: Plot of Voc versus loglin of 1T0lP3HT‘.PCBM|POMOE.1) /1" |Pt |

ITO solid-state PEC.
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4.1.6. Conclusion

In this study, a solid-state PEC was constructed from mixtures of P3HT and PCBM,
in bulk heterojunction structure. Photoelectrochemical and optical properties of this
organic device was studied together with the dependence of Jsc and Voc on
illumination intensity. The photoelectrochemical properties of a solid-state PEC based
on blends of P3HT and PCBM were compared with the corresponding blends of
P3HT and Ceo PECs. An open-circuit voltage of 140 mV and a short- circuit current
density of 28.4 pA/cm” at light intensity of 100 mW/em?; IPCE% of 1.52% for front
side illumination and IPCE% of 0.17% for backside illumination at a wavelength of
510 nm were obtained. Compared with P3HT:Ceo PEC reported earlier the results
show that higher Voc was measured and Jsc and IPCE% values were increased by
many folds. The photocurrent action spectra studies show that the active junction
responsible for the photocurrent generation is that between the P3HT:PCBM and the
solid polymer electrolyte. Photocurrent response to continuous illumination also has

shown that the P3HT:PCBM PEC has a greater stability for light illumination.

4.2. Solid State Photoelectrochemical Cell based on Dye Sensitized TiO; and

Polymer Electrolyte com plexed with I A

4.2.1. Background

So far, the most successful DSSC was obtained on TiOy nanocrystalline film

combined with a ruthenium—polypyridine complex dye, as first reported by O’Regan

’ 10/, R TiO—
and Gritzel [33]. Overall conversion efficiency of 10.4% was achieved on a 10O,

RuL’(NCS); (black dye) system, in which the spectral response of the complex dye

d region so as 10 absorb far more of the incident

was extended into the near-infrare

us nature of nanocrystalline TiO; films drives their use in
0 )

light [7, 248, 249]. The por
95
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DSSCs due to the large surface area available for dye-molecule adsorption. Moreover
the suitable relative energy levels at the semiconductor—sensitizer interface (i.c., the
position of the conduction-band edge of TiO; being lower than the excited-state

energy level of the dye) allow for the effective injection of electrons from the dye

molecules to the semiconductor [250].

Eventhough the light-to-electrical energy conversion efficiencies of DSSCs based on
liquid electrolytes have reached over 10% under AM 1.5 (100 mWem %) [53], there
are some problems such as leakage of the electrolytes, evaporation of the solvent, and
high temperature instability, which cause difficulties in sealing and performance
degradation of DSSCs [251]. Enormous efforts have been devoted to solve these
problems by employing solid or quasi-solid-state electrolytes that substituted the
conventional volatile organic solvent-based electrolytes to fabricate DSSCs [58, 130,
169, 252]. The polymer electrolyte is an important class of the solid or quasi solid-
state electrolytes for DSSCs because it has the advantages of relatively high ionic

conductivity and easy solidification [79].

Previously Sergawie et al. [253] reported a work on regenerative type PEC based on

emeraldine base form of polyaniline as a sensitizer. Here the studies made on an all-

solid-state PEC constructed with nc-TiO:z coated onto indium tin-oxide (1T0O),

covered with Ne719 dye and uast s & photosctive leotrade, i Jon EAOGNHRG

polymer poly{oxymethylene-Oligﬂ(oxyethyle“e)]- POMOE, complexed with redox

ted on ITO as counter
couple as a solid polymer electrolyte, and 2 PEDOT coate

2 havi ing unit of
electrode is presented. The polymer electrolyte POMOE, having a repeating unit ©

tanis . temperature
CH,0(CH;CH0)9 , Was used since it is @ good ionic conductor at room tempe

[232, 234 — 236).
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4.2.2. Current- voltage characteristics

The current density-voltage characteristics of the ITO[PEDOT|POMOE:1, /I [TiOs:
Dye|ITO PEC in the dark and under illumination are shown in Figure 4.10. The
device was illuminated through the ITO|TiO:Dye side using white light the intensity
of which is approximately 100 mW/cm®. The current density-voltage characteristic of
the polymer electrolyte/TiO;:Dye interface in the dark obeys the diode cquation as
depicted in Equation 4.1. The forward current corresponds 1o a positive bias where the
barrier height is lowered, whereas in reverse polarization the increased barrier

prevents the passage of a current.

Under illumination, absorption of photons initially creates excitons, and later both the
majority and the minority carriers. The concentration of photogenerated majority
carriers is usually small. This implies that illumination does not significantly perturb
the majority carrier. Because the majority carrier concentrations arc essentially
unchanged, the majority charge flow is also unchanged. Majority carriers should thus

exhibit the J-V characteristics that is well described by the diode equation, regardless

of whether it is in the dark or under illumination. The current under illumination can

generally be described by adding the current from photogenerated carriers to the dark

current (Equation 4.2).

R ey



Figure 4. 10: Current density-voltage characteristics of ITO|PEDOT|POMOE:1; /I
|TiO:N719]ITO cell (a) in the dark and (b) under illumination through front side with

light intensity of 100 mWem™.

As it is depicted in Figure 4.10. the short circuit current density (Jsc) and the open
circuit voltage were measured to be 33.2 uA/cm‘2 and 762 mV, respectively. The fill

factor which is the measure of the squareness of the output characteristics was

calculated to be 0.32.

