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Abstract
The pressure on governments to find alternative energy sources which are cheaper,
sustainable and also less polluting, has triggered a significant amount of research into solar
cells. Conventional solar cells are mainly based on silicon, but the cost of production and
materials of these types of devices is high. Dye sensitised solar cells (DSSCs) are an
alternative type of solar cell that uses cheaper components. Since their discovery in 1991,
many research groups across the world have investigated this type of device in an attempt
to understand and optimise their operation. There are several factors that limit the
performance of these devices, such as corrosion of the counter electrode, leakage of the
commonly used molecular liquid electrolyte and insufficient light absorption by the
sensitisers.
The aim of this research was to synthesise and characterise novel ionic liquids for use as
the electrolyte in dye sensitised solar cells, and also understand the behaviour of
commonly used ionic liquids, such as the imidazolium-based family, when in contact with
the TiO2 photoanode layer.
New phosphonium ionic liquids were synthesised for use as electrolytes in DSSCs.
Different

anions

such

as

tetrafluoroborate,

hexafluorophosphate,

dicyanamide,

bis(trifluoromethanesulfonyl)amide, thiocyanate and bis(fluorosulfonyl)imide, combined
with different asymmetric phosphonium cations, were used to prepare either ionic liquids,
or solids that show plastic crystal behaviour. The chemical and physical properties of these
phosphonium ionic liquids were measured and they all show relatively good thermal
stability, except for the bis(fluorosulfonyl)imide series. They also exhibit good ionic
conductivity and are considered to be “good” ionic liquids according to their position on
the Walden plot.
These new phosphonium ionic liquids were utilised as electrolytes in dye sensitised solar
cells using dithienothiophene organic dyes, and the results compared to those obtained
using the common ruthenium-based dyes. The effect of film thickness, scattering layer and
particle size were investigated with the organic sensitisers. With these new
dithienothiophene sensitisers, a thin (2 μm) transparent TiO2 layer with a scattering layer
of ~ 6 μm is the optimum for the device to perform well. The addition of
chenodeoxycholic acid in the dye bath showed an improvement in device efficiency.
XIV

Addition of small amounts of solvent such as water, valeronitrile or tetraglyme are also
discussed.
These novel phosphonium ionic liquids show promising behaviour in these cells. The best
device performance was achieved with the least viscous phosphonium ionic liquids
containing the methoxy group on one of the alkyl chains. The power conversion
efficiencies using these dithienothiophene dyes were all > 5 % under full sun and > 6 % at
low sun intensity.
In order to understand the behaviour of ionic liquids in dye sensitised solar cells, the effect
of this class of material in contact with the semiconductor was investigated by
measurement of flatband potentials. Depending on the “acidity” or “basicity” of the neat
ionic liquids, the position of the conduction band edge of the semiconductor is shifted. The
purity of the ionic liquid is also a very important factor as it can affect the position of the
flatband potential of the TiO2-ionic liquid junction. For example, C2mimBF4 gives two
different flatband potentials depending on the quality of the ionic liquid from the supplier.
The effects of acid treatment and the addition of additives such as lithium iodide and Nmethylbenzimidazole to the ionic liquid were also investigated. As expected, addition of
small ions such as Li+ or H+ shift the flatband potential towards more positive values,
whereas the presence of

basic materials such as 4-tert-butylpyridine or N-

methylbenzimidazole gives more negative potentials. These additives as well as the ionic
liquids play an important role in dye sensitised solar cells, especially on the open circuit
voltage.
The use of imidazolium, ammonium and phosphonium based ionic liquid electrolytes was
also investigated with porphyrin sensitisers and transient spectroscopy measurements were
performed to elucidate the influence of the ionic liquid on the device performance.
Another interesting class of materials, which are related to the family of ionic liquids
studied here, are the organic ionic plastic crystals. These were investigated as potential
solid electrolytes in dye sensitised solar cells. It is the first time that these materials have
been successfully used in DSSCs. Relatively good performance was obtained with an
electrolyte based on the organic ionic plastic crystal, C1mpyrN(CN)2. Performance of > 5
% was obtained with Ruthenium as the sensitiser under full sun intensity.

XV

Finally, the use of another type of solid electrolyte based on succinonitrile was investigated
with both the porphyrin sensitiser (P159) and with a ruthenium based sensitiser (N719).
Over 5 % efficiency was achieved at low sun intensity with the porphyrin dye. This is the
first time that such a good performance has been obtained with a solid electrolyte in
porphyrin based DSSCs.
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1. Introduction

Chapter 1
Introduction
Today, with population growth expected to double by 2050,1-3 the future global economy is
likely to consume even more energy due to rising energy demand, especially from
developing countries. Fossil fuels are our primary energy source. The impact of using such
sources of energy has been linked to an increase in global CO2 emissions at a projected rate
of 1.8 % per year.1 CO2 emissions are having a negative impact on the world climate,
causing global warming (an increase of average temperature by 0.8 °C since 18804) leading
to side effects such as an increase in sea level, intensified hurricane activity and drought.5
The total utilisation of all energy sources is shown in Figure 1.1. The consumption of fuels
is predicted to increase by 50 to 100 % by 2030. At present, fossil fuels are the largest
supply of energy worldwide, providing for 86 % of the world’s energy consumption and
this is predicted to decrease by 3 % by the year 2030.6 The use of renewable energy
technologies are expected to continually grow.

Figure 1.1: World energy demand by fuel, 1980-2030 (Btu –British thermal unit)6
1
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At present, the world energy demand is around 14 TW (TeraWatts) and is expected to go
up to 28 TW by 2050.7 Our society’s predominant reliance on fossil fuels is causing a huge
impact on the environment. Alternative means of producing energy that are more
environmental friendly, cheaper and accessible, are desperately needed.
If we want to accommodate for the rising energy demand, nuclear energy is one such
solution. Nuclear energy in itself provides 15 % of the world’s electricity. In Europe alone,
nuclear is a primary mean of supplying electricity, with France being the highest consumer
at 78 %.8 Nuclear energy in the short term can reduce the amount of CO2 emitted, but at a
considerable cost. The radioactive by-product formed and its disposal is a huge burden, not
only in terms of disposal, but also lifetime of the waste. Aside from these negative aspects,
there are ongoing costs for the maintenance of the nuclear reactor.
Renewable energy is thus an important way forward. Solar energy (photovoltaic) is one
such technology which offers a simple alternative to both nuclear and fossil fuels. The
existing photovoltaic technology is quite expensive. To reduce its cost, further research and
development is required in this field to make this technology viable for the public as well
as industry.
Other types of renewable energy which can supply the remaining demand include wind,
biomass, geothermal, tidal and hydroelectric. These technologies have a minor impact on
the environment, but the power output produced is quite low and can be variable.
Silicon photovoltaic cells are well known but the production costs of these devices remains
a barrier to their widespread use. One attractive and well known alternative photovoltaic
device is the dye sensitised solar cell (DSSC). It was developed by Professor Grätzel at
EPFL in 1991.9-10 The DSSC is composed of five main components: the substrate
(transparent conductive glass), the photoelectrode (semi conductor film), the dye, the
electrolyte and the cathode. The full description of this technology is given in Chapters 2
and 4. An impressive solar light-to-current conversion efficiency of 11 % was recently
obtained using a DSSC with a liquid based electrolyte.11 The attractive aspects of these
types of devices are that the materials are cheap and the fabrication costs are low when
compared to conventional silicon solar cells.
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Silicon solar cells require highly pure and crystalline materials; any trace of impurities or
defect will drastically lower the performance of such devices. The capital cost of building
plant to manufacture silicon based devices is thus very high.
The dye sensitised solar cell technology has greatly progressed in the last couple of years
and DSSCs with an efficiency of 8 % are being commercialised by Dyesol 12 and other
Japanese13 and European14 companies.
Even though an impressive 11 % efficiency was recently obtained, there are still many
problems associated with the organic solvent electrolyte, especially in terms of long term
stability at elevated temperatures. The liquid electrolyte causes technological issues such as
the desorption of the dye and degradation of the cell. There are also other factors that limit
the performance of the DSSC, such as corrosion of the counter electrode by the
iodide/triiodide redox couple, leakage of the electrolyte, and insufficient light absorption
by the sensitizers.
To resolve some of the above problems, alternative electrolytes need to be found to replace
the liquid one. Thus, the objective of this work is to investigate new electrolytes for dye
sensitized solar cells. This thesis concerns the preparation and characterization of organic
salts which form ionic liquids and organic ionic plastic crystals; these electrolyte materials
are then tested in various DSSC cell types.
In Chapter 2, a brief description concerning the development of photovoltaic devices will
be provided as well as a commentary on the progress and the “discovery” of newer
technologies such as DSSCs. Ionic liquids are another field which has attracted the
attention of a broader segment of the scientific community and the application of these
“new” class of materials in electrochemical devices will be discussed.
Chapter 3 concerns the analytical methods used to characterise the synthesised ionic
liquids. A full description of equipment used will also be given.
In Chapter 4, the assembly of the DSSC at a laboratory level will be described. The
techniques used to evaluate the performance, as well as understanding function, will also
be described.

3

1. Introduction

Chapter 5 will focus on trying to understand the effect of ionic liquid at the semiconductorelectrolyte interface. Electrochemical techniques, such as electrochemical impedance
spectroscopy, are used to determine the flatband potential of the TiO2 in contact with the
ionic liquid. UV-spectroscopy is another method that has been used to determine the
flatband potential. How the flatband potential of the TiO2 is affected by addition of
“impurities” is also investigated.
Chapter 6 concerns the synthesis of novel low viscous phosphonium ionic liquids. The
physical properties of these ionic liquids that were characterised using various analytical
methods will be discussed.
Chapter 7 concerns the use of these novel phosphonium ionic liquids with new
dithienothiophene dyes in dye sensitised solar cells. For the first time, a phosphonium ionic
liquid is shown to provide very high performance in a DSSC.
Chapter 8 investigates the use of imidazolium based ionic liquids with porphyrin
sensitisers in DSSCs. The effect of different anions was investigated, as well as the effect
of acid treatment.
Chapter 9 investigates the use of a new type of solid state electrolyte based on an organic
ionic plastic crystal. The performance is examined in the dye sensitised solar cells with
these novel electrolytes.
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Chapter 2

Background and literature review

Chapter overview

In the first part of this chapter, a brief description of the band structure and properties of
semiconductors will be discussed, followed by the photovoltaic effects produced by
different junctions. A brief history of the photovoltaic effect will also be given, before the
introduction of photoelectrochemical cells. The main focus will be on dye sensitized solar
cells. The second part will look at ionic liquids; a brief history will be given, followed by
applications of these materials in different electrochemical devices. The last part will focus
on the literature concerning the use of ionic liquids with dye sensitised solar cells.
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2.1 History of the photovoltaic effect
The photovoltaic effect (PV) which converts sunlight into electricity was first recognised
in 1839 by French physicist Alexandre-Edmond Becquerel.1 His experiment consisted of
illuminating one of the two platinum electrodes immersed in a metal halide solution. He
discovered that this gave rise to a current when the cell was illuminated. The research that
followed this discovery on the photovoltaic effect was mainly focused towards the
development in photography. In 1837, Louis Daguerre created the first photographic image
using silver iodide, and at the same time, William Henry Fox Talbot was working on the
calotype process. It was not until 1938, that a coherent and satisfactory explanation on the
photographic effect was given by Gurney and Mott, giving rise to the Gurney-Mott theory,
which is now widely accepted.
Willoughby Smith discovered the photovoltaic effect in selenium in 1873.2 In 1876,
William G. Adams discovered that illuminating a junction between selenium and platinum
produced a photovoltaic effect.3 However, it was not until 1883, that the first solar cell was
built, by Charles Fritts,4 who coated the semiconductor selenium with an extremely thin
layer of gold to form the junctions. The device was only around 1 % efficient. Russell Ohl
patented the concept of the modern solar cell in 1946.5
Albert Einstein gave a comprehensive theoretical description on the photovoltaic effect in
1904. He was awarded the Nobel Prize for describing the mechanism behind the
photoelectric effect and his theoretical explanation was verified by Robert Millikan in
1916.
The modern age of solar power technology arrived in 1954 when Bell Laboratories,6
experimenting with semiconductors, accidentally found that silicon doped with certain
impurities was extremely sensitive to light. This resulted in the production of the first
practical solar cells, with a sunlight energy conversion efficiency of around 6 %.6 This
milestone created interest in producing and launching a geostationary communications
satellite by providing a viable power supply. Russia launched the first artificial satellite in
1957, and the United States' first artificial satellite was launched in 1958.7 Russian Sputnik
3, launched on May 15th, 1957, was the first satellite to use solar arrays. This was a crucial
development that diverted funding from several governments into research for improved
solar cells.
8
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In the 1970s, the oil crisis experienced by various countries dependent on these materials
led to the development of alternative sources of energy. Photovoltaic devices were the
subject of intense research during this period, and a range of different methods of
producing efficient and cost effective devices were explored.
Today, silicon solar cells dominate the photovoltaic markets and the record efficiency for a
laboratory cell is 24.7 %.8 The efficiency of the commercial silicon solar panels can reach
15 %.9

2.2 Solid state solar cells
In this section, the photovoltaic effect that arises at different junctions will be briefly
described. Firstly, the different types of semiconductors are described, followed by the
traditional semiconductor based materials that produce the PV effect. In the second part,
the photochemical cell is introduced, with a focus on dye sensitized solar cells. The
operating systems and development of the DSSC device will also be described.
2.2.1 Intrinsic and extrinsic semiconductors
Semiconductors are a class of materials with a band gap in the range of 0.5 to 3 eV
(electron volt).4 Semiconductors can either be intrinsic or extrinsic.10 Intrinsic
semiconductors are mainly pure materials with a perfect crystal structure. Under thermal
excitation, electrons in the valence band (VB) (the highest occupied band) are excited to
the lowest unoccupied band called the conduction band (CB). Electronic transition across
the energy gap to the CB creates a hole in the VB. During the process of electron-hole pair
generation, the concentration of electrons in the CB is equal to the concentration of holes
in the VB.
When an electric field is applied the electrons and holes flow in opposite directions, with a
certain velocity, and a net current density is produced. Figure 2.1 shows a schematic
diagram of an energy band structure of an intrinsic semiconductor. The best known
semiconductor is silicon (Figure 2.1 (b)).11
On the other hand, a semiconductor in which an impurity is deliberately introduced is
called an extrinsic semiconductor. The process of adding an impurity is called doping.
There is more interest in extrinsic semiconductors due to better conductivity compared to
9
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intrinsic semiconductor, and the properties of these materials are such that they are
essential components in many electrical devices.

