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Summary

Summary

Sunlight is the largest of all available carbon-neutral energy sources.
Therefore, currently solar cell or photovoltaic cell based technologies, which can
convert solar energy into electricity, are of extreme importance. Over 20 years ago,
Gratzel et al. developed a new type of photovoltaic cell which is known as dye-
sensitized solar cell (DSSC.) DSSCs are relatively easy to produce and they can work
in very varied weather conditions (e.g. under diffused light, cloudy day, indoor, etc.)
without a real drop of their efficiency, but these cells still have a very limited
applications due the low efficiency and the presence of unstable, volatile and expensive
components. The main aim of this work was to improve the power conversion
efficiencies and long term stabilities of DSSCs by using low cost and easily available
materials. Thus this thesis predominantly focused on preparation, development and
investigation of various carbon based nanocomposite and their application in various

part of DSSCs.

Chapter 1 of the thesis gives an introduction into the photovoltaics and provides a
literature review of various types of photovoltaic cells and technological approaches
with particular focus given to DSSCs. This chapter also outlines the motivation and

objective of this work.

Chapter 2 describes the details of experimental procedures and characterization
techniques used in this thesis. The characterisation techniques include
Thermogravimetric Analysis, Raman spectroscopy, Power conversion efficiency
measurements, Electrochemical impedance spectroscopy, Electrical conductivity
measurements, Scanning Electron Microscopy (SEM) and Transmission Electron

Microscopy (TEM).

Chapter 3 is dedicated to the development of new electrolyte materials for DSCCS. It
describes the investigation and uses of graphene, SWCNTSs and mixture of graphene in
IL such as PMII. It was found that the power conversion efficiencies of DSSCs
increased sharply (up to 2.10%) when 30 wt % of graphene was added into PMII.
Moreover the power conversion efficiency was further improved to 2.50 % with hybrid

quasi solid state electrolyte which contained SWCNTs (3 wt %) and graphene (12 wt
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%) in PMII. Our results demonstrated the incorporation of carbon based nanomaterail
into IL has enhanced the DSSC power conversion efficiency because carbon
nanomaterials can serve simultaneously both as charge transporter in the ILs and as
electrocatalysts for the reduction of I'; . Furthermore, in this work we have investigated
the effect of the addition of iodine on three best formulations of each type quasi solid
electrolyte/DSSC. We have also performed the stability study of three best formulations
of each type quasi solid electrolyte the quasi solid state and compared the results with
DSSCs containing only PMII. The stability study has also shown that these quasi solid
state based DSSCs demonstrate higher efficiencies than pure PMII based DSSC under
same condition. TGA studies have demonstrated that these electrolytes have high

thermal stability up to 300 °C.

Chapter 4 is focused on the investigation of binary IL based electrolytes which were
produced by using various combinations of EMISCN and PMII and utilized in DSSCs.
Moreover, in this work we have developed the binary IL based quasi solid state
electrolytes by the incorporation of graphene or SWCNTSs or mixture of graphene and
SWCNTs. Using new electrolytes the power conversion efficiencies were increased
from 1.40% (optimized binary IL= EMISCN/PMII) to 2.04%, 2.24% and 3.07% with
addition of SWCNTs, graphene and hybrid SWCNTSs + graphene into binary IL based
DSSCs respectively. We believe that power conversion efficiencies were increased due
to fabrication of more homogeneous carbon based quasi solid state electrolytes in less
viscous binary IL than pure PMII. Thus in this part of our work we have successfully

developed the new efficient binary IL based quasi solid state electrolytes for DSSCs.

Chapter 5 is dedicated to the development of new materials for counter electrodes
(CEs) in DSSCs. This part of the work includes the investigation of Pt free CEs for
DSSCs. We have successfully replaced the Pt of CE with hybrid composite of GNPs
type 3 plus MWCNTs into PEDOT: PSS matrix. These various carbon based materials
were dispersed in conducting polymer PEDOT: PSS aqueous dispersion, via non-
covalent approach that allowed the retention of their good electrical properties. These
various kinds of composites CEs were deposited on FTO coated glass substrates.
However only hybrid C coated on FTO/glass substrate-CE, which was contained GNPs
type 3 (22 wt %) and MWCNTs (44 wt %) into PEDOT: PSS film, demonstrated a

higher power conversion efficiency of 4.10% compared to standard Pt coated FTO/CE-
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DSSC (3.90%). Furthermore, the hybrid CE were also tested in complete DSSCs with
various type electrolytes system i.e. organic based electrolytes, ionic liquid electrolyte
(PMII) and quasi solid state electrolyte. Hybrid-C-FTO/CE- DSSC with quasi solid
state electrolyte and ionic liquid electrolyte demonstrated power conversion efficiencies
of 1.88 % and 0.38 % respectively. The TGA study showed that GNPs and MWCNTs
samples are highly thermally stable either in powder form or in composite film and the
hybrid C-CE can be used as effective metal-free CE to replace Pt in high-performance

DSSC.

Chapter 6 describes the development and investigation of the Pt and FTO free CEs
with various composite films which were prepared with addition of three different types
of GNPs into NMP doped PEDOT: PSS matrix. The highest power conversion
efficiency of 3.70 % was achieved with GNPs type 2 plus NMP doped PEDOT: PSS
composite film/glass-CE compared with the power conversion efficiencies of 1.35 %
and 4.72 % for NMP doped PEDOT: PSS film/glass-CE and standard Pt/FTO/glass-
CE/DSSCs respectively. Furthermore, the power conversion efficiency was further
increased up to 4.29 % by optimizing the sintering temperature (150 °C) for GNPs type
2 plus NMP doped PEDOT: PSS composite film-CE.

Chapter 7 describes the effect of addition of GO and sintered GNPs type 2 into TiO;
films of the WEs (photoanodes) in DSSCs. It was found that the power conversion
efficiencies of DSSCs were decreased with addition of GO but increased with addition
of sintered GNPs type 2 into TiO; films of the WE. The highest power conversion
efficiency of 4.77 % was achieved with 0.6 wt % of GNPs into TiO; film/WE-DSSC
compared to 3.75 % of pure TiO; film/WE-DSSC.

Chapter 8 provides the conclusion of this work, summaries the main achievements
and outlines the future work. This chapter emphasizes that future work should focus on
the optimization of the formulations and preparation processes of these new materials
and corresponding DCCSs in order to further improve the photovoltaic performances of
the cells. Particularly, it is important to expand the use of these materials and
techniques for the “closed cell” fabrication approach, when the cell is initially
assembled and sealed and then electrolyte is introduced into the cell under vacuum via

a small hole, which then sealed with surlyn. This approach should potentially allow to

Vi
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achieve much better efficiencies due to the minimal exposure of electrolytes to air and
moisture.

In overall this thesis is expected to make a contribution to the further development of
various components of DSSCs with potentially low-cost fabrication and enhanced

power conversion efficiency.
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Abstract

Sunlight is the largest of all available carbon-neutral energy sources. Therefore,
currently solar cell or photovoltaic cell based technologies, which can utilize solar energy, are
of extreme importance. Gratzel et al. developed a new type of photovoltaic cell some 20
years ago, which is known as dye-sensitized solar cell (DSSC.) DSSCs are relatively easy to
produce and they can work in very varied weather conditions (e.g. cloudy day) without a real
drop of their efficiency, but these cells still have a very limited applications due the low
efficiency and the presence of unstable, volatile and expensive components. The main goal of
this thesis is to improve the power conversion efficiencies and long term stabilities of DSSCs
by using low cost and easily available materials to replace existing electrolytes and electrodes
in DSSCs. In this work we have developed new quasi solid state electrolytes by using carbon
nanomaterials and ionic liquids (ILs). In this case graphene, Carbon nanotubes (CNTs) and
combination of graphene and CNTs were incorporated into IL or binary IL to make gel or
quasi solid state electrolyte for DSSC.