42.3. The dependence of Jsc and Voc on illumination time

Time dependence of short-circuit current density (Jsc) and open circuit voltage (Voc)

was studied for the hybrid PEC through illumination with a white light intensity "

: : .iouit voltage induced by
100 mWem™. The short circuit current density and open circuit VOIlAEE

o Fioures 4.11 and 4.12,
periodically blocking the light path 10 the sample are shown in Figures n

‘o5 (0 a steady-state
respectively. When the light is switched on, the photocurrent rises to a stead)

lapproximately the same rate 10 Z€r0 current

value of about 35 pAcm'2 and decays @

e



when the light is switched off. As can be seen from changes in photocurrent with time

of illumination, the photoactive material seems stable towards light.
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Figure 4. 11: Photocurrent response to transient illumination with light intensity of

100 mWem™> for the ITOlPEDOﬂPOMOE:l;’J’I_lTiOz:N719[1'1‘0 solid-state PEC
from the front side.

The photovoltage, on the other hand, increased immediately (Figure 4.12) when the

cell was illuminated and remained steady during illumination; it decayed slowly after

stopping the illumination. Open-circuit voltage obtained from the transient

measurements was 771 mV. The results of time dependence study show that the

steady state Jsc and Voc values are consistent with those obtained from the current

density—voltage curve.
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Figure 4. 12: Photovohage response to switching illumination on and off from the
front side of ITO]PEDOTIPOMOE:Ig_!l—]TiOJ:NTl9|ITO solid-state PEC with light

intensity of 100 mWem™,
4.2.4. Photocurrent Action Spectra

In conventional inorganic semiconductor solar cells, the absorption with a photon of
energy greater than the bandgap leads to a direct generation of an electron-hole pair
that is separated by the built-in electric field: the charges are transported to opposite
electrodes and produce a photocurrent. However, in molecular semiconductors [254-
259], the absorption of a photon creates an exciton rather than free charge carriers. To
Eenerate photocurrent, these excitons must dissociate into free carriers either in the
bulk or at the interface. Based on experimental results obtained from many molecular
semiconductor solar cells, only those excitons that reach the active junction produced

L iffusi iIssociate into
free charge carriers. The excitons reach this interface by diffusion, then dissoc

. collection.
carriers that are transported to opposite electrodes for

100
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To verify the generation of charge carriers at the ITO|TiO2:N719 polymer electrolyte
interface, we studied the photocurrent action spectra under illumination through the
front side of the all-solid-state PEC. The photocurrent action spectra are shown in
Figure 4.13. The maximum IPCE% obtained for the hybrid PEC is 1.7% at 330 nm
Corrections for loss of incident photons through light absorption and reflection of the

electrodes have not been made.
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Figure 4. 13: Photocurrent action spectra for lTOlPEDOT\POMOF.:lf/l*rl'i():;N?w

|ITO solid-state PEC.

42.5. The dependence of Jsc and Voc ot light intensity

The maximum open-circuit photovoltage attainable in the dye sensitized solar cell is

; A -
the difference between the Fermi level of the solid under illumination and the

/ { sse devices
Nernst potential of the redox couple in the electrolyte. However, for these

is i h smaller. It appears
this limitation has not been realized and Voc 18 in general much s

C S klllel C 't,pe i i v “ 14 L't.”

the diode Equation 2.10 can be applied [260].
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The plot of loglsc versus logli, of the ITOJPEDOT|POMOE:1; /I [TiO;:Dye|I TO PEC
is shown in Figure 4.14. The illumination intensity was varied from 0.01 to 100
mWem™~. The Jsc increases with illumination intensity and is proportional to Fin
where o is the power factor and I, is the incident light intensity. The plot of logl s
versus logly, vielded a straight line with o = 0.98 indicating that recombination traps
are absent. For Schottky junction solar cells under open-circuit conditions, no net
current will flow through the junction. The gain in open circuit voltage can be

calculated from the Equation [249]:

VO(‘ =[n—]};"?—‘)lﬂ{%ﬂ——l] (4.4)
0

where n is the ideality factor whose value is between 1 and 2 for the DSSC and lg is

the reverse saturation current.

4.0
451
5.0+

o~ -5.5;

6.0

6.5

= .7.04
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sc/rAcm”
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log lin/ chrn'z

: : 1, /T Ti02NT19
Figure 4. 14: Plot of loglsc versus loglin of [TO|PEDO TIPOMOE:]y N |TiO2

ITO solid-state PEC.
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As can be seen from Equation 4.4, Voc increases logarithmically with the light
intensity because Jsc is linearly proportional to the incident light intensity. The plot of
Voc versus  logli, of the ITO[PEDOT|POMOE:l; /1" [TiOy:DyeITO PEC is shown

in Figure 4.15. Voc increases logarithmically with the light intensity.

"1 00 v T v T . o
-2 -1 0 1 2

log Ii,.,lm\‘t'l:m'2

Figure 4. 15: Plot of Vo versus log Lin of lTO\PEDOTIPOMOE:l;‘/l't‘l'iﬂ::NT1‘)

[ITO solid-state PEC.

4.2.6. Conclusions

; i ice based on nc-TiO;
A solid-state photoelectmchemlcal solar energy conversion device based

sensitized -with N=719 dye has been constructed and characterized.

¢ : i other with the
Photoelectrochemical properties of this device were studied togethe

2 s : . ) snsity—voltage
dependence of Jsc and Voc On illumination intensity: Rl Wit GES) .
s i aati .tion spectra under
characteristics in the dark and under white light illumination find tion 5

i lowing device paramelers
monochromatic illuminations have been studied. The following

. adh
;ircuit current of 33.2
ere obtained: an open-circuil voltage of 762.5 mV and a short ¢l

w
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2 at light i i 2
pA/em® at light intensity of 100 mW/em?; the IPCE% obtained was 1,7% at 330 nm.