Figure 2.1: Schematic band structure of an intrinsic semiconductor (a) and Silicon
(b)4
There are two main types of extrinsic semiconductors. A semiconductor which has been
doped to increase the electron concentration relative to hole concentration is called an Ntype semiconductor. N-type semiconductors are produced by doping an intrinsic
semiconductor with five coordinated atoms such as phosphorus. Impurities that contribute
electrons to the conduction band are called donors. On the other hand, a semiconductor that
is doped to increase the concentration of positive charge carrier relative to the negative is
called a P-type semiconductor. P-type semiconductors are produced by replacing some of
the atoms in the crystal structure with acceptor impurity atoms such as boron.

10

2. Background and literature review

Figure 2.2: Schematic diagram of N-type and P-type semiconductors4
The function of these elements within an intrinsic semiconductor is to raise or lower the
Fermi level (Ef) as shown in Figure 2.3.12
The Fermi–Dirac distribution function, f(E), provides the probability of an energy level E
being occupied by an electron:
f(E)

1
1 e

(Eq 2.1)

(E E F ) k BT

Where EF is the Fermi energy, kB is the Boltzmann constant and T is the absolute
temperature. The Fermi energy is the electrochemical potential of the electrons in a solid,
also described as the energy level, where the probability of being occupied by an electron
is ½.11
2.2.2 Homojunctions
A homojunction4 is composed of a junction using one material but with different doping;
one doped n-type and the other doped p-type. By joining p-type and n-type semiconductors
a p-n junction is formed, as shown in Figure 2.3. Important parameters such as the energy
level of the vacuum (Evac), the energy level of the conduction band (EC) and valence band
(EV), the Fermi level (EF), the band gap( Eg), the work function (eФ), the electron affinity
(EA) and ionization energy (EI) are also labelled in the diagram.
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When the two materials are brought into contact, electrons start to diffuse from the n-type
material to the p-type material, which is the same process that occurs for holes coming
from the p-type material. The flow of carriers builds up an electric field that starts to hinder
further diffusion until equilibrium is reached. The energy band structure is shown in Figure
2.3.4
When the p-n junction is illuminated with an energy hυ > Eg, a photon is absorbed and an
electron-hole pair is generated. The charge density of the electron and hole are enhanced
above their equilibrium values and their quasi Fermi levels are separated. Due to the field
at the junction, the increase of excess carriers start to flow and can be delivered to the
external circuit.4

Figure 2.3: Illustration of the p-n junction between an n-type semiconductor and a ptype semiconductor4
The first form of solar energy technology to produce useful efficiencies and become
commercialised and commonly used is pn-silicon. As of today, this still dominates other
semiconductors, holding 95 % of the international solar cell market.
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2.2.3 Heterojunctions
The heterojunction4 is in principle similar to homojunctions except that two different
semiconductors of different band gaps are used. This photovoltaic design offers an
opportunity to prepare efficient solar cells from highly absorbing thin-film materials
without substantial losses through electron-hole recombination at the surface. CdS/CdTe13
and CdS/CIGS13 solar cells are examples of such a structure. Heterojunction
semiconductors are also used in lasers, for the conversion of nuclear energy into electrical
power and batteries.14 Figure 2.4 shows a typical band diagram for a p-n junction between
a wide band gap n-type semiconductor and a p-type semiconductor.

Figure 2.4: Illustration of a p-n heterojunction between two semiconductors with
different energy band gaps4
2.2.4 Metal-semiconductor junction
The metal-semiconductor15,

16

junction is of great importance as it is present in many

semiconductor devices. It can form either an ohmic or Schottky barrier depending on the
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position of the Fermi level. When the n-type semiconductor is brought into contact with a
metal of larger work function, an electric field is set up close to the interface. This electric
field will drive electrons from the semiconductor to the metal and holes will thus remain in
the semiconductor. Because the metal has a larger charge carrier density, band bending can
only occur in the semiconductor. The depleted space charge region is often called the
depletion region.
A typical band diagram is shown in Figure 2.5, showing the difference in Fermi level,
where the work function of the metal is larger than the work function of the semiconductor.

Figure 2.5: Illustration of the Schottky barrier between an n-type semiconductor and
a metal
An ohmic barrier occurs at the metal-semiconductor junction when the Schottky barrier is
low enough to allow the carriers to move freely in and out the semiconductor, thus creating
only a very low resistance across the junction.
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2.3 Photovoltaic devices: conventional solar cells, emerging technology and
commercialization
The aim of photovoltaic solar research and development is not only to reduce the cost of
PV cells and modules, but also to make them more efficient and competitive than
conventional ways of generating power. One way to achieve this is to increase the
conversion efficiency of the PV devices. In order to increase the efficiency, semiconductor
materials with appropriate band gap energies should be developed. Their optical, structural
and electrical properties should be properly engineered to match the solar spectrum so that
they can effectively collect charge and better utilize the solar spectrum.
Silicon is the most widely used light absorbing semiconductor and crystalline silicon is
used to manufacture solar panels. They are classified as first generation solar cells. These
devices delivered high efficiency but at a high cost. Even though they are expensive, they
still dominate the solar market with an 89 % market share. Crystalline silicon can be
divided into two types: single-crystal silicon and polycrystalline silicon. In single
crystalline silicon, efficiency of the order of 15 to 25 % can be achieved.17
Another category of photovoltaic devices using the same operating principal as siliconbased PV is the III-V solar cells. GaAs18 is an example of this type of semiconductor and
its electronic properties are much better than pn-Si. GaAs has a band gap of 1.4 eV,19
which is near ideal for single junction solar cells. This semiconductor can be doped with
aluminum, indium and antimony to achieve higher performance. GaAs can achieve
performances of 29 % under concentrated light, compared to silicon which only reaches an
efficiency of 27 %, and this is close to the maximum theoretical efficiency that can be
achieved of 31 %.17, 20, 21 However, even though GaAs is more effective than Silicon, the
cost of production is much greater.
Second generation solar cells have lower efficiency but are cheaper to manufacture.22 Thin
film solar cells are classified as second generation solar cells as they required minimum
material and involve a cheaper fabrication procedure. The most successful thin film solar
cell is CdTe, with an efficiency of 18 %.22
Other semiconductors that can be used in thin film solar cells are amorphous silicon,
cadmium telluride, copper sulphide-cadmium telluride and copper indium diselenide.
These semiconductors can be easily deposited onto inexpensive substrates such as glass,
15
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flexible plastic or stainless steel. Even though these types of solar devices seem very
interesting and cost effective, the main issue is the long term stability of the device. For
instance, the main issue of Cu2S/CdS cell is the migration of copper ions, which can shortcircuit the device. Another important issue is the toxicity of the materials. Dye sensitised
solar cells are considered to be second generation solar cells, as the cost of production is
not expensive, and the efficiency for the moment is still low as compared to first
generation solar cells.23
The term „third generation solar cells‟ is ambiguous as it uses the concepts of the first and
second generation solar cells in other devices, such as hot carrier devices, polymer devices
and tandem cells. At Monash University, work is being done on tandem devices and an
improvement in device efficiencies was achieved.24 Even though only a modest
performance is obtainable with these types of devices, there is a possibility of further
increasing the conversion efficiency, by carefully engineering each part of the device. The
first type of third generation solar cells to attain popular recognition were multi-junction
devices based on a triple junction GaInP/GaInAs/Ge, with a record performance of 40.7
%.25 Figure 2.6 shows the development of photovoltaic devices throughout the years. It is
important to have an understanding of the field of DSSC with respect to the recent progress
of other solar technologies.

Figure 2.6: Development of photovoltaic devices from 1975 to 201027
16

2. Background and literature review

Figure 2.7 depicts the cost and the efficiencies of the different generations of
photovoltaics. The first generation data is mainly based on actual products. Single junction
silicon cells are approaching the theoretical limit efficiency of 33 %, and can reach cost
parity with energy derived from fossil fuels.17 The second generation is based on a
combination of actual and speculative products. As previously stated, dye sensitised solar
cells form part of the second generation materials, and they can offer significantly lower
production costs, thus there is potential for commercializing these products. Finally, the
third generation data is mostly speculative. It is aimed at enhancing the poor performance
of the second generation solar cells technologies, while retaining the low production costs.
Nevertheless, from the chart, it is clear that photovoltaic devices have the potential to be
viable, and that the cost of solar electricity has the potential to be much lower than fossil
fuels.26

Figure 2.7: Schematic representation of estimated efficiencies and costs27

2.4 Photoelectrochemical cells
2.4.1 The electrolyte
The electrolyte in a photoelectrochemical cell usually consists of cations, anions and a
redox couple. When describing the electrolyte in contact with a semiconductor, it is
important to describe it in the same terms as the semiconductor; i.e. in terms of energy
levels.28 The energy level of ions in solution reflects the tendency of the electroactive
species to donate or receive electrons when it reaches the electrode. The energy level
model for an electrolyte is quite complicated because the polar solvent around the ions has
17
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a great impact on their energy level. The potential distribution of the ion is affected by both
the solvent and thermal fluctuations.11
The probability that the energy of the ion of the redox couple has changed to another level
due to thermal fluctuations in the electrolyte is given by the function W (E). The
intersection of the distribution of the oxidized and reduced species in the electrolyte (as
shown in Figure 2.8), assuming equal concentration, can be interpreted by the
electrochemical potential Eredox or the Fermi level of the electron in the liquid phase,29
where:
(Eq 2.2)
The electrochemical potential of electrons in the redox electrolyte is given by the Nernst
equation:29
(Ox + ne → Red)

(Eq 2.3)

Where EºRedox is the standard redox potential, Rg is the common gas constant, T is the
temperature, n is the number of electrons transferred, F is the Faraday constant, Cox is the
concentration of the oxidised species and Cred is the concentration of the reduced species.
Electrochemists traditionally used the standard hydrogen electrode as a reference point,
whereas in the semiconductor solid state physics community, the vacuum level is taken as
the zero point reference.30
The redox potential can be easily expressed versus the vacuum level using the following
equation:30
EF, Redox = -4.5 eV – e ERedox

(Eq 2.4)

Figure 2.8: The energy levels of a redox couple in a solvent
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2.4.2 Semiconductor-Electrolyte junction
A semiconductor-electrolyte junction is equivalent to the metal-semiconductor junction but
uses a liquid electrolyte containing a redox couple rather than an electronic conductor to
form the junction. During the illumination of the semiconductor-electrolyte junction,
photoelectrochemical reactions can occur. A photoelectrochemical cell consists of a
working electrode (semiconductor attached to a conducting substrate), a counter electrode
and an electrolyte between the two electrodes. The electrodes are interconnected via an
external circuit.
The theory of the semiconductor-electrolyte junction was first formulated by Gerischers.31
According to this theory, when an n-type semiconductor is brought into contact with an
electrolyte containing a redox couple, electrons start to flow from the semiconductor into
the electrolyte until the Fermi levels equalize, creating a positive space charge layer in the
semiconductor. Charge carriers generated by band gap excitation of the semiconductor are
separated by the electric field in the space charge region. The major carriers move to the
bulk while the minor carriers (holes) move towards the surface where they react with the
redox couple in the electrolyte. Hence, a photovoltage is built up within the semiconductor
phase that may drive an electric current through an external circuit. For the current to flow
through the external circuit, the oxidized species must be able to recover an electron from
the counter electrode and regenerate the reduced form.
This electrochemical junction has the advantage that the field is established spontaneously
when the semiconductor is immersed into an electrolyte solution. An example of
photoelectrochemical cells is the dye sensitized solar cells, also known as the “Grätzel
cell” after the inventor.
Figure 2.9 illustrates the schematic energy diagram of the semiconductor-electrolyte
junction under different bias situations: (a) before contact, (b) under a flatband condition,
(c) under a depletion situation at equilibrium and (d) under accumulation at equilibrium for
an n-type semiconductor.