There is another problem is the cost of Platinum/Transparent Conducting Oxides (Pt/TCO)
based Counter Electrode (CE) of the DSSC which accounts for approximately 25~35% of the
overall price of DSSCs. To address this issue new electrode materials were prepared by the
incorporation of CNTs or GNPs into conducting polymer (e.g. PEDOT: PSS) to develop
potentially inexpensive, stable and efficient Pt and Pt/TCO free CEs for DSSCs. Finally in
our work various weight % of carbon nanomaterials were also incorporated into the TiO,
films of the WEs of the DSSC. These various carbon based quasi solid state electrolytes,
various carbon based composites of Pt or Pt/FTO free CEs and carbon based modified WE
have been studied using various instrumental technique including electrical measurements,
photoelectrical measurements, thermal characterization and electron microscopy. In overall
this research has made a contribution to the development of various components of DSSCs

with potentially low-cost fabrication and enhanced power conversion efficiency.
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Chapter 1: Introduction

1.1 General Introduction

Energy is one of the basic needs of today life. Energy powers our machineries,
vehicles, aeroplanes and many household appliances. Generally energy is defined as,
the ability to bring about change or to do work. Energy exists in many forms, such as
heat, light, chemical energy and electrical energy etc. Energy resources mainly divided
into two categories i.e. non-renewal energy resources and renewal energy resources.
Fossil fuels such as coal, petroleum, and natural gas are examples of non-renewable
energy resources. Currently, fossil fuels provide the most of the energy consumed
worldwide at approximately 70 to 80% of all energy sources [1] as shown in figure 1.1.
There is a rapid growth of the prices for fossil fuels and a great danger of the
greenhouse effect due to the increased carbon dioxide emission from the burning of
these fossil fuels. Fossil fuels will also be depleted one day and furthermore the energy
needs of the planet will at least double within the next 50 years [2]. Therefore, there is
an urgent demand for alternative energy resources. Renewable green energy such as
hydro, wind and solar has been explored over the last several decades. Among all these
renewable green energy sources, solar energy has emerged as a most practical long
lasting alternative to conventional fossil fuels based energy sources. To utilise solar
energy for variety of applications one would need to convert it into electricity. This can
be done using photovoltaic cells which can convert sunlight into electricity.
Photovoltaic cells also have another competitive advantage: they can be independent of
the grid and therefore are useful in remote areas or for mobile applications. In addition
the solar panels operate without noise and any toxic effects. At present mostly silicon
based solar cells are commercially available and produce less than 0.1% of the world
energy [3]. However, silicon solar cells are still too expensive for household/large scale
production due to the costly fabrication process e.g. requires high temperatures and
high vacuum conditions [4]. Therefore, the developments of inexpensive solar cells,
which can convert maximum solar energy to electricity, are of extreme importance. In
this chapter we provide an overview of current state of the art in photovoltaic cell area

and formulate aims and objectives of our work.
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Figure 1.1: World energy consuption by type [5].

1.2 Solar Irradiance

The amount of solar power available per unit area is known as irradiance [6].
Radiation from the sun, which is more popularly known as sunlight or solar energy, is a
mixture of electromagnetic waves which include Infrared (IR), ultraviolet rays (UV)
visible light and X-rays. However, not all radiation of sun reaches the earth's surface.
The atmosphere attenuates many parts of the spectrum e.g., X-rays are almost totally
absorbed before reaching the earth's surface [7]. A good percentage of ultraviolet
radiation is also filtered out by the atmosphere [7]. The atmosphere is a powerful
absorber and can cut the sun's energy reaching the earth's atmosphere by around 50%
[7]. Visible light (400700 nm) and infrared radiation (700-2500 nm) constitute the
major fraction of solar radiation reaching the earth's atmosphere, approximately 43 %
of the radiation energy is visible light, 52% of infrared radiation and about 5% of the
Ultraviolet radiation ((300—400 nm) energy reaching the earth's atmosphere (fig.1.2.B)
[8]. When the rays reach the earth, some bounce off clouds back into space (Fig.1.2.A).
The earth absorbs most of the radiant energy; this solar energy becomes thermal
energy, which warms the earth. Fortunately, the sun power reaching the top of the
earth's atmosphere is about 1400 Watts/m” or the supply of energy from the sun to the

earth is gigantic, i.e., 3 x 10** J year" or about 10* times more than what mankind



Chapter 1 Introduction

consumes currently [2, 9]. In other words, covering 0.1% of the earth’s surface with

solar cells with an efficiency of 10% would satisfy our present needs [9].
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Figure 1.2: A) Sun radiation reaches by the surface of the earth and absorb [7], and B)
Solar energy distribution at the surface of the earth [8].

1.3 History and Application of Photovoltaic Devices

Photovoltaic (PV) systems convert light directly into electricity. The term
photo comes from the Greek phos, which means “light.” The term volt is a measure of
electricity named for Alessandro Volta (1745-1827), a pioneer in the development of
electricity. Photovoltaic literally mean light—electricity. French physicist Edmond
Becquerel first described the photovoltaic effect in 1839 [10], and was the subject of
scientific inquiry through the early twentieth century. However, a major step forward in
solar-cell technology came more than 100 years later in the 1940s and early 1950s
when a method (called the Czochralski method) was developed for producing highly
pure crystalline silicon which can be used to produce silicon based solar cells [7, 11]. In
1954, work at Bell Telephone Laboratories resulted in a silicon photovoltaic cell with a

4% efficiency [7]. On March 17, 1958 the world’s first solar-powered satellite was
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launched, Vanguard I, It carried two separate radio transmitters to transmit scientific
and engineering data. The battery powered transmitter operated for only 20 days, but
the solar cell powered transmitter operated until 1964 [12]. Vanguard I proved the merit
of space solar cell power. Technology development of the solar cell has been a part of
the space program ever since. At present PV cells are already an important part of our
lives. The simplest PV systems power many of the small electrical devices e.g. mobile
phone chargers, calculators and wrist watches etc. Larger PV systems provide
electricity for pumping water, powering communications equipment, and even lighting
homes and running appliances. Various vehicles (car and bus) are also run on solar
power devices on trail basis. Even solar power boats are commercially available. PV
devices also installed in building structures such as windows, skylights, roofs and walls
to provide electric power for the building and save electric energy as shown in fig.1.3.
Grid connected PV systems also entered the market with significant contribution [13].
At the end of 2009, the world’s cumulative installed PV capacity was approaching 24
GW. One year later it was 40.7 GW and at the end of 2011 it was 71.1 GW. In 2012,
more than 100 GW of PV were installed globally [13]. Although at present PV
technology is still expensive but it is expected that development of cheap and efficient

solar cells would further push the growth of PV market.
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Figure 1.3: Shows photovoltaic application, A) solar panel installed in building and

[14] B) solar panel installed on the roof of house [15].
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1.4 Classification of Solar Cells

Solar cells are usually classified using three main categories i.e. 1) first generation 2)

second generation and 3) third generation solar cell.
1.4.1 The First Generation Solar Cells

First generation solar cells are the most commercially available solar cells,
currently making up about 90% of the photovoltaic market [16, 17]. First-generation
technology consisted of a single-junction solar cell based on silicon wafers including
single crystal (c-Si) (fig.1.4.A) or Poly-crystalline (p-Si) (fig.1.4.B) semiconductors.
First generation solar cells have high efficiencies e.g. single crystal silicon solar cells
show power conversion efficiency up to 25% and poly-crystalline silicon shows power
conversion efficiency up to 20% [18]. Although the first generation solar cells have
quite high efficiencies, but its production cost is very high, e.g. it requires highly pure
silicon wafers with thicknesses of 200-250 um which are accountable for a half of the
cost of first-generation PV devices [18, 19]. Therefore, the electricity production cost of
first generation solar cells technology is very high compared to the fossil fuels e.g. solar
buzz, an international solar energy research and consulting reported that the residential
price per kilowatt-hour of solar electricity in August 2010 was approximately 35 cents
while electricity cost from coal power plants between 2 and 4 cents per kilowatt-hour

[20].