The dependence of the short-circuit current density and an open-circuit voltage on the

incident light intensity and illumination time have also been studied. The dependence

of Jsc on intensity indicated that there are no traps.

4.3.  Natural Dye sensitized Solar Cells using Pigments Extracted from

Syzygium guineense

4.3.1. Background

Synthetic organic dyes [261 — 263] and transition metal coordination compounds,
mostly ruthenium polypyridil complexes [53, 248], have been used as effective
sensitizers, since they couple broad and intense charge transfer bands to favorable
ground and excited state energies for the electron injection reactions from the excited
dye to TiO, and the regeneration of the oxidized dye with iodide. However, the
preparation routes for metal complexes are often based on multi-step procedures
involving tedious and expensive chromatographic purification procedures. In order to
replace the rare and expensive Ru(ll) compounds many Kinds of organic synthetic
dyes have been actively studied and tested as low-cost materials: chlorophyll

derivatives [203], porphyrins [264], phtalocyanines [73], carboxylated derivatives of

anthracene [265], and coupled semiconductors with lower energy band-gaps, among

others.

. : it. vegetable, leaves,
Natural dyes are substances that can casily be obtained from fruit, vegetable, le

] ed in dve sensitized
and flowers through solvent extraction and can be employed in dye s

. erivatives, raw
photoelectrochemical cells. To date, selected chlorophyll deriva

itizers, resulting
anthocyanin, and betalain extracts are the most successful natural sensitize g

version efficiency
in the generation of monochromatic photon 10 current con
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exceeding 60% for liquid state photoelectrochemical cell. Maximum overall
conversion efficiencies above 2% under simulated sunlight have been achieved

which is comparable to that of natural photosynthesis [203, 198].

Fruit, vegetable, leaves, and flowers contain several dyes which can casily be
extracted and employed in dye sensitized solar cells. For instance, Tennakone et al.
[266] investigated the use of tannins and related phenolic substances extracted from
black tea, nuts, and pomegranate, as well as anthocyanins from flowers and leaves.
The pigments contained in the flowers of Hibiscus species are anthocyanins such as
cyanidin-3-glucoside and delphinidine-3-glucoside [267]. Recently Zhou et al. [268]
also investigated 20 natural dyes extracted from natural materials such as flowers,
leaves, fruits, traditional Chinese medicines, and beverages as sensitizers. Among the
20 natural dyes an ethanol extract of mangosteen pericarp without further purification

gave a power conversion efficiency of 1.17%.

In this work natural pigment was extracted from fruits of Dokma (Syzygium

guineense). To the best of our knowledge dye from fruits of Syzvgium guineense are

not reported as sensitizers of DSSCs. The extracted dye was characterized by UV-vis

absorption spectra. The photoelectrochemicat properties of the quasi-solid-state

DSSCs using these extracts as sensitizer and polymer polyvinylpyrrolidone (PVF)

mixed with l-ethyl-B-methylimmidazoIium iodide (EMIm-I), sodium iodide and

iodine as quasi-solid-state electrolyte were investigated. Additionally, stepwise

oltai ies of DSSCs
purification of the extract was pcrformed and the photovoltaic properties of $

sensitized with purified products Were studied.

. . . e~ b'L‘ use
Polyvinyl pyrrolidone (PVP) deserve @ special attention among the polymers because

e Jectrical conductivity,
of good environmental stability, easy processablllty. moderate electrical €€
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and rich information in charge transport mechanism [269]. PVP js 4 nitrogen-

containing heterocyclic polymer, which can form PVP-1, by reaction with 1> (Equation

(4.5)) [270).

[ o C“z.' ' '+CH'—-—CH1 '
| ! L1,

It has been demonstrated well that N-containing heterocycles can enhance the open-

circuit photovoltage (Voc) of the solar cell [113].
4.3.2. Absorption of the natural dyes

We attempted to use the extracted colorful natural dye as sensitizers for DSSCs.
Figure 4.16 shows the representative UV-vis absorption spectra for the ethanol,
methanol, and water extracted fruits of Syzygium guineense. As shown in Figure 4.16,
the absorption peak show negative solvatochromism, resulting in a blue-shift as the
solvent polarity increases. Such solvent-induced shifts are usually interpreted in terms
of the different solvation interactions between the polar groups of the dye molecule
and the solvent, and mainly depend on solvent polarity and hydrogen-bond [271]. The
ethanol, methanol, and water extracts exhibit an absorption peak of about 540 nm, 530
nm, and 520 nm, respectively. These absorption peaks indicate that anthocyanins are
present, a group of natural phenolic compounds. The chemical adsorption of these
dyes on the surface of nanostructured TiO; is generally accepted to occur because of

i - “
the condensation of alcoholic-bound protons with the hydroxyl groups Le7el
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Figure 4. 16: Light Absorption spectra of dye solution of fruits of Syzygium

guineense extracted from (a) ethanol (b) methanol and (c) water.

4.3.3. Effect of extracting solvent on DSSC’s efficiency

Effect of extracting solvent on DSSC performance was studied by varying the solvent.
Three different solvents; water, methanol, and ethanol were used as extracting

solvent. The typical J-V curves of the DSSCs fabricated with the dyes extracted from

Svzygium guineense using methanol, ethanol. and water as extracting solvent are

shown in Figure 4.17. The PEC parameters obtained are given in Table 4.2. The

respective photocurrent action spectra are given in Figure 4.18.
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Figure 4. 17: Current density-voltage curve of DSSCs sensitized with the dye of fruits

of Syzygium guineense extracted with (a) ethanol (b) methanol and (c) water.