19

2. Background and literature review

Figure 2.9: (a) Before contact, (b) flatband potential condition, (c) depletion and (d)
accumulation situation under equilibrium conditions for an n-type semiconductor4
For an n-type semiconductor, if EF > E°Redox, electron transfer occurs from the conduction
band of the semiconductor into the electrolyte causing a deficit of the majority charge
carrier, and then a depletion layer is established in the semiconductor. The reverse situation
happens when EF < E°Redox, whereby the electrolyte in this case injects electrons into the
conduction band of the semiconductor causing an excess of the major charge carriers and
therefore an accumulation layer is established in the semiconductor. The thickness of the
space charge layer varies between 10-4 and 10-6 cm.32
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The flatband potential is defined as the potential at which the semiconductor bands are flat
i.e. there is zero space charge in the semiconductor and no band bending, as shown in
Figure 2.9 (b). The flatband potential is usually measured with respect to a reference
electrode and several methods can be used to establish the flatband potential of a
semiconductor. Chapter 5 gives a full description of the methods used to determine this
important parameter and also the effect of impurities.
2.4.3 Dye sensitised solar cells
The biggest breakthrough in the development of dye sensitised photoelectrochemical
technology was almost undoubtedly in 1991, with the incorporation of nanoparticles with
very large surface areas; cells with efficiencies of 7 % were reported. Importantly, this
value is based on pan-chromatic light (simulated AM 1.5 sunlight).33 This type of cell has
since been further improved, with Chiba et al. reporting an efficiency of 11 %.34
Unfortunately, the enhancement in device efficiency has been relatively slow in recent
years. 10 % efficient cells were realised in 1993, using a ruthenium sensitiser (N3) with a
thick titania film.35 With the improvement in ruthenium based dyes, only 1 % has been
added to this efficiency in the 13 years since.
A number of different strategies have progressed in order to try and improve the efficiency
of these cells. For instance, core-shell treatment extended sensitisation range with new
dyes or cocktail dyeing,36, 37 alternate redox couples (detailed later),38, 39 by altering the
particle morphology or using other semiconductors as detailed further in the next section,40,
41

by treating the semiconductor with acid (which is investigated in Chapter 8) or addition

of a co-adsorbent into the dye solution. Recently, a further increase in device performance
was obtained by Chen et al.,42 by addition of dineohexyl bis-(3,3-dimethyl-butyl)phosphonic acid in a modified high molar extinction coefficient ruthenium dye coded
CYC-B11. By incorporating electron rich thiophene derivatives as an extended ligand, an
increase in extinction molar coefficient was achieved. This makes it interesting for use
with solid state electrolytes, where a thin film is required for the cell to perform better
without any significant loss in photocurrent. The use of this sensitiser with a volatile
electrolyte yields a photocurrent density of 20.05 mA cm-2, a Voc of 743 mV, a fill factor of
0.77 and an efficiency of 11.5 %.42
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The incident-photon-to-current-conversion efficiency (IPCE) spectrum shows a broad
adsorption range from 460 nm to 685 nm, with a maximum of 95 % at 580 nm. So far, this
is the highest efficiency ever achieved. As stated earlier, various methods have been used
in order to improve the device performance. In the following section the different
components of the DSSCs are discussed.
2.4.4 Functioning of DSSCs
2.4.4.1 Working principle
A schematic presentation of the operating system of the DSSC is shown in Figure 2.10.
The basic element of a DSSC is a nanostructured material composed of titanium dioxide
(TiO2) that is sintered on a transparent conductive oxide (TCO) glass. This electrode is
soaked in a dye solution so that the dye is anchored to the surface of the film.43 If the dye
has ground and excited states in an appropriate energetic position (see Figure 2.10), this
excitation of the dye can lead to charge injection into the semiconductor and, importantly,
the dye is then restored via charge transfer from a redox couple in the electrolyte.
Under illumination, electrons are excited within the dye, giving them enough energy to be
injected into the conductive band of the TiO2 (as shown in Equations 2.5 and 2.6). The
electrons flow through the TiO2 onto the electrodes, through an external circuit and then to
the counter electrode (CE). The original state of the dye is restored by electron donation
from the redox couple in the electrolyte. For efficient restoration of the dye, the redox
couple should be more positive than the ground state of the dye. Typically, the redox
couple consists of iodide/triiodide in an organic solvent (such as acetonitrile,
methoxypropionitrile).33, 44 The circuit is completed by the redox shuttle, which is oxidised
by the photoexcited dye and is regenerated at the counter electrode with the assistance of a
catalyst. Typically, both electrodes are made on transparent conductive substrates,
allowing some light to be transmitted; one of the main commercial appeals of the
technology used in dye sensitised solar cells.
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Figure 2.10: Schematic diagram of a dye sensitised solar cells
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2.4.4.2 Kinetics of DSSCs
The electron transfer kinetics in a DSSC are an important factor in understanding the
working principles of the photoelectrochemical solar cell and its limitations.

Figure 2.11: Schematic diagram showing the kinetics of a dye sensitised solar cell
Figure 2.11 shows the different kinetics of the processes that occur in a DSSC. Upon
illumination, the dye is excited to a higher energy level in the time domain of
femtoseconds,45 resulting in the formation of an electron hole pair. The electron is injected
into the TiO2 within 1 picosecond and this is the fastest chemical process occurring in the
DSSC. The electron can then either percolate to the back contact of the TCO, or can be lost
due to recombination with either the oxidized dye, or with the triiodide in the electrolyte
solution.
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These two recombination processes occurs within the microsecond timescale.46 The
recombination reaction (Table 2.1) is very critical and can limit the performance of the
DSSC. The other desirable reaction, the regeneration of the dye by iodide, is also a fast
reaction, occurring in the tens of nanoseconds.47 Table 2.1 summarises the different
electron processes and the time domain in which they occur.

Table 2.1: Summary of the kinetics in a dye sensitised solar cell
Reaction

Time domain

1

S +hν → S*

excitation

fs

2

S* → S+ + e- (TiO2)

injection

fs-ps

3

S* → S +hν

relaxation

ps

+

-

-

4

S + I → S + I3

5

S+ + e- (TiO2) → S

recombination

μs

6

I3- + 2e- (TiO2) →3I-

recombination

μs

regeneration

ps-ns

2.4.4.3 Loss mechanisms and limiting factors
There are several factors that can limit the performance of the DSSC with molecular liquid
electrolytes such as corrosion, leakage, degradation and evaporation. Thus, alternatives for
these electrolytes are sought, such as organic ionic plastic crystals (OIPCs) and ionic
liquids. These salt-based electrolytes have a very low vapour pressure, which should
resolve the evaporation problem of the liquid electrolytes.
Other limiting factors include the relatively high loss of energy in the system due to the
large difference in redox potentials. Other losses are due to device resistance, reflection
and adsorption of the TCO glass and bad contact between the nanoparticles of the TiO2.
The cell is further limited by the solar light harvesting, which is related to the amount of
dye on the surface of the TiO2 and also the properties of the dye itself.
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2.4.5 Photovoltaic performance
A solar cell can be represented by a current source connected in parallel with a diode, as
shown in Figure 2.12.

Figure 2.12: Equivalent circuit of a solar cell
The important property of a p-n junction is the current-voltage characteristics. A derivation
requires discussion of diffusion and recombination of carriers. The result is:

I

I 0 (e

eE
k BT

(Eq 2.10)

1)

where kB is the Boltzmann constant, T is the absolute temperature, e is the electron charge,
E is the potential at the terminals of the cell and Io is the saturation current of the junction.4
The short circuit, Isc is the current obtained when there is no potential across the cell, as
shown in Figure 2.12. Isc is dependent on the incident light.
The open-circuit voltage, Voc, is the maximum voltage available from a solar cell, and this
occurs at zero current. The open-circuit voltage corresponds to the amount of forward bias
on the solar cell due to the bias of the solar cell junction with the light-generated current.4
The open-circuit voltage is shown on the current-voltage (IV) curve below.
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Figure 2.13: Schematic IV curve of a solar cell showing open circuit voltage (Voc) and
short circuit current (Isc)
A solar cell can function over a wide range of voltages and currents. By increasing the
voltage of the cell from zero to Voc, a maximum output electrical power is obtained.4
Pm= Imax x Vmax

(Eq 2.11)

Another important characteristic of the solar cell performance is the fill factor. This is the
ratio of maximum power output divided by Voc and Isc.4

FF

Vmax I max
Voc I sc

(Eq 2.12)

The solar cell efficiency (η) is defined as the ratio of the maximum power output to the
energy of the incident irradiant solar light.4

PMAX
Plight

Vm axI m ax
Plight

FFxVm axI m ax
Plight

(Eq 2.13)

The efficiency of the solar cell depends on the temperature of the cell, the light intensity
and the spectral distribution of the light intensity (Figure 2.13).
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Figure 2.14: The solar spectrum48
In standard testing conditions, the light intensity is 1000 W m-2, the spectral distribution is
that of AM 1.5 global standard solar spectrum and temperature is 25 ˚C.49
These four quantities, Isc, Voc, ff and η are the key parameters characteristic of a solar cell.
The incident monochromatic photon-to-current conversion efficiency (IPCE) value is the
ratio of the observed photocurrent divided by the incident photon flux, uncorrected for
reflective losses for optical excitation through the conducting glass electrode.

IPCE

125 photocurrent density
wavelength photon flux

(Eq 2.14)

2.4.6 Materials in DSSCs
As already stated, the DSSC is composed of five main components. In order to improve the
performance, stability and cost of the device, researchers have looked at each individual
component. One thing to keep in mind with this strategy is that when changing one aspect
of the DSSC, the relationship to the other parts must not be underestimated. The challenge
for all researchers is to look at the device as a whole, as well as at the individual
components, when trying to make further improvements.
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2.4.6.1 Substrates
Electrodes for DSSCS are mainly produced on TCO glass, with a transparent layer of the
semiconductor coated on top. Other flexible substrates have been employed, such as TCO
coated polymers (notably PEN and PET) which are better for commercialisation as they
are more flexible.50 Metal sheets have also been used for one half, as long as the substrate
is resistant to the redox mediator, although TCO glass is by far the most popular choice.5153

The most commonly used TCO glasses in solar and other applications (electrochromic
devices or flat panel) are fluorine doped tin oxide (FTO) and tin doped indium oxide
(ITO). FTO is preferred as it is more thermally stable compared to ITO. ITO is mainly
used on flexible substrates due to its low toxicity and easy deposition. Also, in a nonannealed state, it has a dramatically lower sheet resistance than FTO; i.e. the heat treatment
is less substantial.54
2.4.6.2 Semiconductors
As discussed in the previous section, there are two types of semiconductors; n-type and ptype. The most common semiconductor used in “Grätzel cells” is an n-type semiconductor.
For tandem devices, a p-type semiconductor is preferred. In this section, a brief summary
of the different n-type and p-type semiconductors used in the dye sensitised solar cells field
will be described.
2.4.6.2.1 N-type semiconductors
The semiconductor in conventional solar cells acts as a means to harvest the light, resulting
in charge separation and transport. In DSSCs, light harvesting is mainly performed by the
sensitiser adsorbed on the semiconductor, thus the role of the semiconductor is primarily
that of charge transport. Because the semiconductor is not the main light harvester, a wide
band gap semiconductor can be used. Metal oxides are commonly used due to the fact that
the dye can adsorbed directly onto their surface, through a number of suitable binding
groups.
Since the semiconductor is the host of the dye, it must have a large surface area, high
mechanical stability and good electrical connectivity in order to better facilitate light
harvesting as well as charge extraction. Controlling the morphology of the film is therefore
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critical. It is vital to understand and consider the properties of the semiconductor from the
perspective of a dye sensitized solar cell. Properties such as charge carrier density and
charge mobility should also be considered. Highly doped semiconductors can be
problematic as this increases the probability of the recombination process between the
semiconductor and the redox couple, reducing the performance of the device.
Titania is the most widely studied semiconductor in DSSCs. It exists in three crystalline
forms, as either brookite, anatase or rutile. The last two are the most important. The
anatase phase is usually preferred, as it gives films that are fundamentally transparent and
colorless. TiO2 is considered as an n-type semiconductor and it has excellent mechanical,
optical and chemical properties. Titania has a band gap of 3.2 eV, which corresponds to
388 nm, meaning that it can only absorb limited amounts of direct sunlight. Because of the
large scale production of TiO2, this material is cheaper than silicon and is easily available
from different industrial sources.
A number of other metal oxide semiconductors have also been considered for the
production of functional DSSCs. For example, CdO, ZnO, SnO2, ZrO2, Nb2O5, Fe2O3,
WO3 and Ta2O5 have all been used as the photoelectrode in DSSCs. Mane and co-workers
demonstrated that CdO can be used as a photoelectrode in DSSCs.55 CdO has been widely
used in other applications such as diodes, sensors and electronic devices. This material
shows high transparency in the visible region of the solar spectrum, making it an
interesting candidate as a photoelectrode. Unfortunately, as demonstrated by Mane and coworkers, only a very modest performance was obtained for CdO coated with N3 dye. The
device achieved only 2.95 % efficiency, with poor fill factor the main limiting factor.
Efforts are being made in order to enhance the fill factor, which may substantially increase
the device performance. ZnO has also been considered as an alternative photoelectrode due
to the similarity in band gap energy to that of TiO2.56 The use of ZnO as a photoelectrode
has some advantages, such as the ease in which it is produced in different forms, and the
fact that it has a high electron mobility of 115-155 cm2 V-1 s-1, compared to 10-5 cm2 V-1 s-1
for TiO2.57, 58 Also, according to Hagfeldt and co-workers, the carrier lifetime in ZnO is
longer than that in TiO2, and it possesses low trap density, making the electrons move
faster.59 In the past few years, ZnO has been used in DSSCs, but the conversion efficiency
of the devices was quite poor.60 An improvement in device performance was recently
obtained by Zhang et al., by using lithium salts to grow the ZnO aggregates. Devices made
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with this Li-ZnO film, with N3 as the sensitiser and a liquid electrolyte, gives an efficiency
of 6.1 %, which is the highest performance ever obtained with ZnO.56 This enhancement is
due to the presence of lithium ions, which has an effect on the growth of the ZnO
aggregates, and thereby affects the morphology of the film. In the past, conversion
efficiencies varying between 0.35 to 5.0 % were achieved with this photoelectrodes.61-63
The poor performance of the ZnO comes from the stability of ZnO in acidic conditions.
The proton from the Ruthenium sensitizers makes the dye solution relatively acidic, which
partially dissolves the ZnO to form Zn2+ dye aggregates. In order to solve this problem,
ZnO should be immersed in an ethanol solution under reflux.64
The best performance achieved by SnO2 is 5.0 %. Recently, Wang et al. demonstrated that
the use of a hierarchical structure of SnO2 enhanced the performance of the device.65 An
efficiency of 6.4 % was obtained with a film thickness of 13.2 μm, which gave a
photocurrent of 14.4 mA cm-2 and a Voc of 763 mV. This enhancement is mainly due to the
efficient light scattering effect of the hierarchical structure.
In order to enhance the performance of metal oxide photoelectrodes, some have been
mixed with other metal oxides. Ito and colleagues have investigated the binary SnO2/ZnO
electrodes for dye sensitised solar cells, giving efficiencies of 6.34 %.66 Tennakone et al.
have been able to achieve a performance of 8 % using the same composite photoelectrode
(SnO2/ZnO) with good stability.67 However, there is still a long way to go before any other
metal oxides can reach the performance obtained by TiO2. Nb2O5, WO3, Ta2O5, ZrO and
many other n-type semiconductors have been considered as photoelectrodes for dye
sensitised solar cells, but they are not very competitive due to poor performance.
Nevertheless, they have been used as core-shell or binary composites with TiO2 in order to
decrease the recombination process that occurs when TiO2 is in contact with the
electrolyte, which primarily is the Voc. An increase of 21 % in photocurrent and 8.1 % in
photovoltage of the DSSCs were obtained when a thin layer of TiO2-WO3 composite was
spin coated onto the transparent layer of TiO2.68 Recently Saito et al. reported the use of
WO3 as energy storage electrodes.69 They demonstrated that the device has a discharge
capacity of 4.57 C after 10 h of photocharge, with the only limiting factor being the high
resistivity of the membrane. Optimization of the membrane thickness as well as cell
structure is still under investigation for further improvement.
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Nb2O5 has been used as a core shell material and as a composite with TiO2 in an attempt to
modify the electrical transport properties of TiO2 and to increase the Voc. Ahn et al.