A B

Figure 1.4: Shows A) single crystalline silicon solar cell [21] and B) Polycrystalline

silicon solar cell [22].
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The Si solar cells are designed from two types of doped semiconductor material, called
"n-type" and "p-type" material as shown in Fig.1.5 A. The place between these two
doped semiconductor layers is called p-n junction as shown in Fig. 1.5. B. When Si is
doped with phosphorous, (have one extra valence electron than Si) is used to give a
negative charge to the layer is called "n-type" material. On the other hand, when Si
doped with boron, (have one less valence electron than Si) is called "p-type" material.
The light is absorbed by n-type side of Si cell and negative charges flow out of the
electrode on the n-type side, through a load and perform useful work. The electrons
then flow into the p-type side through external circuit, where they recombine with holes
near the electrode [7].
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Figure 1.5: A) P type and n type Si and B) general structural diagram Si (p-n junction)

solar cell.
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1.4.2 Second Generation Solar Cells

Second-generation solar cells also known as thin film technology. The aim of
second generation solar technology was to develop inexpensive material and method to
produce a low cost and efficient solar cell [19]. The second generation solar cells
include amorphous-Si (a-Si), cadmium telluride (CdTe) and copper indium gallium
selenide (CIGS) based devices. New manufacturing techniques such as vapour
deposition and electroplating are advantageous as they reduce the need for processing
solar cells at high temperatures. This technology uses only 1-10 um of active material
and absorbs the solar spectrum much more efficiently [19]. The second generation solar
cells show conversion efficiencies typically in a range of 18-20% [17]. Although such
conversion efficiencies have been able to meet the requirements for most uses in low
power electrical appliances, the costs of the materials and their manufacturing are still
somewhat too high and therefore limit practical application of these cells [17].
Therefore, this technology needs more research work and development to produce

efficient, more stable and inexpensive devices/ technology.

A B

Figure 1.6: Shows A) Amorphous silicon solar cell module [23] and B) Copper indium

gallium selenide solar cell module [24].

1.4 .3 Third Generation Solar Cells

The high cost of the first and second generation solar cells has motivated the
development of third generation solar cells, based on new materials, structures and
concepts [17]. Third generation solar cells was emerging as a novel PV-technology.

Most of these cells are still in the research and development phase. All those solar cells
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which are not directly related to a single p—n junction are referred to as third-generation
solar cell [25]. There are several technologies in this generation include organic
photovoltaics (OPVs) and dye-sensitized cells (DSSCs) etc. Organic photovoltaics use
polymers for light absorption and dye-sensitized cells rely upon organic dyes or Ru
bases dye. Both OPVs and DSSCs have relatively modest efficiencies; the highest
recorded efficiencies are 8.3 % [26] and over 11 % [27] for OPV and DSSC
respectively. However, the lack of chemical stability of the polymer materials under
long term sunlight is still a problem for OPV [17]. However the lifetime of DSSCs has

been demonstrated longer than 20 years in operating condition [28].

1.5 Dye Sensitized Solar Cell (DSSC)
1.5.1 Introduction to DSSC

The Dye sensitized solar cell (DSSC) is a type of third generation solar cell
which represents one of the cheap potential options. For the first time a DSSC was
developed by Gratzel et al. in 1991 [29]. Since then DSSCs have been widely
investigated because of their potentially lower costs and simple manufacturing process
compared to silicon (Si) solar cells [30]. DSSCs has some other advantages over Si
solar cells due to their unique electrochemistry and physics e.g. the change in the light
incident angle has a very small effect on the power conversion efficiency of DSSCs and
the drop of the power conversion efficiency between 20 °C and 50 °C is negligible [31,
32]. So far, the highest reported power conversion efficiency for FTO/glass based
DSSC ( 0.25 cm?) is 11.3% [2]. Although the power conversion efficiencies of DSSCs
are lower than that of classical crystalline silicon cells, but the theoretical power
conversion efficiency of the DSSC is expected to be over 20 %. Therefore, there is also
a high potential for improvement in efficiency of DSSCs [33]. Beside the above
advantages, DSSC can also fabricate on TCO coated flexible plastic e.g. polyethylene
terephthalate sheet coated with tin-doped indium oxide (PET-ITO) [34]. Plastic based
DSSCs has advantages over FTO/glass based DSSCs, such as low manufacturing cost,
light weight, flexibility, transparency. Fig.1.7 shows A) Flexible DSSC B) glass based
DSSC. These features attracted an interest of many research groups in recent years.

The DSSC is also considered to be the most attractive alternative to silicon solar cells.
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Figure 1.7: A) Flexible DSSC [35] and B) Glass based DSSC [36].

1.5.2 General Structure of DSSCs

DSSCs (Figure 1.8) generally consist of three main parts i.e. 1) working
electrode (WE): is a transparent conductive oxide (TCO) coated glass with a
photovoltaic layer such as mesoporous oxide (e.g. TiO,) stained usually with an
organometallic dye, 2) Counter electrode (CE) is again a TCO glass coated with
platinum (Pt). The two electrode of DSSC are sealed by thermoplastic resin film. 3)
The gap between these two electrodes is filled with an electrolyte which contains an

organic solvent (e.g. acetonitrile) with iodide/tri-iodide redox couple [29].
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Figure 1.8: General structure of an assembled DSSC.
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1.5.3 Main Part of DSSC:

In this section will discuss each component and each part of DSSC in more details to
understand the ways to improve the power conversion efficiency and stability of

DSSCs.

1.5.3.1 Working Electrode (WE)

The WE also knew as a photoanode. WE mainly consist of the following three
components.

A) Transparent conductive oxide (TCO)/glass or PET

B) Mesoporous oxide semiconductor materials

C) Photosensitizers (Dye)

A) Transparent Conducting Oxides (TCOs):

TCOs are both optically transparent and electrically conductive and mainly
used in displays and in optoelectronics [37]. The indium tin oxide (ITO) [38], indium
zinc oxide (IZO) [39], fluorine tin oxide (FTO) and antimony tin oxide (ATO) [40] are
widely used as transparent conducting substrates. Traditionally, FTO deposited glass
used as conducting substrate for WE as well as for CE in a DSSC. To obtain high
DSSCs performance, the TCOs must have high conductivity, high transmittance, and
high heat stability [41]. Among existing TCO materials, ITO has the highest
transmittance in the visible range and the electrical conductivity [42] but the electrical
conductivity of ITO substrate significantly decreases when it is sintered at high
temperature over 400 °C [42, 43], which is required to remove organic components and
to interconnect the TiO, particles of WE of the DSSC [44]. Therefore, ITO is not
suitable for DSSCs application because its conductivity decreases at high temperature
process, leading to significant reduction of power conversion efficiency of DSSCs [42].
Beside the above issues the ITO has some other disadvantages such as it is high price of
indium metal. Also beside of the high cost, indium resources are depleting at very fast
rate. Therefore researchers are intensively searching for an alternative material [45].
Particularly attractive would be to replace TCOs with inexpensive carbon based
material such as graphene due to its high conductivity, high chemical, and thermal

stability [46, 47].