It was reported that the extracting solvent has an effect on the efficiency of DSSCs

[273]. The efficiency of the DSSCs was found to increase immensely when ethanol

was used for extracting anthocyanin from aged Jaboticaba skin [273]. In this study,

similar finding was also obtained. As shown in Table 4.2, the DSSC fabricated from

extract obtained using ethanol as a solvent shows the highest power conversion

nol. This might owe 10 the fact that anthocyanin

efficiency than using water and metha

f dye molecules is less

is more soluble in ethanol [274], and hence, the aggregation 0

as expected. A good dispersion of dye molecules on the oxide surface could in fact

improve the efficiency of the system.

108



e e

Table 4. 2: Effect of extracting solvent on DSSC efficiency of Syzygium guineense.

Solvent Jsc/mAem™  VoclV FF (%) (%)
Water 1.22 0.430 55.0 030
Methanol 1.21 0.507 49.0 0.30
Ethanol 2.03 0.506 50.0 051

As can be seen from the incident photon to current conversion efficiency (IPCE)
curves in Figure 4.18, the IPCE for the device made from ethanol extract dye is the
highest (24% at 600 nm) and covers the largest area as compared 10 methanol and
water extract. At 600 nm the device from methanol and water extract dye showed
[PCE values of 14.4% and 12%, respectively. The IPCE onset of the device from
ethanol extract dye starts at the longest wavelength as compared 10 methanol and
water extract. The difference in the [PCE values between the devices is consistent

with their difference in short circuit current values.

35
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25

20

IPCE%

5 (c)

0r=—""0 % T T
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Figure 4. 18: [PCE spectra of the dye fruits of Syzygium guineense extracted from ()

methanol (b) ethanol and (c) water.

/m



m

4.3.4. Effect of pH of extract solutions on DSSC’s effi ciency

The chemical structure of anthocyanin is shown in Figure 2.15 (Chapter 2).
Equilibrium between flavylium and quinonoidal form of anthocyanins in solution and
in presence of TiO; to bind with the anthocyanin is shown in Figure 2.16 (Chapter 2).
Irrespective of the kind of solvent, upon changing the pH the relative amounts of the
flavylium and quinonoidal forms of the dye will be affected shifting the equilibrium
to either side. For this reason the effect of pH investigated in this study was for water
extract of fruits of Syzygium guineense. The original pH of this extract was found to
be 3.3. As shown in Table 4.3, the pH of the extract solution has a significant effect
on the performance of DSSCs. The efficiency was found to increase with decreasing
pH and reached a maximum at the optimum pH 1.0. The reason for this 1s at pH
below 2.0 anthocyanin exists as flavylium ion (Figure 2.16 (a)), which is stable form
of anthocyanin [275]. The pH dependence of absorption spectra also shows that the
peak intensity first increases with pH and then decreases as shown in Figure 4.19. It
has been observed that as the pH of the water extract of Syzygium guineense fruit dye

decreases from 3.3 to lower pH value, the color changes progressively from light red

to intense red (Figure 4.20). For the pH below 1.0 the color gradually disappeared.

This might be due to the decomposition of the dye.

Table 4. 3: Effect of pH of water extract on DSSC parameters.

pH JsdmAW

3.3 1.22 0.430 55.0 030

2.0 1.58 0.401 494 0.32

1.0 2.20 0.404 40.0 0.35

0.5 1.20 0.397 48.0 0.23
e — R
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Figure 4. 19: Light absorption spectra for the water extract of the dye solution of
Syzygium guineense at (a) pH of 3.3 (b) pH of 2.0 (¢) pH of 1.0 and (d) pH of 0.5.

Figure 4. 20: Aqueous extract of Syzygium guineense at different pH values.

43.5. Purification and characterization of extracts from fruits of Syzygium
Zuineense

Flow chart I and 11 presents the whole purification process of the extract from fruits of
Syzygium guineense. As shown in Flowchart I, two kinds of extracts were obtained
from Syzygium guineense, denoted as solution x and solution y, respectively. Solution

Y was further purified, as displayed in Flowchart II. Four kinds of extracts were
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Obt 4

acetate, n-butanol i
, and water, respectively. Among the four extracts, chloroform

extract was colorless, while the other three extracts had colors

Flow chart I: Preparation of solution x and solution y

Syzygium guineense

v Washing
v gwmg
v rinding
Extract in ethanol
G v Filtration
Precipitate Filtrate
; Drying
Solid

Water extraction
W Filtration

v ’

Precipitate Solution ¥

,l, Ethanol extraction

Solution X

Flow chart IT: Solvent-solvent extraction from solution y.

Solution y

Chloroform extraction
50 ml x 3 times

Chloroform extract Aqueous layer

Ethyl acetate extraction
50 ml x 3 times

A v

Ethyl acetate extrail | Aqueous layer
' h-butanol extraction

50 ml 3 times

‘ Aqueous layer

n-butanol extract
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The UV-vis spectra of solution x and solution y and the remaining three extracts
displayed in Figure 4.21 were investigated; the extracts with different solvents cxhihl‘t
different absorption peaks, and the absorption of solution y (Figure 4.21 (b)) is the
superposition of the ethyl acetate (Figure 4.21 (c)), n-butanol (Figure 4.21 (d)) extract
and the aqueous layer (Figure 4.21 (e)). The UV-vis spectra of solution x (Figure 4.21
(a)) which is an ethanol extract shows small peak at about 665 nm, a characteristic

peak for chlorophyll, showing that it contains chlorophyll.

Absorbance

300 400 500 600 700 800
Wavelength/nm

Figure 4. 21: UV-Vis absorption spectra of the extracts with different solvents from

fruits of Syzygium guineense (a) solution X (b) solution y (c) ethyl acetaie extract (d)

n-butanol extract and () aqueous layer.