70

reported that a Nb2O5 thin film on the TiO2 film forms an energy barrier at the
semiconductor-liquid interface leading to an increase in diffusion length from 17.3 μm (no
coreshell) to 23.8 μm. They demonstrated that with a TiO2 film thickness of 25 μm with
Nb2O5 the increase in device performance is more significant. Other metal oxides such as
MgO, SrTiO3, CaCO3 and Al2O3 have also been used in a core-shell structure to reduce
recombination reactions. One should keep in mind, however, that this type of treatment
only has an effect on devices that initially show poor performance. On moderately or
highly efficient devices, no significant effect is observed. This is presumably because the
degree of recombination occurring in high performing devices is minimal and only charge
injection is affected. Furthermore, producing a good core shell structure is not trivial.
Another approach to improving the device performance is by doping the semiconductor
with “impurities”. ZrO2 is a well known metal oxide, usually used as a scattering layer to
improve the capturing of light.71 Park et al. recently demonstrated that ZrO2 nanofibers can
also be used as a doping material for TiO2.72 On increasing the amount of ZrO2, an
improvement in photocurrent density and efficiency are observed even though a decrease
in fill factor and Voc. The best conversion efficiency was obtained with 7 wt% ZrO2, with a
short circuit current density of 24.7 mA cm-2, an open circuit voltage of 670 mV, a fill
factor of 0.51 and an overall performance of 8.3 %. This is the first time that such high
photocurrents have been obtained in a DSSC using a liquid electrolyte. If the Voc and fill
factor can be further improved, then the device performance could potentially surpass the
current 11.5 % record for efficiency. The maximum theoretical Voc that can be obtained for
TiO2-based DSSCs, with a typical I-/I3- redox couple, is 950 mV.73 Typical experimental
Voc obtained with a ruthenium sensitizer and I-/I3- in a liquid electrolyte is 700-800 mV,
due to the recombination processes occurring during the operation of the device. In an
attempt to increase the Voc, Feng and co-workers intentionally incorporated Tantalum into
the TiO2 and they obtained a Voc of 870 mV.74 They attributed the increase mainly due to
the shift in the flatband potential of the doped TiO2.
Another strategy used in an attempt to enhance the device performance is to control the
morphology of the TiO2 nanoparticles. The use of nanostructures such as nanowires,75
nanorods,76, 77 and nanofibers78 have been used in DSSCs. These nanostructures are more
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favorable for ionic liquid-based electrolytes than the mesoporous structures.79 A 9.3 %
efficiency was obtained for DSSCs using single crystals like anatase nanowires with liquid
electrolyte.80 DSSCs fabricated using a single film of mesoporous TiO2 beads gave an
efficiency of 10.6 %, with a derivative of a ruthenium sensitiser using a liquid molecular
solvent.81 This is the first time that such a performance has been obtained with a
mesoporous TiO2 film without using a scattering layer. Efforts are also underway to
improve the TiO2 semiconductor to realise high efficiency DSSCs for use with a non
volatile electrolyte. The mesoporous TiO2 beads are made up of sub micrometer sized
beads. The particles are monodisperse, with a spherical morphology and an 830 nm
diameter. The bigger size of the beads gives the film the ability to scatter light and also
permits high dye loading.82
The efficiency of DSSCs depends significantly on the properties of the semiconductor. To
build up a high performing device, it is important to control the morphology and interfacial
properties of the TiO2. The surface area will affect the amount of dye adsorbed, the pore
size distribution will affect the diffusion of ions through the TiO2 network, the particle size
distribution determines the optical properties of the TiO2 and the electron diffusion
depends on the interconnection of the TiO2 particles. All of these properties should be
considered for the optimization of the semiconductor.
2.4.6.2.2 P-type semiconductors
Unlike n-type semiconductors, there are relatively few p-type semiconductors investigated
for dye sensitised solar cell technologies. The most common ones are NiO and CuO.
CuSCN and boron doped diamond have also been investigated, and they showed quite
considerable efficiencies.83-85 P-type semiconductors have also been used as hole
conductors to replace the liquid electrolytes, and this is fully discussed in Chapter 9. NiO is
presently the most common and efficient p-type semiconductor used in solar cells and is
also widely used in applications such as electrochromic devices, super-capacitors and gas
sensors.86 Quite good performance has been recently achieved with this oxide in tandem
photovoltaic devices.24, 87 The highest reported values of DSSCs using NiO is 0.41 %, with
a Voc of 218 mV and a Isc of 5 mA cm-2. CuO is another p-type material that has been used
in DSSCs and the best performance was obtained after annealing the oxides at 300 °C,
yielding an efficiency of 0.011 %.88
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2.4.6.3 Sensitisers
The sensitiser is another key element that needs to be carefully engineered for a high
performing device. Metal complex sensitisers are usually made up of anchoring ligands
and ancillary ligands. The anchoring ligands are responsible for the attachment on the TiO 2
surface, while the ancillary ligands can be engineered to give better overall conversion
efficiencies.
2.4.6.3.1 Dyes for N-type semiconductors
Thousand of dyes have been synthesised and tested in DSSCs. The best performing
chromophores so far are based on ruthenium sensitisers. In order to have a viable dye, it
should be able to inject electrons into the conduction band of the semiconductor with a
high quantum efficiency. Ideally, it should be able to absorb in the whole solar spectrum
(400 to 900 nm) so that a greater number of photons can be harvested to do efficient work.
A primary requirement is that the dye should be very stable for a long period of time. High
performing dyes should be able to shield the semiconductor surface from the electrolyte to
prohibit the back reaction process between the electrolyte and the semiconductor. The dye
should also be able to bind onto the surface of the TiO2. If the dyes are not attached
properly to the TiO2, they can be easily dissolved into the electrolyte, thus reducing the
stability as well as the overall performance of the device. Dyes with large molar extinction
coefficients can harvest the photon efficiency with a shorter light absorption length which
can potentially reduce the need for thick TiO2 films. The use of a thin film will shorten the
distance of electron transport and decrease transport losses, thus potentially augmenting the
conversion efficiency as well as increasing the open circuit voltage. In this regard, many
ruthenium sensitisers have been synthesised with high molar extinction coefficients. In
designing novel sensitisers, high efficiency and high temperature stability should be taken
into consideration, especially for commercial applications. In an attempt to increase the
absorption range and molar extinction coefficient of a ruthenium dye, Kim et al. have
replaced one of the 4,4‟-dicarboxylic acid-2,2‟-bipyridine (dcbpy) ligands of the N3 dye
with a highly conjugated ancillary ligand, a dipyridylamine derivative, and extended the
ligand with thiophene units.89
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The photovoltaic results obtained with the new ruthenium complexes, JK-85 and JK-86,
showed a conversion efficiency of 7.66 % and 9.03 % respectively, compared to N719
which gave a performance of 8.88 %.
A similar strategy was employed by Jin et al., replacing the dcbpy ligand with triarylamine
moieties that act as electron donors and are known to give high efficiencies.90 They
obtained similar performances to N719 sensitisers with un-optimised devices. A
multifunctionalised ruthenium based sensitiser developed by Chen et al. also showed better
performance, with the same fabrication and measuring conditions, than N3.91 In their case,
they incorporated an alkyl-substituted carbazole moiety into the thiophene-substituted
bipyridine ligand. This unit not only enhanced the light harvesting capacity, but also
created a more hydrophobic environment. Many other varieties of ruthenium based
sensitisers, such as Z907, C102, K19, K8, K77 and C104, have also been prepared and
they all showed very good stability, but unfortunately all of these dyes exhibit lower
performance than the classical ruthenium sensitisers (structure shown in Chapter 7 in
Figure 7.1). Figure 2.15 shows the structure of ruthenium sensitisers that have high molar
extinction coefficients and are more thermally stable than the common and commercially
available sensitisers. Recently, Gao et al. sensitised a ruthenium complex bearing
alkylthiophene blocks conjugated with bipyridine ligands, named C101, and this newly
developed dye shows good efficiencies with a volatile electrolyte, and also very good
performance with solid state electrolytes.92
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Figure 2.15: The structure of high molar extinction coefficient ruthenium sensitisers
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2.4.6.3.2 Dyes for P-type semiconductors
Much of the research on sensitisers has been focused on n-type semiconductors, while very
few dyes are available for p-type semiconductors. Sensitisers for p-type semiconductors
should have very high molar extinction coefficients as it is quite difficult to make thick
layers of NiO. Coumarin 343 is one of the few sensitisers that have shown a reasonable
performance with NiO. Other coumarin sensitisers, such as NKX-2587 and NKX-2677,
have also been investigated (structure shown in Chapter 7 in Figure 7.2). Cyanine dyes
such as NK-3628 and NK-2612 have been used by Simukura and co-workers.88 Figure
2.16 shows the structure of dyes used for sensitising p-type semiconductors.

Figure 2.16: Dyes for used in p-type dye sensitised solar cells
2.4.6.4 Counter electrodes
The counter electrode is another important element in DSSCs. Platinum is usually used as
the catalyst for the regeneration of iodide, although other noble metals such as gold have
also been used.93 These metals showed fast regeneration kinetics, thus forming high
performing devices. Unfortunately, the high cost of these materials inhibits them for large
scale applications. Conversely, carbon, which is abundantly present in nature, is a potential
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candidate as a catalyst to reduce the tri-iodide back to iodide. Various forms of carbon
materials have been used as counter electrodes for DSSCs. For example, single wall carbon
nanotubes,94, 95 graphite,96 graphene,97 carbon black,98 and mesoporous carbon99 have all
been investigated. The limiting factors of these type of materials are the high charge
transfer resistance and the slow diffusion of the electrolyte in the carbon matrix.100 In order
to improve these limiting factors, a better catalytic activity and more porous structures of
the carbon are required. Fan and colleagues have developed an ordered multimodal porous
carbon electrode for dye sensitized solar cells and quantum dot solar cells.101 They
demonstrated quite good performances with the use of the ordered multimodal porous
carbon (OMPC) counter electrode, obtaining an efficiency of 8.7 % for OMPC and 9.3 %
with Pt. Nam et al. obtained better performances with multi-wall carbon nanotubes (CNTs)
grown by chemical vapour deposition.100 They have been able to achieve an efficiency of
10.04 % with CNT counter electrodes, which is better than their device incorporating Pt
counter electrodes (8.8 %). Highly ordered carbon materials are required for this
application, as high conductivity is necessary for the efficient regeneration of the tri-iodide.
Jiang and co-workers recently demonstrated the use of natural wood as counter
electrodes.102 They showed that bamboo and oak can be prepared as highly ordered carbon
arrays with a large surface area, high conductivity and well connected microstructure. The
best performance was obtained with oak mesoporous carbon arrays as counter electrodes,
reaching an efficiency of 7.98 % compared to the 7.93 % obtained with Pt. Thus, with a
good design and by improving the catalytic activity of the carbon materials, they can be
used as counter electrodes.
Recently, Grätzel and co-workers demonstrated the use of CoS as a replacement for Pt.
They successfully deposited CoS on a flexible substrate and showed excellent stability
under prolonged light soaking, retaining 85 % of its performance.103 The iodide-triiodide
redox couple showed good reversibility with this new catalyst, and the use of this material
has the potential to considerably lower the cost of the DSSCs. Wang and colleagues
showed that titanium plate can also be used as counter electrodes.104 The advantage of this
material is the low sheet resistance, high resistance to corrosion, low density and good
mechanical properties. The titanium plate showed high conversion efficiencies compared
to Pt, measured under similar conditions, due to the better fill factor and high short circuit
current density. Another interesting material used as counter electrodes is a nitride-nickel
bifunctional foil. A conversion efficiency of 8.31 % was obtained, compared to 7.93 %
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with FTO/Pt.105 Conducting polymers have also been widely used as a counter electrode in
DSSCs and good performance were achieved with these materials.106,

107

All of these

studies were performed with the aim of lowering the cost of the DSSCs for commercial
applications, and also to prolong the lifetime of the DSSCs, as these novels materials are
more resistant to corrosion. Further, certain redox couples are more reversible using
PEDOT

electrodes,

as

discussed

in

the

next

section.