10
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B) Mesoporous Oxide Semiconductor Materials

Ti0; is most widely used mesoporous oxide material in WE of DSSC. TiO; is
a wide band gap semiconductor with a gap of around 3.2 eV. Although other wide-
band gap semiconductor oxides such as ZnO, SnO, and Nb,Os have also been
employed but TiO; has been material of choice [2] with advantageous properties such
as it is cheap, abundant and low toxic. The success of the TiO, material has also been
attributed to the fast electron injection from the sensitizer to the TiO, (~ 50 fs) and a
much slower reversal process [48]. There are three common crystal structures of TiO2:
anatase, rutile and brookite but anatase structure is considered the most suitable for
DSSCs applications as it provides a better device performance because of its broader
band gap [49]. TiO; deposition most commonly involves preparation of a paste and its
application by doctor-blade or screen printing [50, 51]. Alternatively, the TiO, may be
dispersed in a liquid medium and deposited by spin or linear coating [50]. After
deposition, TiO; film of WE (photoanode) is normally sintered at 450 °C to 500 °C, to
allow the removal of organic compounds and to provide a necessary adhesion to the
substrate. Furthermore this processing results in a network of interconnected particles
through which electrons can percolate. The thickness of the TiO; layer on TCO glass is
mostly in the range of 10-14 pum. For high efficiency of DSSC it is necessary to
produce the TiO, “double-layer” i.e. first layer consisting of nanocrystalline-TiO;
particle of around 20 nm and second layer consisting of nanocrystalline-TiO, around
100 to 400 nm, which form the transparent and the light-scattering layers of the WE
respectively. DSSC performance is improved by inclusion of a light scattering layer of
larger TiO, particles which back scatter any light not absorbed by the active layer back
through the cell resulting in an increased light capture [52]. For example, a WE
composed of entirely 23 nm sized TiO, particles is reported to show performance of
7.62 %. This was increased to 8.95 % by additional use of scattering layer of particle
size 100 nm deposited on top of the 23 nm particle transparent layer [53]. However, to
further improve power conversion efficiency, reducing charge recombination at these
interfaces is critical. The most common and effective methods to reduce the back
electron transfer involve treatment of the WE substrate with a TiCls solution before
TiO; paste printing (under layer) and again following TiO; paste printing (over layer) in
order to deposit a thin compact layer of TiO; particles on the surfaces. The deposition

of a compact layer of TiO, by TiCl, treatment is found to increase power-conversion
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efficiency compared to an untreated cell by ~24 %. Furthermore, interfacial adhesion
between FTO and the nanoporous screen printed TiO layer is also improved which
increases both values the FF and Jsc [54].

Although high sintering temperature, TiO, based WE give high performance
DSSCs but it is expensive process and only suitable for TCO coated glass substrate.
Therefore, several process and methods have been explored in the preparation of low
temperature WE (ITO/PET) for DSSCs. These methods include mechanical
compression, hydrothermal necking and microwave sintering etc. Although the
compression method in combination with ultraviolet UV—Oj5 treatment has reported an
efficiency of 7.6% but integration of such a process in large scale DSSC device

fabrication remains challenging [55].

C) Photosensitizers (dyes)

Ti0O; is a wide band gap semiconductor (around 3.2) that can absorb only UV
light (<400 nm) [56]. This is not significant as the domain of the UV light represents
only a small part of the sun emission spectrum. A strategy to overcome this problem is
to use a photosensitizer (dye) that can absorb light in visible and IR range.
Photosensitizer of proper molecular structure is used to adsorb onto the TiO; surface
which function is converting the maximum incident light into photocurrent. Therefore,
photosensitizer is an essential component of the DSSC. The photosensitizers (dyes) are
also one of the most expensive components of the DSSCs but since its amount in the
solution is very small, typically of the order 10* M, therefore effect on the overall
manufacturing costs of the cell remains reasonably low. First of all the ideal sensitizer
for DSSC should be able to absorb radiation across a broad spectrum. The second is
that sensitizer molecules or particles must be small enough to enter the pores in the
nanoporous semiconductor lattice. The third is that once inside the lattice, must be able
to firmly bind to the TiO, surface [57]. Furthermore ,it should be stable enough to
sustain at least 10°® redox turnovers under illumination corresponding to about 20 years
of exposure to natural light [58]. So far, various metal complexes/ organometallic and
organic dyes as well as quantum dots have been utilized as sensitizers in DSSC but
most of these requirements are met by some organometallic dyes such ruthenium
complexes [59]. Figure 1.9 shows the chemical structure of three types of Ru-
complexes dyes i.e. Commonly known as N3, black dye and N719, currently applied

sensitizers in DSSCs because of broad adsorption spectra and rapid charge injection
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rates. They are readily available commercially and show excellent efficiency levels up
to 11% [60]. Most of these Ru-complexes dyes contains carboxylic group that has the
ability to bind to TiO, surface by chemisorptions [61]. Researchers are trying to
enhance the power conversion efficiencies of Ru dye-based DSSCs by modify the
structure of Ru complexes to achieve wider absorption covering the whole visible
region, including the near IR region, and/or achieve a higher molar extinction

coefticient and stability [62].
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Figure 1.9: The chemical structures of the ruthenium-based dyes N3, N719 and ‘black
dye [59].

1.5.3.2 Counter Electrode

The counter electrodes (CEs) or cathode is an important component of DSSCs,
which traditionally consists of platinum (Pt) layer deposited on TCO substrate. The
fabrication of CE can be achieved by dropping a solution of a platinum precursor
(H2PtClg) on the TCO coated glass substrate with subsequent heat treatment to 400 °C
for 15 minutes [63]. The role of the counter electrode is to transfer electrons arriving
from the external circuit back to the redox electrolyte and provide the reduction of the
I3 to I' in redox electrolytes, where the Pt serves as an electrocatalyst [64] Though,
Pt/FTO were the best counter electrode materials used in DSSCs so far because of its
excellent electrocatalytic activity and good conductivity but both these materials (Pt

and TCOs) are very expensive. Therefore Pt/FTO based CE accounts for approximately
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25~35% of the overall price of DSSCs. Another disadvantage of Pt is that it slowly
degrades in I/I3” medium [65]. Therefore it is extremely important to find new cost
effective materials and approaches to replace the Pt and TCOs of CEs. The main
requirements for a material to be used as an electrocatalyst in a DSSC are a low charge-
transfer resistance and high exchange current densities for the reduction of the oxidized
form of the charge mediator. Furthermore, such materials must possess chemical and
electrochemical stability in the electrolyte system used in the cell. Various other
materials rather than Pt , have also been used as electrocatalysts in DSSCs including
CNTs,[66] graphite,[67] graphene, [66, 68] GNPs + graphene oxide, [69] carbon
black,[70] conducting polymer PEDOT: PSS [71] and PEDOT:PSS+ graphene. Carbon
nanotubes, graphene (or graphene nanoplates) are particularly attractive as they can be
produced at relatively large scale, have good electric conductivity and high surface
area.[72], as well as excellent mechanical strength and chemical resistance [73, 74].
Conducting polymers such as microporous polyaniline have also been employed as the
components for counter electrode [75] and a power conversion efficiency of 7.1% has
been achieved. In ideal case scenario a CE should be prepared with material which can
act both as eletrocatalyst and conducting material, to replace the Pt and TCO of CE
[76]. In such an effort Lee et al. first time reported [76] TCO and Pt free CE for DSSC.
They used conductive poly (3,4-alkylenedioxythiophene (PEDOT) films on a glass
substrates as a counter electrode. They obtained in a power conversion efficiency of

5.08% compare to efficiency of 5.88% with a Pt/FTO counter electrode bases DSSCs.

1.5.3.3 Electrolytes
The roles of the electrolytes are to provide electrons to regenerate the oxidized
dyes to ground state. There are mainly four types of electrolytes employed in DSSCs so
far as follow.
A) Organic solvent based electrolytes
B) Solid state materials/electrolytes
C) Room temperature Ionic liquids (RTILs)

D) Quasi solid state electrolytes
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A) Organic Solvent based Electrolytes