The photovoltaic properties of DSSCs sensitized by the dyes extracted from fruits of

Syzygium guineense with various solvents were studied by measuring J-V curves, and
the corresponding photoelectrochemical parameters are listed i1 it
depicted in Table 4.4, the efficiencies of the DSSCs using solution X and y as
sensitizers are 0.49% and 0.40%, respectively. AMONE the extracts, the highest was

_/—.—1;?
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obtained with aqueous layer. The efficiency of DSSC with vy as sensitizer is more or
less comparable with the sum of the efficiencies of DSSCs sensitized with ethyl
acetate, n-butanol extracts, and aqueous layer. This result indicates that the mixed
extract adsorbed on TiO; shows synergistic photosensitization compared with
individual extracts. Such behavior was also reported by Kumara et al. [276]. The
efficiency of the DSSC sensitized with the extract containing shisonin and chlorophyll
was 1.31%, which was about the sum of the efficiencies of DSSCs sensitized with
shisonin (1.01%) and chlorophyll (0.58%). This was due to synergistic sensitization

by the dye mixture extracted from a single natural resource [276].

Table 4. 4: Photoelectrochemical parameters of the DSSC using the extracts of fruits

of Syzygium guineense with various solvents as sensitizers.

Natural dye VooV JscmAem™  FF(%) 0 (%) |
Solution x 0.500 2.08 470 049
Solution y 0.395 292 350 040
Ethyl acetate extract 0.475 0.63 52.2 0.16
n-butanol extract 0412 0.29 49.1 0.06
Aqueous layer 0.437 1.12 44.0 0.22
B e e e

4.3.6. Conclusions

. ; 7 » were used as
Dyes obtained from nature, ie. from fruits Syzygmm guineense WeTe

. : i g syvanin.,
sensitizers in DSSCs. The dyes extracted from this material contained anthoc)

otoelcctrochcmicai performance of the

carotene, chlorophyll, etc. The highest ph

3 tract w ith
uasi-solid state DSSCs based on these dyes was observed for ethanol extrac
Voc of 0.506 V, Jsc of 2 03 mAcm >, and power conversion efficiency of 0.51%.
: . Jsc /
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Furthermore, the ethanol extract was further purified stepwise. The
photoelectrochemical performance for the extracts with different solvents indicated
that the individual components have synergistic effect in the performance of the
DSSC. Overall, natural dyes as sensitizers of DSSCs are promising because of their

simple preparation technique, wide availability, environmental friendliness, and low-

cost production.

4.4. Solar Energy Conversion based on Quasi-Solid State Dye-Sensitized Solar
Cells using Leaf and flower Extracts as Sensitizers

4.4.1. Background

Natural dyes containing anthocyanins [273, 277 - 280] and carotenoids [281] have
shown overall solar energy conversion efficiencies below 1%. Betalain pigments
represent an additional class of dyes of potential interest and purified extracts from
commercial sources have been subjected to a detailed photoelectrochemical study
[200]. These dyes are present in plants of Amaranthaceae family and have high molar
extinction coefficients in the visible region. The pigments are present in the different

part of the plant including flowers, fruits, leaves, stems, and roots.

Natural dyes, such as chlorophyll derivatives, have previously been used (0 Sensitize

_ _ - e =l 5 6% and short circuit
TiO, nanocrystalline solar cells, achieving efficiencies of i

current density of 9.4 mA/cm’, but these dyes still require involved pigment
Ti0; surface (202].
purification and the coadsorption of other compounds on the TiO; surface [202]

(cyanin without the sugar

Tennakone and co-workers[125] have used cyanidin

_ er. cyanidin is harder 10
moiety) in a dye sensitized nanocrystalline solar cell. However, cyanidin

isolate and less photostable than cyanin (266).
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Here the results of a series of experiments carried out on raw extracts of the following

species: leafs of Amaranthus caudatus and Iresine herbstii and flower of moming
glory ([pomoea indica) and Karkade (Hbiscus sabdariffa) are presented. A. caudatus,
as with many others of the amaranths, are originally from the American tropics. The
exact origin is unknown, as it is believed to be a wild Amaranthus hybridus aggregate.
The red color of the inflorescences is due to a high content of betacyanins, like in the
related species known as “Hopi red dye” amaranth. I herbstii also consists of a high
content of betacyanins. The prevailing pigment coloration of A. caudatus and [
herbstii varies form orange to red, due to the combination of two main dyes:
betacyanin (red-purple) and indicaxanthin (yellow-orange) whose schematic
structures are reported in Figure 2.19 and Figure 2.20 (Chapter 2) [282]. As shown in
these figures, these dyes contain carboxylic functions which facilitate TiO; surface
binding. The main component of the 0.1 M HCI extract of A. caudatus and Iresine

herbstii is betalains. Whereas the respective ethanol extract is chlorophy!l (Figure 2.22

shows these families of compounds). The main component of the ethanol and 0.1 M

HCI extracted dye from flower of Jpomoea indica and Hibiscus sabdariffa s

anthocyanin (Figure 2.15 in Chapter 2).