For

instance,

the

tetramethylthiourea/tetramethylformaninium disulphide TMTU/TMFDS2+ couple does not
work on gold electrodes, and is quite irreversible on a glassy carbon electrode, but behaves
better on a PEDOT counter electrode. (Figure 2.17)

(a)

(b)

Figure 2.17: CV of TMTU/TMFDS2+ with (a) glassy carbon as the working electrode
and (b) PEDOT as the working electrode, in a one compartment set up with Pt as the
counter electrode, and a non aqueous saturated calomel electrode as the reference
electrode. Scan rate of 10 mV s-1
2.4.6.5 Redox couples
Another essential element in DSSCs is the mediator in the electrolyte solution, which can
either be a volatile solvent, an ionic liquid or an organic ionic plastic crystal. According to
Wolfbauer et al.,108 there are a number of characteristics necessary for the ideal mediator
for use in DSSCs. First, the redox potential of the couple must be thermodynamically
favorable with respect to the HOMO and LUMO level of the sensitiser; i.e. it should be
below the LUMO level of the hole injecting dye and above the HOMO level of the electron
injecting dye to maximize the cell voltage. Secondly, there must be high diffusion and
solubility in the electrolyte medium, for efficient transport of charge carriers, and lastly,
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the couple must have high stability and reversibility. Since the discovery of the DSSC
about 19 years ago, no redox couple other than I-/I3- has been able to surpass the device
performance. Nevertheless, alternative redox couples have been investigated in an attempt
to replace the latter due to the mismatch of its potential (-0.4 V vs NHE) with the sensitiser
N3 (1.0 V vs NHE), which results in a large driving force of 0.6 V for the restoration of the
oxidized dye. Pseudo halogen couples such as SCN2/SCN-, SeCN2/SeCN- and SeCN3/SeCN- have been evaluated in DSSCs and they all showed promising efficiencies.109
Wang et al. have demonstrated that ionic liquids based on the SeCN3/SeCN- redox couple
can achieve an unprecedented 7.5-8.3 % power conversion efficiency under AM 1.5
sunlight with pure ionic liquid electrolytes.110 Even though these mediators are more
positive than I-/I3-, no improvement in Voc was observed. Metal complexes such as copper,
cobalt, ferrocene and platinum have also been used as alternative redox couples.111-113
Although these mediators have the potential to rival the I-/I3- redox couple, for the moment,
the performance of these materials is considerably low and more work is still required to
make stable devices, especially with ferrocene as the mediator. Br-/Br3- has also been
successfully used as the mediator in DSSCs and, depending on the sensitiser used, this
redox couple can outperform I-/I3-.114 Thus, the choice of dye also plays an important role
in achieving high conversion efficiency devices with new redox couples.
Recently, some new, non-corrosive, redox couples have demonstrated good conversion
efficiencies with ruthenium based dyes and this has opened up the possibility of using
other novel organic dyes in the DSSCs, which have the potential to be more efficient than
the commonly used redox couple.115 Wang and colleagues have demonstrated the use of a
disulphide/thiolate redox couple combined with a Ru-dye and an exceptional efficiency of
6.4 % was achieved with this alternative redox couple. Further work is underway to
improve the conversion efficiency of solar devices using this new redox couple.116 Another
redox couple of the same family also shows promising efficiency in DSSCs; a 3.1 %
efficiency was achieved using TMTU/TMFDS2+ (refer to Figure 2.18) with N3 dye.117 The
structure of these new redox couples is shown in Figure 2.18.
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Figure 2.18: New redox couples capable of rivaling I-/I3-

Figure 2.19: Schematic energy diagram of dye/TiO2 in contact with different redox
couples (Diagram not to scale)
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Figure 2.19 illustrates the energy level diagram for TiO2 electrodes sensitised with N3 dye,
in combination with different redox couples. The diagram is not drawn to scale, but
nevertheless it gives an indication of why some redox couples performed well, while others
show very poor performance. TEMPO, which is a well known redox couple, cannot be
used with ruthenium sensitisers due to the mismatch of its redox potential with the redox
potential of the dye. A 5.0 % efficiency was obtained with an organic sensitiser (D-149).118

2.4.7 Types of DSSC devices
2.4.7.1 Sandwich and Monolithic dye sensitized solar cells
There are three main types of dye sensitised solar cells. The most common one is the socalled sandwich cell; i.e. the photoanode is made up of TiO2 film deposited on a substrate
and the cathode, on which a catalyst is deposited is the second substrate. In contrast, the
monolithic design is made up of a layer of transparent film on which a scattering layer is
deposited on top of it, and the counter electrode is finally deposited on top of the spacer.
Figure 2.20 illustrates the schematic design of the sandwich cell and a monolithic DSSC.
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(a)

(b)

(c)
Figure 2.20: (a) Schematic diagram of a sandwich device, (b) a monolithic design of a
solar cell and (c) parallel-connected monolithic modules consisting of four cells119
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The monolithic design of solar cells has mostly been used for solid state dye sensitised
solar cells, where, instead of having a carbon layer, a hole conductor is deposited on top of
the spacer layer, and then gold is evaporated on top of the hole conductor to make the
connection.120
Kay and Grätzel were the first to introduce the monolithic design.121 They were able to
achieve 6.7 % efficiency with a single monolithic cell and 5.7 % with 6 cells connected in
series, using a standard acetonitrile-based electrolyte. This has opened the way for both
outdoor and indoor applications. Petterson et al. developed small modules based on the
monolithic design for low power applications in 2003.122 They demonstrated that the
modules degraded faster at high temperatures and that modules tested without UV-filters
are damaged more rapidly. Nevertheless, they obtained reasonable performances and they
reported that with further optimization, it might be possible to improve the long term
stability of the modules. For example, this can be achieved by replacing the organic solvent
with a non volatile electrolyte. Gorlov et al. demonstrated the use of ionic liquids in
monolithic multi dye sensitised solar cells, giving efficiencies of 3 %. Although this is
quite low compared to use of an acetonitrile electrolyte, these results are quite promising
and may be further enhanced by optimizing the different parts of the DSSC, such as the
sensitiser, the catalyst on the counter electrode, the semiconductor or the ionic liquid
electrolyte itself.
Recently, Han et al. constructed a highly efficient W-contact DSSC module with an
exceptional 8.2 % efficiency.123 Another important result is the work of Kato and coworkers,124 who actually tested their monolithic modules under outdoor conditions for 2.5
years. Despite the low performance, they have been able to prove that DSSCs can have a
practical utility.
2.4.7.2 Tandem devices
Another type of solar cell design is the tandem device. There are various designs of tandem
devices and Figure 2.21 shows two common structures. The first tandem DSSC shown is
based on a simple series connection of a dye sensitised photoanode, usually utilising a
Ruthenium based dye, with a dye sensitised photocathode, the most common being NiO
(usually sensitised with an organic dye).125 There is limited research in this field due to the
poor performance delivered by such devices, but with optimisation it is possible to improve
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the efficiencies.24 The second tandem device is based on coupling DSSCs with a copperindium-gallium-selenide cell.126 These devices are more efficient than tandem devices
based on photoanode-photocathode DSSCs and can give 12 % efficiency when using a
liquid electrolyte.
Most of the devices described above use molecular liquid electrolytes which have high
vapour pressures, therefore having intrinsic problems such as solvent leakage and
evaporation, shorting its lifetime. Thus, the use of low volatile materials is of interest.

(a)

(b)
Figure 2.21: The structure of (a) a tandem device based on a photoanodephotocathode design and (b) a tandem device based on a photoanode-CIGS127
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2.5 Ionic Liquids
Our modern society relies greatly on the chemical industry. From the fabrication of drugs
to the production of electricity, the chemical industry plays an important role. With the
pressure from leaders of different countries to lower carbon emission, alternative ways to
mass produce basic needs should be considered, together with low production costs. To be
able to move forward, whilst meeting the demands for cleaner processes, the chemical
industry requires the use of green chemistry. Less polluting and non toxic substances are
necessary to replace the hazardous and toxic materials in use. One class of materials that
meet the requirements are ionic liquids. During the past few years, intensive research in
this field is being undertaken for various applications due to their interesting properties
such as negligible volatility.
Ionic liquids (ILs) are defined as salts that are entirely composed of ions (cations and
anions) with melting points below 100 oC.128 These materials are known by numerous
other synonyms including: low/ambient/room temperature molten salts, ionic fluids, liquid
organic salts and fused salts. Often they contain an organic cation, which is relatively large
and asymmetric, with an inorganic anion. By changing the ions, a wide variety of ILs can
be obtained (~ 1018 candidates).129 Due to the bulkiness and asymmetric shape of the ions,
solidification at room temperature is prevented.130
2.5.1 Brief history
In the end of 19th century, the first recognised ionic liquid was made by a chemist
performing an AlCl3-catalysed Friedel-Crafts alkylation. The red oil formed during the
process was later identified as a stable salt composed of cation and tetrachloroaluminate
anion.131 Even though this reaction is considered as being the first known room
temperature ionic liquid, it is possible that low temperature salts existed far before that
time, but the report would have contained very little information on the compound.132
The first ionic liquid deliberately synthesised was ethylammonium nitrate (m.p. 12 oC),
made by Walden in 1914.133 He was the first to report the physical and chemical properties
of alkylammonium salts and draw conclusions on the association of ions in theis new class
of materials. Since then, many research groups have revisited this paper and expanded the
concept much further. Series of ionic liquids, such as mixtures of 1, 3-dialkylimidazolium
or 1-alkylpyridinium halides with trihalogenoaluminates, were developed for use as
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electrolytes after this discovery of the low temperature molten salts. But the major
drawback of these materials was that they were moisture sensitive, because of the
reactivity of the anion. In 1992, Wilkes128 reported the synthesis of water stable
imidazolium based ionic liquids with anions such as nitrate and sulphate allowing for a
wider range of applications.
2.5.2 Application of ionic liquids
The field of ionic liquids has expanded to include a broad range of applications, covering
many industries. The use of ionic liquid is now so vast that only a brief summary of certain
applications will be given here. Figure 2.22 displays the major fields of application for
ionic liquids.

Figure 2.22: Schematic diagram showing the different fields where ionic liquids are
routinely used
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2.5.2.1 Pharmaceutical ionic liquids
The use of ionic liquids in the pharmaceutical industry is still limited due to problems
regarding the purity, toxicity and regulatory approval.134 Nevertheless, great efforts are
being made by various research groups to incorporate the use of ionic liquids in the
biological and pharmaceutical fields. Recently, ionic liquids comprising known active
pharmaceutical ingredients (APIs) have been prepared.135 The approach used was to first of
all to look at the properties of the individual components, and then to combine two
carefully chosen pharmaceutically acceptable ingredients, to form a pharmaceutical ionic
liquid. For example, benzalkonium chloride, which is an anti-bacterial, is combined with
anti-inflammatory sodium ibuprofenate to form a compound having dual functionality.
2.5.2.2 Solvents and catalysts
Ionic liquids have a major role to play in the green chemistry domain and by tuning their
physical and chemical properties they have the potential to obey the Ten Commandments
set up for industrial application.129 ILs are now commonly used as solvents at the
laboratory level and are slowly replacing volatile solvents in industrial processes. The
advantages of using ILs as solvents, over organic solvents, are that first of all, they are able
to dissolve a large variety of compounds that are usually insoluble in organic solvents.
Secondly, they can be used in reactions that require high temperatures and high pressures
and, last but not least, they can be recycled. Recently, Avellaneda and co-workers reported
the use of an ionic liquid for the preparation of high surface area TiO2 nanoparticles, which
is useful in the DSSCs field.136 The high homogeneity of the oxide formed is due to the
fact that the IL, through its H-bonds, orients the growth of the oxide. Recently, C4mimOH
has been used as both the solvent and as the catalyst in the Konevenagel condensation and
in the Michael addition reaction.137 A fast, high yield synthesis of Pyrrolo[2,3-d]isoxazoles
was achieved with the use of an ionic liquid, with no formation of by-products. Ionic
liquids having dual functionality were also applied to many other reaction types, such as
the Heck reaction,138 and esterification reactions,139 to name just a few.
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2.5.2.3 The energy industry
Ionic liquids find their application as electrolyte materials in the energy industry in a
number of contexts.
Fuel cells
Protic ionic liquids (PILs) are now being used as electrolytes in fuel cells. Watanabe and
co-workers