Organic solvent based electrolytes mostly consist of an organic solvent
containing iodide/tri-iodide redox couple and additives. The reported results shows that
each component of these electrolyte plays a different role in the photovoltaic
performance of DSSCs [77]. The organic solvent is a basic component in liquid
electrolytes, it provides an environment/medium for iodide/tri-iodide ions dissolution
and diffusion [77]. The ideal solvent should have low cost for commercial purpose, low
viscosity, low volatility, should not desorb the dyes and should be non-toxic. Various
kinds of organic solvent are used for the preparation of these kind of electrolyte such as
acetonitrile (ACN), ethylene carbonate (EC), 3-methoxypropionitrile (MePN),
propylene carbonate (PC), y-butyrolactone (GBL), and N-methyl pyrrolidone (NMP)
[78-83]. ACN has been shown to be the most successful and efficient organic solvent
so far regarding the overall conversion efficiency, mainly due to its low viscosity (0.34
cp, 25 °C [84], and capability to dissolve organic components and additives in the
electrolytes. lodide/tri-iodide is the most efficient redox couple for regeneration of the
oxidized dye so far employed but this redox couple is not suitable in some cases due to
its severe corrosion for many sealing materials of DSSCs and the resulted DSSC is not
stable for longer time [85]. Therefore, various type of redox couples such as Br/Br,
SCN/SCN,, SeCN/SeCN; bipyridine cobalt (III/II) complexes have been investigated
but these redox couples showed lower power conversion efficiencies than the
1odide/triiodide redox couple, owing to their energy unmatchable with sensitized dyes
or their intrinsic low diffusion coefficients in electrolyte [33, 86, 87]. There are also
various kind of additives which were added to electrolytes such as 4-tert-butylpyridine,
guanidinium thiocyanate, and guanidinobutyric acid [88] etc. These additives can also
adsorb on the TiO; surface sites which are not occupied by the molecules dye to prevent
recombination, i.e. electron leakage from the TiO, back to the electrolyte. Thus the
addition of a small amount of these additives in electrolytes can enhance the
photovoltaic performance of DSSCs. In summary of above discussion we can conclude
that organic solvent based electrolyte containing iodide/tri-iodide redox couple shows
high power conversion efficiency up to 11%. However, organic solvent based
electrolytes face some problems such as leakage and volatility of the solvent which

affect the long term performance of DSSCs.
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B) Room Temperature Ionic liquids (RTILs or ILs):

The room-temperature ionic liquid (RTILs) are also called Ionic liquid (ILs).
Ionic liquids (ILs) are molten salts made up of an anion and an organic cation and were
discovered in 1914 by Paul Walden [89]. ILs can be both the source of iodide and the
solvent itself due to its fluidic nature and can be used as electrolytes in dye sensitized
solar cell [90, 91]. For the first time IL was tested in DSSC as electrolyte by Grarzel et
al. in 1996 because of its good chemical and thermal stability, negligible vapor
pressure, non flammability, and high ionic conductivity [92, 93]. Recently, growing
attention has been paid to ILs especially those with 1,3-dialkylimidazolium cations due
to their favorable properties [94], among the 1,3-dialkylimidazolium iodide
compounds, 1-methyl-3-propylimidazolium iodide commonly known as PMII ( Fig.
1.10) has the lowest viscosity, and its liquid domain extends down to -55 °C [95].
However, pure ILs usually has higher viscosity than that of organic solvent, which
limits the iodide/triioide diffusion /transport speed and the reduction of oxidized dye, so
the photovoltaic performance of these DSSCs is lower than organic solvents based
electrolyte [96]. The viscosity of highly viscous ILs can be lowered by mixing with
low viscosity ILs. However, IL are still in the form of liquid, so facing same sort of
problems of sealing and leaking like organic solvent based electrolytes in DSSCs. Thus
the resulted DSSC is not stable for long time. Furthermore the overall power
conversion efficiencies of ILs based electrolytes is lower than organic solvent based
electrolytes/DSSCs. Therefore, researchers are investigating solid-state or quasi-solid-
state electrolytes to replace liquid electrolytes of DSSC, to develop stable and efficient
DSSCs.

IQ/\/CH3
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Figure 1.10: The chemical structure of 1 Methyl-3-propylimidazolium iodide (PMII)
[97],
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C) Solid State Electrolytes
There are mainly two kinds of solid state electrolytes used in DSSCs so far 1)
Hole transport materials (HTMs) and 2) Solid state electrolyte containing iodide/tri-

iodide redox couple.

C.1 Hole Transport Materials (HTMs)

These HTMs work as a mediator (electrolyte) in DSSC without the addition
iodide/tri-iodide redox couple [77]. The original state of the dye is subsequently
restored by electron donation from the hole conductor in DSSCs. The hole conductor is
regenerated in turn at the counter electrode, and the circuit is completed via electron
migration through the external load [98]. Inorganic hole transport materials such as Cul
was used as HTM in DSSC and obtained power conversion efficiency of 2.4 %. Beside
the lower power conversion efficiency, the inorganic HTMs stability is quite poor, even
worse than the traditional organic based DSSCs. Organic material such as Spiro-
OMeTAD used as HTM in DSSC and achieved power conversion efficiency of 3.2 %.
Organic or inorganic HTM as a mediator for DSSCs cannot satisfy the practical

application either due to their low power conversion efficiencies or stability issues.

C.2 Solid State Electrolyte containing lodide/Tri-iodide redox couple

In this case a redox couple dispersed in solid state material and used as solid
state electrolytes in DSSC for example Stergiopoulos et el dispersed /173 redox couple
into binary polyethylene oxide (PEO) /TiO; nanoparticles mixture [99]. The addition of
the titania filler into PEO matrix reduces the crystallinity of the polymer and enhances
the mobility of the I'/I'3 redox couple and increasing the power conversion efficiency up
to 4.2%. The [I/Is based solid state electrolyte showed higher photovoltaic
performance than that using HTMs is due to the fact that the I" /I'3 can efficiently
convert oxidized sensitizers to ground state [77]. This kind of solid state electrolyte
show higher photovoltaic performance than HTMs is due to the fact that the I/I'3 can
efficiently revivify oxidized dyes but still its efficiency is much lower than organic

based electrolytes DSSC.

D) Quasi Solid State Electrolyte or Gel Electrolyte
The quasi-solid state electrolyte, or gel state, is a particular state of matter,

neither liquid nor solid or conversely both liquid and solid [77]. The incorporation of
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organic materials (polymer) or inorganic material (SiO,) or combination of both types
of material either in organic solvent based electrolyte or in ionic liquids to solidify them
is called quasi solid sate electrolyte or gel electrolyte. Michael Gratzel et al. reported
for the first time the incorporation of nanoparticles (SiO;) into ionic liquids based
liquid electrolytes achieving 7% of efficiency with ionic liquids based liquid
electrolytes and 7% efficiency with  SiO, nanoparticle based quasi solid state
electrolytes [100]. After this several type of materials e.g. methacrylate or
polyvinylidene fuoride-co-hexafuoropropylene (PVDF-HFP), poly ethylene oxide,
PMMA and carbon based material e.g. CNT, graphite and carbon black were
incorporated in liquid electrolytes and used as quasi solid state electrolytes in DSSC.
Singh et al. [101], incorporated polyethylene oxide into ionic liquid (1-ethyl 3-
methylimidazolium trifluoromethanesulfonate) and further added Nal and I, to this
system and achieved power conversion efficiency of 2.45%. Li et al. prepared a quasi-
solid electrolytes by using poly (acrylonitrile-co-styrene) as polymer matrix,
acetonitrile and tetrahydrofuran as binary organic mixture solvent, Nal + I, as
electrolyte, graphite powder and 1-methylimidazole as additives [102]. They obtained
power conversion efficiency of 3.16 % and 3.25% with liquid electrolytes and quasi
solid state electrolytes/DSSC respectively. The conversion of liquid electrolyte to gel or
quasi solid state electrolytes has some advantages, for example, can stop the leakage
and some nanomaterials (e.g. CNT or graphite) also increase the light conversion
efficiency of DSSC. Therefore, quasi-solid state electrolytes/DSSCs have received

much attention and widely investigated.