In this work natural pigment was extracted using 0.1 M HCI and ethanol. The

i i otra. 11
extracted dye was characterized by UV-vis absorption spectra e

+_soli 's usi ese extracts
photoelectrochemical properties of the quasi-solid-state DSSCs using these extrac

: : ; athvl-3-
as sensitizer and polymer polyvinylpyrrolidone (PVP) mixed with I-¢thy

m-1), sodium iodide and iodine, as quasi-solid state

methylimmidazolium iodide (EMI

electrolyte were investigated [208].
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4.4.2. Absorption Spectra of Raw Natural Dye Extract

Betalain extracted from Leafs of 4. caudatus and I herbstii in 0.1 M HCI solution
displayed an intense absorption in the 400 — 600 nm region due to the presence of the
red-purple betacyanines (Figure 4.22). These absorption bands originate from n-n*
transitions and DFT calculations carried out on betanidin [283] have pointed out its
essential charge transfer character, with the LUMO centered on the dihydropyridine
portion of the molecule. Compared to neutral extracts, dyes extracted in acidic
conditions present a stronger absorption contribution at lower wavelengths, indicating
an increase of the indicaxanthin concentration [284]. This is consistent with the fact
that indicaxanthin is mainly contained in vacuoles whose membranes are lysed in

acidic conditions.

As previously observed by other authors [200], the acidic environment was essential
for obtaining betalain sensitized photo-electrodes characterized by high optical
densities, capable of an almost complete absorption of visible photons in the 400 -

600 nm range. The reason is most probably related to protonation of betalainic

carboxylic groups which are otherwise unable, in their anionic form to bind to the

TiO, surface. The conditions of dye extraction have also an effect on the light

harvesting efficiency of the sensitized photoanodes [284]. It was found that the

erbstii is 53
absorption peak of 0.1 M HCl extract for both A. caudatus and herbstii is about 330

: 00 nm
nm and 536 nm, respectively and the absorption band from 400 nm to 600 n
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Figure 4. 22: UV-Vis spectrum of leaf extracts in 0.1 M HCI solution (a) of / herbstii

showing betanin (536 nm) and (b) of 4. caudatus showing betanin (530 nm) visible

absorption.

The ethanol extracts of 4. caudatus and L herbstii leaf, whose colors are green, reach

a maximum absorption peak of 433 nm and 664 nm which is a characteristic peak of

chlorophyll a. It also shows absorption maxima at 466 nm and small peak at 618 nm

showing the presence of chlorophyll b. Figure 4.23 shows the n:prcscmali\-c UV-vis

absorption spectra of ethanol extracts of these plant materials.
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Figure 4. 23: UV-Vis spectrum of leaf extracts in ethanol for (a) | herbstii and (b) A

caudatus

Figure 4.24 shows the UV-vis absorption spectra of the dyes extracted from ethanol

and 0.1 M HCI for L herbstii, and their mixtures. It was found that the absorption

peak of 0.1 M HCI extract for I herbstii is about 536 nm and the absorption band

from 400 nm to 600 nm while those of ethanol extract show absorption peak at 433

nm. 466 nm, 618 nm, and 664 nm and absorption band from 400 nm to 500 nm and

from 600 nm to700 nm. The difference in the absorption characteristics of the dyes

extracted in these two solvents is due t0 the different types of pigments namely

y. The combination of the ethanol and 0.1 M

betalains and chlorophylls, respectivel

. et ine > L c .
HCI extracts of I herbstii did not affect the absorption peaks, the distinct peaks were

i cls.
detected. corresponding 10 the absorption nature of both extra
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Figure 4. 24: UV-Vis spectrum of leaf extracts for I herbstii (a) in 0.1 M HCI (b) in

ethanol and (c) mixture of dyes extracted in ethanol and 0.1 M HCL

Figure 4.25 shows the representative UV-vis absorption spectra for the ethanol and

0.1 M HCI solution extracted from flowers of of I indica and Figure 4.26 shows the

representative UV-Vis absorption spectra for the ethanol and 0.1 M HCI solution

extracted from flowers of A sabdariffa. The ethanol and 0.1 M HCI extracts of [

indica exhibit an absorption peak of about 550 nm and 530 nm respectively whereas

the ethanol and 0.1 M HCI solution extracts of H. sabdariffa exhibit an absorption

peak of about 550 nm and 520 nm, respectively. These absorption peaks indicate the

presence of anthocyanins. The chemical adsorption of these dyes on the surface of
cur because of the condensation of

nanostructured TiO2 is generally accepted to 0C

alcoholic-bound protons with the hydroxyl groups (272]-
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Figure 4. 25: UV-Vis spectrum of leaf extracts solution of /. indica (a) in ethanol

showing anthocyanin (550 nm) visible absorption and (b) in 0.1 M HCI showing

anthocyanin (530 nm).

Solvatochromic properties of squaraine dyes have been extensively investigated. As
studies on solvatochromic and molecular hyperpolarizability studies of unsymmetrical
squaraine dyes have indicated that these dyes possess large dipole in the ground state
compared to their excited state [285], which would result in a very large solvent
reorganization following the excitation process. This is the reason why unsymmetrical
squarine dyes become solvent polarity sensitive showing solvatochromism. S. Alex et
al. [286] studied the dependence of absorption maxima of unsymmetrical squaraine
dyes as well as that of two representative symmetrical squaraines in common

' ine dyes showed
solvents. This study indicated that the unsymmetrical squara .

hypsochromic shift with increasing solvent polarity.

i sxpected to show
Similarly, anthocyanins, being unsymmetrical molecules, are expe
and Figure 4.26, the absorption peaks

solvatochromism. As shown in Figure 4.25 121
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show a blue-shi ity |
e-shift as the solvent polarity increases. Such solvent-induced shifts are
" g ; :
usually interpreted in terms of the different solvation interactions between the polar

groups of the dye molecule and the solvent, and mainly depend on solvent polarity

and hydrogen-bond [271].

1.2
1.0
(a)
0.8+

(b
0.6 )

Absorbance

0.4+

0.2

0.0 T T Y T v T >
300 400 500 600 700 800
Wavelength/nm

Figure 4. 26: UV-Vis spectrum of leaf extracts solution of H sabdariffa (a) in 0.1 M

HCI showing anthocyanin (520 nm) and (b) in ethanol showing anthocyanin (550

nm).