recently

reported

the

use

of

a

PIL,

diethylmethylammonium

trifluoromethansulfonate, as a proton conductor and as an electrolyte for non-humidified
polymer membrane fuel cell (PEMFC). They demonstrated that it is possible to operate the
device at high temperatures and that they are capable of delivering a high current
density.127 Another interesting improvement observed in the same field with the use of
ionic liquids are their ability to wet the membrane electrode assembly.140
Batteries
The intrinsically high conductivity, thermal and chemical stability, wide electrochemical
window and low volatility displayed by ILs make them ideal as electrolytes for
electrochemical devices. Ionic liquids have been demonstrated as being potential
candidates for the replacement of molecular solvents in lithium ion batteries.141 Recently,
Ruther et al. demonstrated stable cycling in lithium batteries with a new ionic liquid based
on the boronium cation.142 These new ionic liquids have an electrochemical window
between 4.3 V and 5.8 V, depending on the cations used, which makes them suitable
electrolytes for Li/LiFePO4 devices. The devices were able to deliver a capacity of 145 mA
h g-1 with these ILs. Lately, many publications concerning the use of ILs as safe
electrolytes for Li-ion batteries have been published, showing the extent of interest in this
class of material.143, 144
In addition to this application, ionic liquids have also been used for industrial sewage
treatment, in the petrochemical industries for the production of hexenes and octenes, which
is one of the most important industrial processes, and are slowly being used in the textile
and wood industries.129, 145, 146
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Solar cells
As discussed in section 2.4.7, there are different possible solar cell designs. One of the
reasons for such interest in developing these devices is to improve the performance of the
solar cells. The main drawback is that most of these devices use a volatile electrolyte. One
solution to a volatile electrolyte, is to use an ionic liquid based electrolyte, given the ionic
liquid generally has negligible vapour pressure.
The most common ionic liquids are based on imidazolium cations. This class of material is
used as an electrolyte in many applications and this is still the main area of research. Due
to their intrinsically good physical and chemical properties, they have attracted the
attention of many researchers. However, other cations are slowly emerging in the energy
field , for example phosphonium ionic liquids, where these have been successfully applied
in DSSCs with interesting results in Chapter 7.
Even though ionic liquids can solve problems such as leakage and evaporation of
electrolyte, one of the main limitations of ionic liquids is the viscosity. They are more
viscous than acetonitrile based electrolytes, which causes mass transfer limitations due to
the poor diffusion of the redox species, especially triiodide. In the earlier studies, simply
replacing the organic solvent with an ionic liquid proved to be very disappointing. In 2003,
a 6 % device efficiency under full sun was obtained with an ionic liquid electrolyte
containing C3mimI, with 0.5 M I2, in a Z907 sensitised solar cell.147 However, despite the
impressive performances obtained, the authors later found out that such high iodide content
leads to a reductive quenching of the excited dye molecule, and this is when they thought
of adding other ionic liquids with lower viscosities. For example, imidazolium salts
containing anions SCN-, NTf2-, FSI-, B(CN)4-, BF4- or N(CN)2- are well known to exhibit
high fluidity compared to I-. Thus binary mixtures of ionic liquids were investigated by
Wang et al.148 The first binary mixture was based on combining C3mimI with
C2mimN(CN)2, in a volume ratio of 13:7, with the Z907 sensitiser.148 They demonstrated
that addition of lithium iodide greatly improved the performance of the solar cells from 5.7
% to 6.6 % under AM 1.5 sunlight (100 mW cm-2). The high photovoltaic performance
was due to the inclusion of Li+, which not only accelerated the regeneration of the dye, but
also improved the electron injection from the excited state of the dye into the conduction
band of the semiconductor. As shown in Chapter 6, small cations are known to have great
affinity for the TiO2 surface and it is understood that Li+ can intercalate irreversibly into
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the nanoporous structure of the TiO2, thus shifting the conduction band edge of the
semiconductor and thereby enhancing the electron injection, leading to an increase in
current density.149, 150 Wachter et al. later scrutinized the effect of temperature and physical
properties of this binary mixture with varying molar ratios of C3mimI, which is important
for future practical applications of the solar cells.151 They demonstrated that the diffusion
of triiodide does not depend solely on the concentration of iodine. They also found that an
increase in temperature leads to an increase in photocurrent density, due to an enhancement
in the mobility of the triiodide, but further increases in temperature leads to a decrease in
photocurrent density due to higher recombination processes. According to the results they
obtained from the diffusion measurements and analysis of the photovoltaic response, an
optimum ionic liquid electrolyte for DSSCs is 91/9 (molar ratio) to 70/30 (molar ratio) for
C2mimN(CN)2/C3mimI and 0.032 M to 0.089 M for the iodine concentration. Although
increasing the temperature seems to be an excellent way of enhancing the device
performance by improving the fluidity of the ionic liquid electrolyte, the use of high
temperatures can also damage the dye, which consequently lowers the performance and
diminishes the lifetime of the device. Thus, consideration of the performance of the device
over a range of operating temperatures is required.
Since the accomplishment of high performing devices with binary mixtures of ionic
liquids, other ILs containing less reactive anions were also investigated. An ionic liquid
electrolyte composed of C3mimI and C2mimSCN was studied with the Z907 dye.152 In this
case, the authors added a co-adsorbent (3-phenylpropionic acid) into the dye solution and
compared the performance of the device to that without any co-adsorbent. They
demonstrated that in the presence of the co-adsorbent, the performance of the solar cell
went up from 6.4 % to 7 %, which is much better than the previous binary mixture using
the N(CN)2- anion, even though the amount of dye adsorbed is lower, as a result of the
adsorption of the co-adsorbent onto the TiO2. The presence of the co-adsorbent is known to
decrease the recombination processes and thus increase the photocurrent density, which
results in an augmentation in device performance. The authors attributed the augmentation
of the photocurrent density to better current collection efficiency. At low sun intensity, the
device reached an efficiency of 7.7 %. The Hagfeldt group have also used this ionic liquid
in monolithic dye sensitised solar cells and the best performance achieved so far is 5.6 % at
250 mW cm-2.153
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However, although they obtained quite a good performance with the mixture of
C3mimI/C2mimSCN, the viscosity of the electrolyte was still high, and thus they replaced
the C2mimSCN with a slightly less viscous IL, 1-ethyl-3-methylimidazolium
tricyanomethide (C2mimTCM,) whose viscosity is 18 cP at 22 °C. A 7.4 % efficiency was
obtained with the IL mixture now composed of C2mimI and C2mimTCM, with the
ruthenium sensitiser Z907Na and only 1-methylbenzimidazole as the additive.154
ILs based on the same family of anions i.e. TCM, N(CN)2, SCN, B(CN)4, were also
investigated by other groups.155 Out of this series, B(CN)4 appeared the most promising.
The main problem with these anions is the long term stability of the devices at high
temperatures. Kuang et al. addressed this using a binary mixture of C2mimB(CN)4/C3mimI
(7:13 volume ratio) in combination with a highly stable sensitiser, Z907Na.156 They
demonstrated that the device was able to retain its performance of 7 % even after aging it
at 80 °C and under full sunlight at 60° C for 1000 h.
The first ternary ionic liquid mixture was studied by Ito et al.157 The mixture was
composed of C2mimOTf, C2mimNTf2 and C3mimI, in a volume ratio of 1:1:2, with 0.2 M
I2 in conjunction with the organic sensitiser (D149) and a performance of 6.7 % was
obtained under full sunlight. Later, Bai and co-workers introduced the same concept, but
based on mixing two imidazolium iodide salts (1-ethyl-3-methylimidazolium iodide
(C2mimI) and 1, 3-dimethylimidazolium iodide (C1mimI)).158 They demonstrated that the
mixed halides have higher ionic conductivity than 1-propyl-3-methylimidazolium iodide
(C3mimI). By combining the mixed halides with a third ionic liquid (C2mimB(CN)4), an
impressive conversion efficiency of 8.2 % with the Z907Na sensitiser was achieved.
An ionic liquid based on tetrahydrothiophene, usually used as an odorant in natural gas,
has also been developed for use in DSSCs.159 A series of the tetrahydrothiophenium ILs
containing different anions, such as I-, TCM and N(CN)2, have been synthesised. The
lowest viscosity was obtained with S-ethyl-tetrahydrothiophenium dicyanamide,
abbrievated T2DCA, with a viscosity of 37.3 cP at 25 °C. Even though T2DCA gives the
lowest viscosity, the best performance was obtained with T2TCM, with an Isc of 12.7 mA
cm-2, a Voc of 714 mV, a fill factor of 0.76 and an overall efficiency of 6.9 %. Another
non-imidazolium IL based on the allylpyrrolidinium family also showed promising results
in solar cells, yielding a conversion efficiency of 5.6 % at full sun intensity.160 Consistent
with these encouraging results using non-imidazolium ionic liquids as solvent free
52

2. Background and literature review

electrolytes, we will demonstrated in Chapter 7 that phosphonium-based ionic liquids have
the potential to perform as well as imidazolium based ionic liquids with metal free organic
sensitisers.

2.6 Ultimate aim
The ultimate aim in the DSSCs research is to be able to combine use of non volatile room
temperature ionic liquids, which have good physical and chemical properties, with dye
sensitised solar cells fabricated on a flexible substrate. Currently, several products from
G24i are in the process of being commercialized. A mobile charger made of DSSCs is
being sold at 50 US$. Backpacks coated with cheap, light and flexible solar cells for
recharging electronic devices are going to be put into the market soon. For the moment, the
commercialised DSSC products use an organic electrolyte; they have tried to replace the
organic solvent with ionic liquids but very poor efficiencies were obtained with smaller
modules. In order to improve the efficiency larger surface area modules were fabricated,
but the cost of production of such a module was prohibitive. Future application of DSSCs
using ionic liquids will require the optimization of the separate components; the
replacement of the ruthenium dye with a higher molar extinction coefficient organic
sensitiser will improve the overall performance of the device, while the use of alternative
counter electrodes, such as PEDOT, will reduce the cost of production of the modules.
These are just some examples of the components that need to be adapted in order to
successfully incorporate ionic liquids as electrolytes into these devices.
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Chapter 3

Experimental

Chapter overview

The first part of this chapter is dedicated to the description of a variety of analytical
techniques used to characterise the identity of compounds prepared in this thesis, as well as
the purity of each. Purity is an important factor; presence of impurities can affect the
chemical and physical properties of the ionic liquids such as transport properties, thermal
behaviour and stability of the compound. Moisture sensitive ionic liquids were handled and
stored in a nitrogen filled glove box.
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3.1 Characterisation techniques: Structural analysis
3.1.1 Nuclear magnetic resonance spectroscopy (NMR)
Nuclear magnetic resonance spectroscopy is an important tool used by chemists to
determine the molecular structure of compounds and their purity. NMR gives information
on the number of hydrogens and carbons present in a molecule and how they are
connected. NMR can also be used with other nuclei such as Phosphorus, Nitrogen and
Fluorine.
All ionic liquids synthesised in this thesis were analysed using NMR. A Bruker Avance400
(9.4 Tesla magnet) with a 5 mm broadband autotunable probe with Z-gradients and BACS
60 tube autosampler or a Bruker DPX300 (7.05 Tesla magnet) with a 5 mm quad
1

H/13C/19F/31P switchable probe with Z-gradients and a 10 mm tuneable broadband probe

or a Bruker AV200 (4.7 Tesla magnet) with 5 mm 1H/13C probe with Z-gradients were
used. All samples were measured as solutions in d6-DMSO, D2O or CDCl3, supplied by
Cambridge Isotope Laboratories. Approximately 10 mg of sample was dissolved in the
appropriate solvent depending on the solubility of the ionic liquids in these solvents. Each
resonance was reported according to the following convention: chemical shift (δ) measured
in parts per million (ppm) from the reference signal tetramethylsilane, multiplicity,
observed coupling constants (J Hz), number of hydrogen atoms and assignment.
Multiplicities were reported according to their relative splittings, as a singlet (s), doublet
(d), doublet of doublets (d.d), triplet (t), triplet of triplets (t.t) quartet (q), broad (b),
multiplet (m), equatorial (e), axial (a) or as combinations where necessary. The hydrogen
atoms were numbered according to their parent atoms to which they are bonded.