1.5.3.4 Sealing Materials of DSSC

Long-term stability is a key parameter for any type of solar cells. To meet this
requirement, the cell must be intrinsically and extrinsically stable under elevated
temperature, cyclic changing temperatures, exposure to humidity and prolonged
illumination. Penetration of water and oxygen and escape of solvent molecules are
typical examples for extrinsic factors [60]. The sealing material is needed to prevent the
leakage of electrolyte and the evaporation of solvent. The sealing material should be
chemically and photochemically stable against the electrolytes components such as
iodine and the solvent present in electrolytes. Surlyn (Du Pont),a copolymer of ethylene

and acrylic, meets these requirements [103]. The sealant frame place between WE and
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CE and typically laminated together on a hot plate. Surlyn also acts as a spacer between
WE and CE to prevent the cell from short circuiting. There is another method so-called
glass frit technique, which could also be used but it requires high temperatures (400
°C), that is likely to cause the degradation of dye. So in this case the dye adsorption is
done after sealing but this techniques required several step and components for dye and
electrolytes filling. Therefore, this method is not really suitable for a large scale
production. Due to the direct relevance to the manufacturing of commercial products,
little is published about sealing issues [104]. The intrinsic stability of DSSC is related
to test the thermal stability of the sensitizer, the electrolyte and the Pt-coated counter
electrode under International Electrotechnical Commission (IEC) test standards [105].
In this case the stability is not directly related to sealing materials but the DSSC should
be perfectly closed/sealed to find the intrinsic stability [60].

1.6 Operating Principles of DSSCs

This section describes the operating principles of DSSCs. Dye-sensitized
solar cell (DSSC) device physics is different from traditional p—n junction type solar
cells in many way. Figure 1.11 shows schematic energy diagram of a DSSC. We can
summarize the the photo conversion process of a DSSC in following different steps

[106].
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Figure 1.11: Schematic energy diagrams and operating principles of DSSC [107].

e Sunlight enters through the working electrode of a DSSC and the

photosensitizers absorb the incident photon flux (hv).
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e The photosensitizers are excited from the ground state (S) to the excited
state (S*), from where it inject, within femto seconds, an electron into the
conduction band of the TiO,, resulting in the oxidation of the

photosensitizer (S*).

e Injected electrons in the conduction band of TiO, are transported
between TiO, nanoparticles with diffusion toward the back contact (TCO)
and consequently reach the counter electrode through the external load

and wiring.

e The oxidized sensitizers (S) accept electrons from the I" ion redox
electrolyte and regenerating the ground state of sensitizers (S), and I is

oxidized to [ state.

e The I'; diffuses toward the counter electrode where it is reduced to I’

10ns.

The chemical reactions going on in the DSSC can be summarized as follows.

() Behe - ——* S* Photon absorption

2) S* —> S+ (TiOy) electron injection

@l B+ T * B+ Iy Regeneration of photosensitizer
4) I;t2e ———» 3T I'3reducedto I’

Overall, electric power is generated without permanent chemical
transformation. The performance of a DSSC is predominantly based on four energy
levels of the component: the excited state (approximately LUMO) and the ground state
(HOMO) of the photosensitizer, the Fermi level of the TiO, electrode, which is located
near the conduction-band level, and the redox potential of the mediator (I /I 3) in the
electrolyte. The photocurrent obtained from a DSSC is determined by the energy
difference between the HOMO and the LUMO of the photosensitizer, analogous to the
band gap, Eg, for inorganic semiconductor materials. The smaller the HOMO-LUMO

energy gap, the larger the photocurrent will be because of the utilization of the long-
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wavelength region in the solar spectrum. The energy gap between the LUMO level and
the conduction-band level of TiO,, AE,, is important, and the energy level of the
LUMO must be sufficiently negative with respect to the conduction band of TiO, to
inject electrons effectively. In addition, substantial electronic coupling between the
LUMO and the conduction band of TiO; also leads to effective electron injection. The
HOMO level of the complex must be sufficiently more positive than the redox potential
of the I /1’3 redox mediator to accept electrons effectively (AE,). The energy gaps, AE,
and AE,, must be larger than approximately 200 mV as driving force for each of the
electron-transfer reactions to take place with optimal efficiency [108]. A series of
recombination reactions compete with the forward reactions in the DSSC. When
electrons injected from the excited state of the dyes into the conduction band of the
TiO,. The injected electrons have two possible recombination pathways, cither reduce
to 1) the oxidized dye molecules to ground state 2) or I3 ion to I" ion [109]. Such
charge recombination leads to losses in both the short-circuit current (Jsc) and the open-
circuit voltage (Voc), resulting in the decrease in efficiency of DSSC [110]. Various
approach were introduced to reduce the possible charge recombination pathways
occurring at the semiconductor/ dye/electrolyte interface such use of additives which
have been co-adsorbed onto the semiconductor surface to improve the photovoltaic

performance (Jsc and Voc) of DSSCs [110].

1.7 Introduction and Application of CNTs in DSSCs

1.7.1 Introduction to Carbon Nanotubes (CNTs)

The word carbon has been derived from Latin carbo meaning coal or charcoal
[111]. Carbon as charcoal, soot and coal has been used since prehistoric times. For
centuries, carbon was considered to have two crystalline allotropic forms i.e. diamond
and graphite. However, in recent decades many more allotropes and forms of carbon
have been discovered such as wrapped 0D buckyballs (fullerenes), the rolled 1D
nanotubes and 2D sheet of graphene [112]. The carbon atoms in diamond are arranged
of sp3 bonds (which arises from the mixing of one s and three p orbitals). While carbon
atoms in graphite, CNTs and graphene are arranged of sp” bonds, and the fourth
electron in unhybidized P, orbital allowed to be delocalized among all atoms. Carbon

nanotubes (CNTs) have been discovered and characterized in 1991 by lijima from NEC
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laboratories [113]. CNTs are sheets of graphene rolled up as hollow cylinders. CNTs
can be classified as 1) Single walled carbon nanotubes (SWCNTs) (Fig.1.12.A) and
multiwalled carbon nanotubes (MWCNT) (Fig.1.12.B). A single walled carbon
nanotube is a single rolled graphene sheet. The diameter of a SWCNT is between 0.4—4
nm [114]. MWCNTs, with several concentric shells (2-50 layers) [115]. MWCNTSs can
have diameters from 2 nm-100 nm and lengths of up to micrometers [116]. Based on
the rolling up pattern of graphene sheet there are three possible types of CNTs. Shown
in Figure 1.13 A, B, C are the armchair, zigzag and chiral CNTs respectively. The
structure of SWCNTs strongly influences their electronic properties. SWCNTs are
either electrically conductive or semiconducting. Two-thirds of zigzag and chiral
nanotubes behave like a semiconductor, whereas one-third of these nanotubes (with
different diameters), and all armchair nanotubes (independent of diameter), have
electrical conductivity as good as that of a metal [117]. Therefore, SWCNT is known to
exhibit metallic or semiconducting property. This is, however, not the case for
MWCNT which consist of two or more concentric rolled graphene sheets, all
MWCNTs have metallic nature [118]. Because of its large diameter, the shells of an
MWCNT would be conductive even if they are of semiconducting chirality [116].
CNTs are unique nanoscale objects with the combined advantages of large surface area,
high electrical conductivity, and chemical stability [119] that make them excellent

candidates for a variety of application.
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A

Figure: 1.12.A) SWCNTS and B) MWCNTs [120].

Figure 1.13: SWCNTs type A) armchair, B) zigzag and C) chiral [121].
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1.7.2 Application of CNTs in DSSC

CNTs have found following application in DSSC so far.
1) As a electrocatalyst in CE
2) CNTs-TiO; composite/WE

3) As a filler in electrolytes

1) As a Electrocatalyst in CE

Several research groups reported CNTs as an electrocatalysts in CE for DSSC
due to their rapid electron transfer kinetics, large surface area, and electrocatalytic
activity toward tri-iodide reduction. Lee et al. reported that MWCNTs can be used as
efficient electrocatalysts for tri-iodide reduction in DSSCs. They achieved power
conversion efficiencies of 7.67 % and 7.83 % with MWCNTs/FTO and PYFTO based
CEs/DSSCs respectively [119]. Various CNTs based composites materials were also
used as electrocatalysts in CE of the DSSC [122]. Yun et al. used MWCNTs and
conducting polymer (PEDOT: PSS) composite as electrocatalysts in CE. The DSSC
with MWCNT/PEDOT: PSS composite /FTO-CE showed power conversion efficiency
of 5.4 % compared to power conversion efficiency of 7.1 % with PUFTO based CE
[123]. They also reported that MWCNTs-PEDOT: PSS composite /CE shows good
performance due to improvement in the electrical conductivity and catalytic activity

than pristine PEDOT: PSS film/CE.