Figure 4.27 depicts the ethanol and 0.1 M HC extract dye solutions of flower and leaf

used in this study.
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Figure 4. 27: Flower and leaf extracts used in this study.
4.43. Photoelectrochemical measurement

Figure 4.28 shows the J-V (current density-voltage) curve for the light-illuminated /
herbstii extract sensitized solar cell. A DSSC sensitized by a mixed extract had
efficiency below value of those sensitized with purely ethanol and 0.1 M HCI
extracts. However, this is rather different from the result by Kumara et al. [276], in
which a DSSC fabricated using chlorophyll and shisonin dyes showed synergistic
effect of both dyes. Although the mixture of 0.1 M HCI and cthanol extract of /
herbstii absorbs wider range of the visible spectrum compared with the individual
dye’s absorption spectra, the mixed dye does not show synergistic characteristics
(Figure 4.24). We hypothesize two possible reasons for this phenomenon in which the
mixed extract of I herbstii did not show synergistic photosensitization. First, the
coadsorption suppresses electron injection possibly due to the increase  in

ic hi i lecula
concentration quenching. Second, the strong steric hinderance of basic molecular

Mﬂ:ﬁ
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structures for the main co
mponents of the extracts of /. herbstii with vari
rious solvents
prevents the dye m i
ye molecules from effectively arraying on the TiO; film. H
’ . Hence, this
leads to a deficie
ncy of electron transfer from dye molecules to conduction b
uction band of

TiO;.
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Figure 4. 28: J-V curve for DSSC sensitized by the extract of I herbstii extracted

from (a) ethanol (b) 0.1 M HCI (c) mixture of dyes extracted in ethanol and 0.1 M

HCL.

he DSSCs in terms of short circuit current

Table 4.5 presents the performance of t

density (Jsc)s open-circuit voltage (Voc), fill factor (FF), and energy conversion

efficiency (n) of ethanol solution of standard N719 dye pased DSSC, 0.1 M HCl and

ethanol extract dyes based DSSC of the plant materials studied in this work.
ency of cell sensitized by plant extracts from ethanol was

y the 0.1 M HC] extracts.

Obviously, the effici
This is due to the

significantly higher than those sensitized b

nd 0.1 M HCl as a solvent for

difference in the kinds of dyes extracted using ethanol a

I herbstii and A. caudatus. For these materials the ethanol extract mainly contains
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chlorophyll where as the 0.1 M HCI extract mainly contains betalains. For flower
extracts of H. sabdariffa and I indica based DSSC in which both of them contain
anthocyanin, here also ethanol extract dye performs better than 0.1 M HCl extract
This might owe to the fact that anthocyanin is more soluble in ethanol, and hence, the
aggregation of dye molecules is less as expected as it was explained in Section 4.3.3
for Syzygium guineense based DSSC. A good dispersion of dye molecules on the

oxide surface could in fact improve the efficiency of the device,
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Table 4. 5: The photoelectrochemical performance of the DSSCs based on a dve

extracted from /L herbstii using different solvents.

Dye source Jsc/m Acm? Voc/N FF(%) n(%) Reference
N719 15.74 0.590 5830 541 1
15.72 0.626  55.00 541 [208]
I herbstii in ethanol 1.54 0.580 51.00 045
I herbstii in 0.1M HCI 0.94 0.490 50.00  0.23
Mixture * 0.45 0460 56.00 0.12
A. caudatus in ethanol 3.44 0.570 50.00 1.00
A caudatus in 0.1M HCI 1.00 0470 55.40 0.26
1 indica in ethanol 3.11 0550 55.10 0.94
I indica in 0.1M HCI 1.56 0490 57.00 043
H. sabdariffa in ethanol 321 0490 6230 100
H. sabdariffa in ethanol’ | 2.51 0488 5800 072 [287]
H. sabdariffa in 0.1M HCl | 1.83 0470 57.80 0.50
287
H. sabdariffa in water at 2.72 0408 6300 070 | I

pH=1.0"

land [ herbstii in 0.1 M HCI
Mixture® mixture of extract of I herbstii 1In ethano

. c . in water — free ethy lene
. liquid state electrolyte (0.5 M KI mixed with 0.05 M Iz in

glycol).
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Figure 4.29 shows the action spectra of the monochromatic incident photon-to-current
conversion efficiency (IPCE) for the DSSC sensitized with /. herbstii dye extracted
from ethanol, 0.1 M HCI and a mixed dye extracted from ethanol and 0.1 M HCI. The
IPCE for the DSSC of ethanol and 0.1 M HCl extract reached about 56% at 410 nm
and about 43% at 350 nm, respectively. For mixed dye the IPCE reached about 32%
at 330 nm. The result from the action spectra was also observed to be consistent and

similar to that of the current density-voltage measurement.

IPCE%

0 e
> smame TR TS T
Wavelength/nm

iti / extract of /
Figure 4. 29: Photocurrent action spectrum of DSSC sensitized by the extrac

i p es extracted in
herbstii extracted from (a) ethanol (b) 0.1 M HCI and (c) mixture of dyes ex{racie

ethanol and 0.1 M HCL.

Fi 4.30 shows the J-V curve for DSSC based on A, caudatus extract and Figure
1gure 4.5V § =

DSSC of ethanol extract reached about

431, the respective IPCE. The IPCE for the

o/ at 340 nm. The result
xtract it reached about 55% al 3

80% at 410 nm that of 0.1 M HCle
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from the action spectra was also observed to be consistent and similar to that of the

current density-voltage measurement.