3.1.2 Electrospray ionisation spectrometry (ESI)
Mass spectrometry is an analytical technique that can provide both qualitative (structure)
and quantitative (molecular mass or concentration) information on analyte molecules after
their conversion to ions. The molecules of interest are first introduced into the ionisation
source of the mass spectrometer, where they are ionised to acquire positive or negative
charges. The ions then travel through the mass analyser and arrive at different parts of the
detector according to their mass/charge (m/z) ratio. After the ions make contact with the
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detector, useable signals are generated and recorded by a computer system. The computer
displays the signals graphically as a mass spectrum, showing the relative abundance of the
signals according to their m/z ratio.1
Electrospray Mass Spectrometry was carried out on a Micromass Platform II ESI-MS.
Samples were run using automatic injections from a Waters Alliance 2690 HPLC system
which is coupled to the MS. All samples were run in both positive and negative mode in
methanol as the mobile phase with a cone voltage of 25 V or 35 V. Capillary voltage was
set to 3.6 kV and the nebulising gas (nitrogen) flow was set to 250 ml min-1. All
measurements were carried out by Ms. Sally Duck and Mr. Finlay Shanks at Monash
University.
3.1.3 Single crystal x-ray diffraction
Single crystal x-ray diffraction is a non-destructive analytical method to determine the
crystal structure of a crystalline substance. This method provides information about the
internal lattice of the crystalline solid, the bond angles, bond lengths and the unit cell
structure.2-3 When a beam of monochromatic x-rays hits the sample, scattered x-ray
radiation is produced. These diffracted x-ray beams are detected, processed and counted. A
diffraction pattern is obtained, of which the strength and angle of the beams are recorded as
the crystal is rotated. As the crystal rotates, the intensity of radiation is measured at every
orientation. The data obtained are then refined using the appropriate program and a model
of the arrangement of atoms in the crystal is produced.
All crystal structures presented in this thesis were determined by Dr. Pamela Dean at
Monash University. A brief description of the instrument used for the determination of
crystal structure is given in this section.
Single crystals between 0.2 and 0.5 mm in all dimensions and which were able to
extinguish plane polarised light uniformly were selected. These crystals were coated with
Paratone N oil (Exxon Chemical Co., TX, U.S.A.) immediately after isolation to prevent
decomposition and cooled in a stream of nitrogen vapour on the Diffractometer. The
reflection intensity data were measured on a Bruker X8 APEX KAPPA CCD Single
Crystal X-ray Diffractometer and a Nonius KAPPA CCD single crystal X-ray
Diffractometer using graphite-monochromated MoKα radiation (λ = 0.71073 Å) produced
at 50 kV and 30 mA by the APEX X8 generator.
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Low temperature measurements were performed using a constant stream of N2 gas with a
flow rate of 15 cm3 min-1 maintained by an Oxford Cryostream cooler. Data reduction and
unit cell refinement were performed using the programs SAINT and SADABS4 with
accompanying correction of Lorentz-polarisation effects.
Structures were solved by direct methods using the program SHELXS-975 and refined by
full matrix least-squares refinement on F2 using SHELXL-97. SHELXL-976 was operated
through the X-SEED interface. All non-hydrogen atoms were revealed in the E-map and
subsequent difference electron density maps and thus placed and refined anisotropically.
All hydrogen atoms were observed in difference syntheses and were either refined
isotropically or placed in geometrically idealized positions and constrained to ride on their
parent atoms with C-H distances in the range 0.95-1.00 Å and Uiso(H) xUeq(C), where x
is 1.5 for methyl and 1.2 for all other C atoms. Specific details of refinement are contained
in the relevant CIF files.
Additional available crystallographic software programs used for crystal structure analysis
include:
The Cambridge Structural Database (CSD)7 was used to publish all new crystal structures
of ionic liquids obtained for this thesis and stored in the database.
LAYER8 which displays the measured intensity data as simulated precession photographs
of all levels of the reciprocal lattice. Systematic absences, and hence space group
symmetries, were determined from this program.
Using PLATON,9 the analysis of molecular conformations and other structural parameters
were performed.
Using POV_RAY,10 the molecular packing diagrams were created.
The thermal ellipsoid plotting programs ORTEP III11 and POV-RAY10 were used to
produce ball and stick crystal structure illustrations including atoms drawn as ellipsoids at
the 50 % probability level.
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3.2 Thermal analysis
3.2.1 Differential Scanning Calorimetry (DSC)
The melting point of an ionic liquid and the sharpness of the melting peak can also be used
as a measure of purity. Very often a broad melting transition indicates the presence of
contaminants. Any impurities present will also decrease the melting point of the ionic
liquid. Differential Scanning Calorimetry (DSC) was used to determine the melting point
of new ionic liquids, the different phases present in organic ionic plastic crystals (OIPCs)
as well as their purity.
Differential Scanning Calorimetry (DSC) is a thermal analytical technique in which the
difference in the amount of heat required to increase the temperature of a substance and
reference are measured as a function of temperature.12-13 Both the sample and reference are
maintained at the same temperature throughout the experiment. There are two types of
DSC systems in common use. In power compensation DSC, the temperatures of the sample
and reference are controlled independently using separate, identical furnaces. In heat flux
DSC, the sample and reference are connected by a low resistance heat flow path (a metal
disc). The assembly is enclosed in a single furnace. Figure 3.1 shows the pictures of a heat
flux type DSC (TA Instruments Q100).

Figure 3.1: Heat flux type DSC. A TA Instruments Q100 differential scanning
calorimeter
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All DSC characterization was performed on a heat flux type DSC. A TA Instruments Q100
differential scanning calorimeter was used. All DSC traces presented in this thesis are
presented using the convention that endothermic behaviour is up and exothermic behaviour
is down.
Scans were carried out at a heating/cooling rate of 10 °C min-1 in the range of -140 °C to
150 °C and in the range of -100 °C to 80 °C at the same scan rate. Thermal scans below
room temperature were calibrated with the cyclohexane solid-solid transition and melting
point at -87.0 °C and 6.5 °C respectively. Thermal scans above room temperature were
calibrated with the melting points of indium, tin and zinc (156.6 °C, 231.9 °C and 419.5 °C
respectively). All DSC analysis was done in an aluminum pan with a sample weight of
approximately 5 mg. Moisture sensitive and hygroscopic compounds were loaded in a
nitrogen glove box. Transition temperatures were reported using the peak maximum of the
thermal transition.
3.2.2 Thermogravimetry analysis
Thermogravimetric analysis is a thermal analytical technique in which the mass of a
substance is measured as a function of temperature, whilst the substance is subjected to a
controlled temperature program.14
Thermogravimetric analysis was conducted using a Perkin Elmer Pyris TGA 1 in a flowing
dry nitrogen atmosphere between 25 °C and 800 °C with a heating rate of 10 °C min-1 in
platinum pans. The instrument was calibrated using four reference materials, Alumel,
perkalloy, iron and nickel. The curie reference points were taken and all materials were
supplied by Perkin Elmer. Approximately 10 mg of samples were weighed using an
internal microbalance. The samples were allowed to equilibrate before taking the
measurement. For analysis, the decomposition temperature was determined using the “step
tangent” method.
3.2.3 Accelerated Rate Calorimetry (ARC)
Accelerating Rate Calorimetry (ARC) has gained importance in the 1980‟s for studying the
self-heating reactions that cause thermal runaway. The ARC was developed by the Dow
Chemical Company and was licensed to Columbia Scientific Industries (now known as
Heath Scientific and Company) of Austin, Texas which currently markets the instrument as
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. It is widely reported in literature for studying the runaway characteristics of

chemical reactions.
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Figure 3.2: Schematic diagram of the accelerated rate calorimetry
Figure 3.2 illustrates the calorimeter part of the ARC. It is a container with its contents
maintained at adiabatic conditions with respect to its environment. This is accomplished by
constant monitoring of temperature and suitably adjusting the surrounding temperature to
minimize the heat gains (or) losses from the container. In order to achieve an adiabatic
environment over a temperature range (from ambient to 425 °C), the ARC is equipped with
a sophisticated digital controller for the heater system. The calorimeter is divided into three
temperature control zones viz., top, middle and bottom with each of them equipped with
their own control instrumentation. The sample container or “bomb” is attached to a
pressure transducer on the top of the chamber for close monitoring of pressure responses.
The radiant heater located at the bottom of the adiabatic chamber is meant for heating the
sample container at the start of the experiment.
ARC operates on a „Heat-Wait-Search‟ principle to identify the initiation and progress of
exothermic self heating processes. It follows the thermal process under the adiabatic mode
right from the point of onset. An ARC experiment is initiated under the “heat” mode to
heat the sample and container temperatures from ambient to 50 oC. It is then kept under the
“wait” mode for a minimum of 10 minutes. This is followed by the search mode wherein
the rate of temperature rise of the sample container is monitored.
67

3. Experimental

If the self heat rate is below, say 0.02 °C min-1, the calorimeter re-enters heat mode to
further enhance the sample temperature by a prefixed increment (usually 5 °C). This
process of “Heat-Wait-Search” is repeated until the system experiences a self heat rate
above the set threshold. When the self accelerating exothermicity is detected, the sample
container is maintained under adiabatic conditions as explained earlier. Under these
conditions, any increase in sample temperature is attributed totally to the exothermicity of
chemical transformation. When the sample temperature exceeds the preset maximum
attainable temperature, the ARC run is terminated. The following data plots can be
obtained from an ARC experiment.
3.2.3.1 Self heat rate vs. temperature
This plot provides information on the onset temperature of the exothermic activity and
qualitative indication of the rate of energy liberation. The adiabatic temperature rise is
given by Tad = [Tf-To]. To and Tf are the initial and final temperatures of the exotherm.
3.2.3.2 Temperature vs. time
This provides information on the vigor of the exothermic reaction and also the available
time span from the onset of exothermic activity to the end of the reaction.
3.2.3.3 Pressure vs. time/temperature
Information on the rate of pressure and temperature rise will be most useful for estimating
the vent area required for the safe operation of a reactor. This information can be further
processed employing adiabatic kinetics to generate the following characteristic parameters.
Time to Maximum Rate (TMR)
Temperature of No Return (TNR)
Activation Energy (Ea)
Order of Reaction (n)
Heat of Decomposition ( Hd)
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3.2 Physico-chemical properties
3.2.1 Density
Density measurement of ionic liquids was carried out using an Anton Paar DMA 5000
density meter in the temperature range from room temperature to 90 ˚C. The DMA 5000
measures density by the oscillating tube method. A U-shaped glass tube of known volume
and mass is filled with the liquid sample and excited electronically by a Piezo element. The
U-tube principle was developed by Dr. Hans Stabingern.15 The U-tube is kept oscillating
continuously at the characteristic frequency, f. Optical pick-ups record the oscillation
period, P, as P = 1/f. This frequency is inversely proportional to the density, ρ, of the
sample contained. The instrument was adjusted with air and water. The density is
calculated using the following equation:

0.0012930
P
x
1 0.00367 x T 1013.25

(Eq 3.1)

3.2.2 Viscosity
Viscosity is a very important property of ionic liquids as it determines the transport
properties of redox species within the ionic liquid. Ionic liquids have a higher viscosity
than conventional solvents. The value of viscosity depends greatly on the chemical
structure of the ionic liquid, as well as the presence of impurities such as water, and
temperature.
Viscosity is a measure of the resistance of the fluid to being deformed by either shear stress
or extensional stress.16 The instrument used to measure viscosity is an Anton Paar AMVn
in the temperature range 20-90 ºC. Three cylindrical tubes with different diameters were
used as supplied by Anton Paar: 1.8 mm, 3.0 mm and 4.0 mm. For more viscous samples,
the 4.0 mm tube was used, whereas for more fluid samples, the 1.8 mm tube was used for
measurement. The viscosity of the ionic liquid is determined by observing the rolling time
of a solid sphere under the influence of gravity in a cylindrical tube filled with the liquid
sample.
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Viscosity can be expressed into two forms: dynamic viscosity (mPa.s) or kinematic
viscosity (mm2 s-1). Dynamic viscosity is the tangential force per unit area required to
move one plate with respect to the other at unit velocity. The two plates are maintained at
unit distance.
The dynamic viscosity is given by equation 3.2:
(Eq 3.2)
Where η is the dynamic viscosity (mPa s), K1 is the measuring system calibration constant,
depending on the inclination angle (mPa C m3 g-1), ρB is the ball density (g cm-3) (steel ball
=7.85 g cm-3)
The constant K1(α) is given by the equation 3.3:
C

K1
B

x tC

(Eq 3.3)

S

Where ηC is the dynamic viscosity of the reference sample and ρC is the density of the
reference sample (g cm-3) and tC is the average rolling ball time of reference sample for
calibration (s).

The kinematic viscosity can then be calculated knowing the dynamic viscosity of the
sample and its density.

(Eq 3.4)
S

where υ is the kinematic viscosity (mm2 s-1), ρs is the density of the sample (g cm-3) and η
is the dynamic viscosity of the samples (mPa s)
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3.2 Electrochemical methods
3.2.1 Water Content Determination - Coulometric Karl Fischer
Water impurities can affect the physico-chemical properties of ionic liquids. Water
contaminants can have both negative and positive effects in electrochemical devices. Thus,
quantification of the amount of water present in an ionic liquid is essential in some
applications. Coulometric Karl Fischer is a widely used technique to determine the amount
of water present in a wide range of products. The fundamental principle of Karl Fischer is
based on the Bunsen reaction (Equation 3.5) between iodine and sulphur dioxide in an
aqueous medium.17-18 Karl Fischer discovered that this reaction could be modified for use
in the determination of water in a non-aqueous system containing an excess of sulphur
dioxide.19 Figure 3.3 shows pictures of a typical 831KF Coulometer.

Figure 3.3: Coulometric Karl Fischer
There are two different types of coulometric cells: those with a diaphragm and those
without. Coulometric determinations were conducted using a generator electrode without a
diaphragm (generator current 400 mA, 831KF Coulometer), with Hydranal-Coulomat AG
(reagent for coulometric KFT for cells without diaphragm supplied by Reidel-de Haen) as
working medium for determination of water standards in this thesis. The cell consists of a
generator electrode (platinum mesh) and a measuring electrode (double platinum pin)
immersed in the electrolyte. The anode and cathode reaction take place in the same
electrolyte. The electrolyte consists of an alcohol (ROH), a base (B), SO2 and I2. A typical
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alcohol that may be used is methanol or diethylene glycol monomethyl ether, and a
common base is imidazole.
The Pt anode generates I2 when current is provided through the electric circuit. The net
reaction as shown below is oxidation of SO2 by I2. One mole of I2 is consumed for each
mole of H2O. In other words, 2 moles of electrons are consumed per mole of water.
I2 + H2O + [RNH] +SO3CH3- + 2RN→ 2[RNH]+I− + [RNH]+SO4CH3-

(Eq 3.5)

The end point is detected most commonly by a bipotentiometric method. A second pair of
Pt electrodes is immersed in the anode solution. The detector circuit maintains a constant
current between the two electrodes during titration. Prior to the equivalence point, the
solution contains I- but little I2. At the equivalence point, excess I2 appears and an abrupt
voltage drop marks the end point. The amount of current needed to generate I2 in order to
reach the end point can then be used to calculate the amount of water in the original
sample.
The amount of sample used depends on the anticipated water content and the desired
degree of accuracy is summarised in Table 3.1.