2) CNTs-TiO; composite/ WE

Several papers have reported an increase in power conversion efficiencies of
DSSCs by the incorporation of CNTs into TiO, film of the WE. Lee et al. reported that
incorporation (0.1 wt %) MWCNTs into TiO»/WE increased power conversion
efficiency from 4% to 5.02% [124]. The value of Jsc increased from 7.96 mA/cm” to
9.08 mA/cm?, Voc value increased from 761 mV to 781 mV and FF increased from
0.68 to 0.70. The researchers found that the charge recombination between injected
electrons and electron acceptors in the redox electrolyte, I’ was remarkably retarded.
Weng et al. reported TiO; and MWCNTs (0.3 wt %) nanocomposite WE for DSSC
which was obtained by the modified acid-catalyzed sol-gel procedure [125]. MWCNTs
would improve the roughness factor (from 834 to 1267) of the WE and the reduced
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charge recombination of electron. However, a higher loading of MWNTs causes light-
harvesting competition that affects the light adsorption of the dye-sensitizer, and

consequently reduces the cell efficiency.

3) As a Filler in Electrolytes

CNT have also been incorporated in ionic liquid electrolytes to prepare gel or
quasi solid state electrolytes. Usui et al. dispersed SWCNTs (1 wt %) and MWCNTs (1
wt %) individually into 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)
imide (EMIm-TFSI) ionic liquid electrolyte by grinding [126]. The resulted gel
electrolytes of CNTs- EMIm-TFSI shows increased in their viscosity as well as their
electric conductivity also increased. The power conversion efficiencies were increased
from 4.21 % (pure ionic liquid) to 4.60 % with SWCNTs and 4.79 % with MWCNTs
based gel electrolyte-DSSCs. Ikeda et al. [127] fabricated quasi solid-state electrolytes
by incorporation of SWCNTs (6.97 wt %) and MWCNTs (6.97 wt %) to the IL, 1,3-
diethyleneoxide derivative of imidazolium iodide and they obtained power conversion
efficiencies of 1.63% and 1.01% with SWCNTs and MWCNTs based quasi solid
state/DSSCs respectively. The mixing yielded CNT-EOImI composite in the form of a
highly viscous black paste which is clay-like sohid state and is free of volatile
components. They obtained power conversion efficiencies of 1.63% and 1 % with
SWCNTs and MWCNTs based quasi solid state electrolytes/DSSCs respectively. They
found that SWCNTs works best over other kinds of carbon based quasi solid
state/DSSC. By adsorption of oxygen in air, semiconducting SWCNT tends to exhibit
p-type nature in conduction and current rectification [128, 129]. This would indicate
that the SWCNTSs can function like a hole conductor in junction with the surface of
dye-coated n-type TiO,. It has also been shown that SWCNTSs also works as an efficient
electrocatalyst in the CE of the DSSC[130]. While MWCNTs has lack current
rectification ability, back electron transfer (short-circuiting) matters at the surface of
carbon in contact with dye coated TiO,, which significantly reduce the Jsc value. This
is assumed to be a main reason why SWCNTs enable to achieve relatively high

performance in Jsc and Voc.

25



Chapter 1 Introduction

1.8 Introduction and Application of Graphene in
DSSCs

1.8.1 Introduction to Graphene
The remarkable properties of graphene include high specific surface area
[131], high mechanical strength, unparalleled thermal and electricity conductivity [132-
134]. Furthermore, it was reported that the production cost of graphene in large
quantities could be much lower than that of CNTs [135], therefore graphene has
emerged as a rapidly rising star in the field of material science [136]. It is the thinnest
known and the strongest ever measured material in the universe [137]. Graphene
(fig.1.14 A)is a one-atom-thick planar sheet of sp’ bonded carbon atoms that are
densely packed in a honeycomb crystal lattice [138]. Graphene is extracted from
graphite while graphite consists of layers of carbon atoms arranged in a hexagonal
lattice (1.14 B). Each carbon layer in graphite is bonded to a carbon layer above and a
carbon layer below through van der Waals forces while each carbon atom is covalently
bonded (sp>-bonded carbon) to three other atoms within each graphite layer. Graphene
can be also considered as a basic building block for carbon nanomaterials of all other
dimensionalities including the wrapped 0D buckyballs (fullerenes) the rolled 1D
nanotubes and the stacked 3D graphite [138].
A

Graphite structure

0.14 nm

Covalent bonds

| bonds

0.34 nm

Figure 1.14: A) Schematic structure of graphite [139] and B) schematic structure of
graphene [140].
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Until now, several physical and chemical methods have been developed to produce
individual graphene or chemically modified graphene. For example ‘The Scotch Tape
Method” which was developed in 2004 by a group of researchers in the University of
Manchester [141]., remains to be the most popular and successful in producing single
or few layers of graphene. Although graphene can be obtained by this method but the
yield is extremely low [136]. Graphene can be synthesised by oxidization of graphite,
followed by exfoliation in water, to give aqueous dispersions of graphene oxide (GO)
[142]. GO faces some significant disadvantages such as GO is a poor electrical
conductor [143]. The oxides can be removed by using reducing chemical agents [144]
(such as hydrazine hydrate, dimethyl hydrazine and hydroquinone), and thermal
reduction [143]. The reduction of GO results in graphene but it cannot remove many
structural defects introduced by the oxidation process [143] making this material
unsuitable for many applications. Therefore all these mentioned methods are not
suitable for practical application either due to very low production or structural defects
formation in graphene. Recently Khan et el [145] have developed a method to prepare
graphene dispersions at high concentrations, up to 1.8 mg/ml, with yields of up to 4 wt
% monolayers without oxidation and defect formation. This process relies on low-
power sonication for long time. This method has some advantages such as low cost and
simple preparation process make them a best choice for certain application. The
graphene and graphened based material research is still in its relative infancy, and the
application of graphene has just begun. Thus, many properties of graphene are not fully

understood. Therefore diverse applications are yet to be explored [136].

1.8.2 Application of Graphene in DSSCs
Graphene have found following application in DSSC so far:
1) As a transparent electrode in WE

2) As catalyst in CE

1) Transparent Conductive Electrode/WE

Graphene might replace the TCO of WE in the DSSCs because graphene films
shows excellent electrical conductance, reasonable transparency in both the visible and
near-infrared regions, furthermore graphene shows high chemical and thermal

stabilities [146]. Xuan et al. used exfoliated graphite oxide as starting material,
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followed with thermal reduction, they obtained a graphene film with a thickness of 10
nm  with transparency of higher than 70% and a conductivity of 500 S cm™ [46]. They
used this transparent electrode as WE in DSSC, this was the first attempt to use
graphene film to replace the FTO of the WE. Although the photovoltaic performances
of this graphene-based WE was not as good as that of the FTO-based WE (reference
DSSC). However the authors suggested that there is still large room left for further

improvement in the graphene based transparent electrode for WE of the DSSCs.