DSSCs based on ethanol extract of A. caudatus dyes show higher performances than
I herbstii whereas more or less similar result was obtained from 0.1 M HCI extract
(Table 4.5). Eventhough their ethanol extracts contain the same dye namely
chlorophyll, the decreased performance for ethanol extract of /. herbstii compared
with the respective ethanol extract of A. caudatus might be due to a higher
concentration of chlorophyll in I herbstii ethanol extract which might also result in
dye aggregation on TiO; film leading to self quenching. The similarity in the
performance for 0.1 M HCI extracts show that both of them are the sources of the

same dye mainly composed of betalain.

3.5
3.0-
2.5.. (a)
q' £
£ 2.0
o
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Fi 4. 30: J-V curve for DSSC sensitized by the extract of 4 candatis extracied
igure 4. 30: J-

from (a) ethanol and (b) 0.1 M HCL.
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Figure 4. 31: Photocurrent action spectrum of a DSSC sensitized by the extract of A

caudatus extracted from (2) 0.1 M HCl and (b) ethanol.

Figure 4.32 shows the J-V curve for I indica extracted in ethanol and 0.1 M HCI dye

sensitized solar cell and Figure 4.33 shows the J-V curve for H. sabdariffa extracted

in ethanol and 0.1 M HCI dye sensitized solar cell. [t was reported that the extracting

solvent has an effect on the efficiency of DSSCs [273]. We have also found similar

results from our pevious study on the photoelcctrochemical behavior of Syzygium

guineense dye based DSSC (Section 4.3.3). In this study, similar finding was also

obtained. As shown in Table 4.5, the DSSC based on the dye extracted from / indica

er conversion efficiency than the one

using ethanol as solvent shows higher poW
extracted from 0.1 M HCL, which is 0.94% and 0.43%, respectively. Similarly, for H

el a POWE
sabdariffa, ethanol and 0.1 M HCI extract dyes used as sensitizer shown a power

and 0.50%, respectively. The IPCE also shows the

conversion efficiency of 1.00%

same trend (Figure 4.34 and Figure 4.35).
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Figure 4. 32: J-V curve of DSSC sensitized by flower extract of . indica extracted

from (a) ethanol and (b) 0.1 M HCL
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Figure 4. 33: J-V curve for DSSC sensitized bY flower extract of H. sabdariffa

extracted from (@) ethanol and (b) 0.1 M HCI.
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The IPCE curve of DSSC based on ethanol and 0.1 M HCI extract from /. indica and
H. sabdariffa is depicted in Figure 4.34 and Figure 4.35, respectively. The IPCE for
the DSSC of I indica ethanol and 0.1 M HCI extract reached about 75% at 420 nm
and 56% at 340 nm, respectively. Similarly for H. sabdariffa ethanol and 0.1 M HCI
extract the IPCE rcached about 50.2% at 600 nm, and about 33.8% at 590 nm
respectively. This is because of higher solubility of anthocyanin in ethanol [274),
which reduces the aggregation of dye molecules. A good dispersion of dye molecules

on the oxide surface could in fact improve the efficiency of the system.

IPCE%

A w0 o600 700 800

Wavelength/nm

Figure 4. 34: Photocurrent action spectrum for DSSC sensitized by flower extract of

I indica extracted from (a) ethanol and (b) 0.1 M HCL.
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Figure 4. 35: Photocurrent action spectrum for DSSC sensitized by flower extract of

H. sabdariffa extracted from (a) ethanol and (b) 0.1 M HCL.

Table 4.6 presents the wavelength at maximum absorbance in the visible region of the

dye solutions extracted from 0.1 M HCI and ethanol and maximum IPCE% of the

quasi-solid state dye sensitized solar cells of the respective of the plant materials

studied in this work.



| L indica Ethanol 550
/ 0.1 MHCI 530

/ I herbstii Ethanol 433, 466, 618, 664
{ 0. MHCI 536

) A. caudatus Ethanol 433, 466, 618, 664

420

340

410

350

410

340

338

75
56
56
43
80

35

/ 0.IMHCI 530

4.4.4. Conclusions

-

In this work dyes obtained from nature, mainly flowers and leaves of plants, were

used as sensitizers in DSSCs. The dyes extracted from leafs of A caudatus and ]

herbstii, and flower of / indica contained betalain, chlorophyll, and anthocyanin. We

: sensitizers,
have reported an investigation on these pigments as natural photosens

A . - of the best
describing and comparing their sensitization activity with respect to one

ruthenium dyes (N719). Betalain raw pigments simply extracted in 0.1 M HCI from A

caudatus and I. herbstii achieved IPCEs higher than 50% and solar energy conversion

: s extracted in
efficiency of 0.26% and 0.23% respectively. Whereas the pigments extrac

: ighest solar energy
ethanol which contains mainly chlorophyll achieved the highest s

133
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conversion efficiency of 1.00%. Mixing of 0.1 M HCI extract and ethanol extract of /
herbstii didn’t show any synergistic effect. Anthocyanin pigments extracted in 0.1 M
HCI and in ethanol from I indica also gave IPCE higher than 55% and power
conversion efficiency of 0.43% and 0.94%, respectively and similarly those of H
sabdariffa extracted in ethanol gave IPCE higher than 50% at 600 nm whereas the one
extracted in 0.1 M HCI gave about 34% at the same wavelength and the power
conversion efficiency are 1.00% and 0.50%, respectively. Although the efficiencies
obtained with these natural dyes are still below the current requirements for large
scale practical application, the results are encouraging and may boost additional
studies oriented to the search of new natural sensitizers and to the optimization of

solar cell components compatible with such dyes.
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