2) Graphene as Electrocatalyst in CE

Graphene was also expected to be a promising material for CE in DSSC due
to its excellent electrical conductivity and good catalytic activity toward iodide-tri-
iodide redox couple [147]. Therefore, several groups have explored graphene-based Pt
free CEs for DSSCs. The power conversion efficiencies of graphene based counter
electrodes-DSSC vary from 0.7 to 6.8% as shown in Table 1.1. The variation in the
power conversion efficiencies with graphene based CE is mainly due to the utilization
of different methods and techniques for graphene synthesis and graphene film
preparation respectively. W. Zhang et al. reported graphene based CE for DSSC and
they achieved power conversion efficiency of 6.8 % compared to the power conversion
efficiency of 7.59 % with standard Pt based CE/DSSC [148]. Graphene nanosheets
(GNs) were synthesized by a hydrazine reduction of exfoliated graphene oxide and the
GNs were dispersed in a mixture of terpineol and ethyl cellulose and deposited FTO
glass substrate by screen-printed process, followed by annealing at various temperature
in air. In this work the authors claimed that the annealing temperature used for the
graphene-based counter electrode exhibited a remarkable effect on the performance of
DSSCs. They reported that optimized annealing temperature was 400 °C, at which the
best power conversion efficiency (6.8%) was achieved. The researchers also found that
there was a trade-off between enhancing the adhesion and increasing the electrical
conductivity of the graphene film on the FTO glass substrate by the annealing treatment
in air. When the annealing temperature was higher than 400 °C, the GNS film was
easier to peel off from the FTO substrate due to the presence of fewer organic binders
(terpineol and ethyl cellulose), which were burned out at high temperatures, causing a
higher Rct in the CE of the DSSC. Kaniyoor et al. also reported graphene based CE for
DSSC where graphene was prepared by thermal reduction of graphite oxide. Graphene

were dispersed in nafion and ethanol solution and deposited on FTO glass substrates by
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drop casting. They achieved power conversion efficiencies of about 2.82% and 3.4%
with graphene based CE and Pt-based CE/ DSSCs respectively [68].

Table 1.1: Shows the published reports of the photovoltaic parameters of DSSCs
fabricated with graphene based CE (grphene/TCO).

CE type |]J se(mA/cm’) | Voc(V) ¥ Efficiency% | Ref.
Graphene 16.98 0.747 0.53 6.98 [148]
Graphene 6.12 0.640 0.56 2.19 [149]
Graphene 5.60 0.700 0.60 2.30 [150]
Graphene 7.70 0.680 0.54 2.82 [68]
Graphene 6.42 0.700 0.16 0.74 [151]

Various graphene based composites were also used as electrolcatalyst in the
CE of the DSSCs. Lee et al. used graphene/PEDOT composite as CE in DSSC. The
DSSC with such a graphene/PEDOT composite counter electrode showed a power
conversion efficiency of 6.26%. The incorporation of graphene into PEDOT increased
the electrical conductivity as well as electrocatalytic activity of the composite
film.[152] Bajai et al. deposited Pt nanoparticles on graphene layers and revealed that
the amount of Pt loading had a remarkable influence on the efficiency of the resulting
DSSCs [153]. An optimal Pt loading (27.43%) was found. The DSSC with the
optimized Pt/graphene counter electrode not only contained a lower amount of Pt, but it
also exhibited improved conversion efficiency. The efficiency improvement was

attributed to the increase in the graphene sheet defects caused by Pt.

3) Graphene-TiO, Composite / WE

The performance enhancement of DSSCs as a result of the graphene
incorporation into TiO, semiconductor was demonstrated by several groups [154-156].
Yang et al. reported chemically reduced graphene oxide-TiO, composite/WE for
working electrode in DSSC [155]. They found that 0.6 wt%, the graphene incorporation
in TiO; layer led to a faster electron transport and a lower recombination, together with
a higher light scattering. On the basis of these advantages, graphene-TiO; composite

based WE has shows increased in the short circuit current density by 45% without

29



Chapter 1 [ntroduction

sacrificing the open-circuit voltage and obtained the power conversion efficiency of
6.97%, which was increased by 39%, compared to power conversion efficiency of

5.01% with pure TiO; based WE/DSSC.

1.9 Aims and Objectives of Thesis

It 1s well established that the commercialisation of DSSCs requires
improvement in three areas: power conversion efficiency, long-term stability, and low
fabrication costs. Thus, the main goal of this thesis is to improve the power conversion
efficiencies and long term stabilities of DSSCs by using low cost and easily available
material. Traditionally DSSCs use organic solvent based electrolytes which gave higher
power conversion efficiency up to 11 % but the use of organic solvent based
electrolytes has facing some serious issue of stability which is limiting the long term
performance and practical use of DSSCs. Lee et al. reported incorporation of SWCNTs
in to binary ionic liquids and resulted quasi solid state electrolytes was tested in DSSC
and they achieved the power conversion efficiency of 3.49 % [157]. Although
SWCNTs based quasi solid state in DSSC showed superior stability than organic based
electrolyte based DSSC but SWCNTs is very expensive. So the challenge is to replace
SWCNTs with low cost material. Hence one of the objectives of our work is to replace
the SWCNTs of IL bases quasi solid state electrolytes with low cost but effective
material. Graphene was our choice material as it has remarkable properties including
high specific surface area, thermal and electricity conductivity [132, 158-162].
Furthermore, it was reported that the production cost of graphene in large quantities
could be much lower than that of CNTs. Graphene was prepared according to
procedure developed by Khan et al. [145]. Therefore we plan to use graphene,
SWCNTs and mixture of SWCNTSs plus graphene as additives (filler) to IL, 1-propyl-3-
methylimidazolium iodide (PMII) to make quasi solid state electrolytes for DSSCs.

Another objective of our work is exploring the mixture of ILs as potential
electrolyte for DSSCs. We plan to use the low viscosity IL (EMISCN) to mix it at
various wt % with high viscosity IL (PMII) in order to find the optimal binary IL
combination for efficient DSSC. We aimed to develop new quasi solid state
electrolytes, which could be prepared by the addition of SWCNTs, graphene , hybrid
SWCNTs+ graphene into optimized binary IL. It is expected that dispersion of various

carbon based nanomaterials should improve in binary IL based quasi solid state
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electrolytes. Also we anticipate that the enhanced diffusion and redox processes in new
electrolytes and as a result the further improvement of power conversion efficiencies of
DSSCs.

There is another problem which should be overcome i.e. cost of CE of the
DSSC. For example, Pt based CE accounts for approximately 25~35% of the overall
price of DSSCs [163] and its high cost limits the mass production of DSSCs. Therefore
it is extremely important to find new cost effective materials and approaches to replace
the Pt of the CEs. Carbon based nanomaterials such as carbon nanotubes and graphene
has been used as electrocatalyst materials in CE of the DSSC. However the power
conversion efficiency of DSSCs using carbon nanomaterail based CEs has been found
to be lower as compared to Pt ones [164]. Furthermore, carbon based nanomaterials
(CNTs or GNPs) have a very low adhesion to TCO and glass substrate surfaces [165].
Thus, our aim is to address these issues by introducing and investigating composite
films of CNTs, GNPs type 3 and hybrid of CNTs + GNP type 3 plus PEDOT: PSS
composite as electrocatalysts to replace Pt of the CE of the DSSC. It is expected that
the addition of PEDOT: PSS could enhance the adhesion and electrocatalysts properties
of these various carbon based composite films.

Another objective of our work is to investigate various types of composite
films by addition of three types of GNPs into PEDOT: PSS dispersion, which should
simultaneously replace the Pt as well as TCO of the CEs of the DSSCs. It is well
known that an addition of organic solvents with high boiling point significantly
improves the electrical conductivity of PEDOT: PSS by up to 2 or 3 orders of
magnitude [166-169]. Therefore, we plan to add the NMP (10 vol %) to PEDOT: PSS
dispersions and then add various types of GNPs to theses NMP diluted dispersions. We
believe, that the addition of NMP to the PEDOT: PSS dispersion will also improve the
dispersion of GNPs and as a result the composite films should show enhanced
conductive properties compared to pure PEDOT: PSS film/CE.

To further improve the power conversion efficiency of DSSC, it is necessary
to provide an efficient electron transport across the TiO; film and to reduce or eliminate
the charge carriers recombination process. Therefore, our other aim to investigate the
effect of GO and GNPs type 2 onto the TiO; film of the WE in order to enhance the
power conversion efficiency of DSSC. It is expected that the introduction of highly
electrically conductive GNPs into TiO; film/WE should reduce the charge

recombination at the TiO, nanoparticle-electrolyte interface due to a faster electron
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transport. Furthermore it is also expected that GNPs type 2 would also enhance the
conductivity within TiO; nanoparticle film and facilitate an electron transport between

the T1O, and the FTO substrate.
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