Table 3.1: Amount of sample required for detection of water in substance.
Sample water content

Coulometric sample size

(ppm)

(g)

1

> 50

10

>5

100

> 0.5

1000

> 0.05

10000

> 0.005

Table 3.1 gives a rough estimate of the amount of sample required to detect the amount of
water present in the sample. To get reproducible results, at least 3 concordant
measurements are required. This technique requires a lot of sample and also the sample
cannot be recovered from the anolyte. In some cases only one measurement was done
where the ionic liquids were made in small quantities only.
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3.2.2 Ion selective electrode (ISE)
An ion selective electrode can be used to measure the residual amount of halide impurities
in the synthesised ionic liquid. An ISE measures the output potential of a specific ion in
solution against a reference electrode. The reference electrode is a Ag/Ag + electrode. The
potential difference between the reference electrode and the ISE depends on the
concentration of the specific ion in solution. Ion selective electrodes were purchased from
TPS Ionode (Melbourne, Australia); Ionode S14 for bromide determination was used. A
calibration curve was made using 1000 ppm to 10 ppm salt solution in either a mixture of
methanol: water or in pure distilled water depending on the solubility of the ionic liquid in
the aqueous medium. For the methanol:water calibration curve, tetrabutylammonium
bromide was used, and in aqueous media potassium bromide was used.
3.2.3 A.C. Conductivity
Electrochemical impedance spectroscopy (EIS)20-22 deals with the theory of
interpreting equivalent resistance and capacitance values with respect to interfacial
phenomena. Impedance spectroscopy is often used to study the transport properties of
materials and measures the conductivity of charged species. The resistance of an ionic
solution is given by the following equation:
(Eq 3.6)
where R is the resistance of the ionic solution, ρ is the resistivity of the ionic
solution, A is the area bounded between the electrodes and l is the length carrying a
uniform current.
The conductivity of the solution, σ, is more commonly used in solution resistance
calculations and is given by the following equation:
(Eq 3.7)

The ionic conductivity of all samples was evaluated using AC impedance spectroscopy.
The measurements were performed with a frequency response analyser, Solartron 1296,
driven by custom software Solartron impedance measurement software version 3.2.0. The
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measurements were performed in the frequency range of 0.01 Hz to 1 MHz and a signal
voltage 0.1 V in a temperature range from -40 ˚C to 90 ˚C at 5 degree intervals. The
temperature was controlled using a Eurotherm Model 2204 temperature controller. The
Eurotherm was under the Solatron impedance measurement software control.
Two type of cells were used, the barrel cell for the solid materials and the dip cell
for liquids.
BARREL CELL (shown in Figure 3.4)
The cell body is made of brass and is 8 cm long. The sample sits on a steel plate contact
whilst the second contact is a small steel disk on the end of the spring. The important
features of the cell are spring loading, electrical shielding and gas tight seals.
The samples were pressed into pellets using a die of 13 mm in diameter. The thicknesses of
the pellets were measured using a digital calliper. The thicknesses of the sample were
approximately in the range of 1-2 mm. The pellets were then sandwiched between the two
steel electrodes. Samples were handled and the cells sealed in a nitrogen filled glovebox.
The conductivity is calculated by using the following equation
t
(Eq 3.9)
RA
where σ is the conductivity (S cm-1) t is the thickness of the sample (cm), A is the area

(cm2) and R is the resistance (Ω).

Figure 3.4: Barrel Cell
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DIP CELL (shown in Figure 3.5)
A locally designed dip cell was used. The electrode consisted of two platinum wires, 3 mm
apart, in a glass tube. The sample vial used an O-ring for proper sealing. A picture of the
cell is shown in Figure 3.5. A 240 V cartridge heater and a K type thermocouple, mounted
in a brass block were used to heat the samples.
When the sample was loaded, it was necessary to hold a fine piece of wire against the Oring, thus allowing atmospheric pressure to escape and avoid pressurizing the cell. Once
the dip cell was in position, the wire was removed from the cell. Also care was taken in
lowering the electrode into the sample vial so as to avoid formation of bubbles.

Figure 3.5: Dip cell

The cell constant of the dip cell was determined at room temperature using an
aqueous 0.01 M KCl solution. The measured conductance of the solution was calculated
from the real axis touchdown of the Nyquist plot using equation (3.10)

measured

1
R

(Eq 3.10)

where χ is the conductance (S) and R is the resistance (Ω)

The cell constant K was determined using equation 3.11:
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KCl

K

(Eq 3.11)
measured

where σKCl is the conductivity of KCl solution a 25 ˚C (1409 μS cm-1).
The specific conductivity (S cm-1) of the sample was thus calculated using equation
(3.12):
K

(Eq 3.12)

R measured

3.2.4 Basic electrochemistry
3.2.4.1 Experimental set up
The experimental set up was a three electrodes one compartment arrangement connected to
the potentiostat. The electrode where the main electrochemical reaction is happening is
called the working electrode. To measure the potential difference at the working electrode,
a reference electrode is needed. The reference electrode is placed close to the working
electrode to minimise the ohmic drop and no current should pass between these two
electrodes. The third electrode is the counter electrode, through which current passes. The
area of the counter electrode should be sufficiently large to avoid limitation in charge
transfer reactions. This set up is used to study redox reactions at the working electrode.
What is a redox reaction?
Redox reactions involve the transfer of electrons from one state to another as shown in the
general equation 3.1323-24
Ox + ne → Red

(Eq 3.13)

A fundamental expression for characterising redox system under equilibrium conditions is
the Nernst equation given in equation 3.1425
(Eq 3.14)
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is the standard reduction potential, R is the gas constant (8.314 J K-1 mol-1), T is

Where

the temperature in Kelvin, CRed is the concentration of the reducing species, COx is the
concentration for the oxidised species, n is the number of electron transferred, F is the
Faraday constant (96500 C).
3.2.4.2 Electrodes used to study redox reactions
The working electrode is usually made from inert conducting materials such as glassy
carbon, gold or platinum. A well defined planar surface can be easily obtained from these
materials. These electrodes need to be polished after each reaction to remove any
impurities that can be absorbed on the surface. Different diameters of disk electrodes are
available. Electrodes of dimension of 1 to 3 mm are often used for electrochemical studies.
These electrodes are often called macroelectrodes. A microelectrode has a smaller
diameter, usually around 10 μm is used.
The reference electrode commonly used in aqueous solvents is the standard saturated
calomel electrode, whose potential is 0.24 V vs NHE (normal hydrogen electrode). In
organic solvents, Pt wire or silver wire are used as pseudo reference electrodes (meaning
that their potential is reproducible but not accurately known on an absolute scale).
Alternatively a silver wire in a silver ion solution of known concentration contained in a
fritted tube can be used.
The counter electrode is usually composed of either platinum wire or graphite. The counter
electrode should be larger than the working electrode.
3.2.4.3 Transport properties of ions
It is important to consider the transport of ions in electrolyte solutions between the working
electrode and the counter electrode. The transport of ions to the electrode is governed by
three different kinds of transport mechanisms:24
Migration
If charged ions are present in a solution containing two electrodes, when a potential is
applied to the electrodes, positive charges will move towards the cathode and negative
charges will move to the anode. To suppress this effect, a large excess of inert supporting
electrolyte is often added.
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Convection
Convection is due to transport of ions by mechanical movement. This is achieved by
vibration, stirring, and heat induced motion. Convective mass transport is used in rotating
disk electrodes.
Diffusion
Diffusion is due to a concentration gradient. Diffusion is described by Fick‟s law
(Eq 3.15)
where J is the flux of the ion (mol cm-2 s-1),

is the concentration gradient, D is the

diffusion coefficient (cm2 s-1).
Fick‟s Second Law is the variation of concentration with time and given by the following
equation:
(Eq 3.16)
The current response obtained after a change in potential is applied when migration and
convection are neglected is often limited by diffusion according to these laws.
3.2.4.4 Cyclic voltammetry
Cyclic voltammetry (CV)26-27 is the most universal electrochemical technique, used to
elucidate reaction mechanisms or to carry out quantitative analysis. The power of cyclic
voltammetry results from its potential to provide important information on the
thermodynamics of redox processes, coupled chemical reactions and on the kinetics of
electron-transfer reactions. The technique consists of varying the electrode potential of a
stationary working electrode in a linear way between two limits: the initial electrode
potential Ei and the final electrode potential Ef at a fixed scan rate (υ mV s-1). Figure 3.6
shows the triangular potential waveform applied in the CV technique.
When the potential reaches the E1, the scan is reversed and the potential is swept back to E2
as shown in Figure 3.6. By changing the scan rate, the kinetics and the mass transfer
process can be probed.
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Figure 3.6: Variation of applied potential with time in cyclic voltammetry where Ei is
the initial potential, E1 is the maximum potential, E2 is the minimum potential and Ef
is the final potential

Figure 3.7: CV of 0.5 mM of Ferrocene in acetonitrile at 20 mV s-1 on a Pt working
electrode (1 mm). Epc is the cathodic peak potential, Ipc is the cathodic current, Epa is
the anodic peak potential and Ipa is the anodic current
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Figure 3.7 illustrates the expected response of a reversible redox couple: in this case
ferrocene was used. Initially, only the oxidized form is present.
Ferrocene undergoes a one electron oxidation. It is often used as a standard in
electrochemistry.
Fc + 1e- → Fc+ EFc+/Fc = 0.64 V vs NHE

(Eq 3.17)

Cyclic voltammetry at a planar electrode (macroelectrode)
In cyclic voltammetry at planar electrode, for a reversible process the peak current ip is
given by the Randles-Sevick equation (Eq 3.18). A full description of the derivation of this
expression for current is given in Bard and Faulkner.24
(Eq 3.18)
where n is the number of electron transferred, A is the active area of the electrode (cm2), D
is the diffusion coefficient of the species (cm2 s-1), C is the concentration of the species in
the bulk (mol cm-3) and

is the scan rate (V s-1).

Cyclic voltammetry at microdisk electrodes
Cyclic voltammetry at a macroelectrode is a transient technique, in which the current is a
function of time. In steady state techniques, the current is only a function of applied
potential. To achieve steady state conditions, a microdisk28-30 is usually used. In this case
the mass transport is independent of time. Transport of ions at a microelectrode29-31 is
achieved by either radial or edge diffusion to the electrode surface.
The shape of the CV at a microelectrode is shown in Figure 3.8. The magnitude of the
current density is much smaller due to the small area of the electrode and a steady state
current (or limiting current) is achieved.28
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CV of Ferrocene at a microelectrode
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Figure 3.8: CV of 0.5 mM of Ferrocene in acetonitrile at 10 mV s-1 at a Pt
microelectrode (10 μm)
The limiting current I lim is given by equation 3.19.32
Ilim= 4nFDCr (Eq 3.19)
where n is the number of electron transferred, F is the Faraday constant (96500 C) , D is
diffusion coefficient (cm2 s-1), C is the bulk concentration(mol cm-3) and r is the dimension
of the electrode (cm).
Thin layer cyclic voltammetry
The advantage of thin layer voltammetry31 is that the reactant is held between two
symmetrical electrodes separated by a very thin film. 25 μm thick Surlyn was used as the
spacer in the present work. Figure 3.9 shows a schematic diagram of a symmetrical cell.
The electrolyte is confined in a very small volume. The advantage of using this technique
is the ease of obtaining steady state conditions at the electrode.

Figure 3.9: Symmetrical cell composed of two platinised TCO glasses
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The steady state current is given by the following equation:31
(Eq 3.20)
where n is the number of electrons transferred, F is the Faraday constant, A is the crosssection of the enclosed electrolyte, D is the diffusion coefficient, c is the concentration of
the redox species and l is the distance between the two electrodes.
3.2.5 Diffusion NMR spectroscopy
Pulsed-field gradient diffusion measurements were carried out on a Bruker 300 MHz
Ultrashield with Avance I console utilising a Diff30 diffusion probe and GREAT60
amplifier.33 Different components of the samples were measured using the 1H and

19

F

nuclei for the cation and anion, respectively. For each experiment, the recycle delay was
set to > 5×T1. For each measurement the gradient pulse (δ) and diffusion time (Δ) were
optimised, with gradient strengths (g) up to 1700 G cm-1 applied. Due to the conductivity
of the samples, the probe was tuned and matched at each temperature with the π/2 pulse
checked and optimised, if required, before any experiments were performed. The sample
was filled into 5 mm diameter Schott E NMR tubes to a height of 40 mm in an N2
atmosphere (<5 ppm O2, <5 ppm H2O).
The Stimulated Spin Echo (STE) pulse sequence was used to measure the diffusion
coefficients, varying the gradient strength in 16 steps up to the maximum gradient strength.
This data is fit to the Stejekal-Tanner equation34 using the non-linear least squares method.
The sample was measured in the range of 20-80 °C. The temperature of the probe was
calibrated using a 99.9 % ethylene glycol standard in a sealed NMR tube with several
measurements taken at 10 K intervals. The temperature difference between the
thermocouple and sample was fit to a straight line to obtain accurate correction parameters.
As convective flow in the NMR tube can cause erroneously large diffusion coefficients at
elevated temperatures, a Δ of 10 ms was used above 50 °C (below this temperature the low
diffusion coefficient dictated a Δ of 20 ms). The measurements were performed by Mr.
Paul Bayley and Mr. Martin Yoon.
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Chapter 4

Device fabrication and characterisation

Chapter overview

The first part of this chapter focuses on the description of each component used in the
fabrication of dye sensitised solar cells (DSSCs). Transparent conductive oxide glass
(TCO), semiconductor (Titanium oxide pastes (TiO2)), sensitisers, electrolytes and counter
electrodes are described, as well as the assembly of the complete device. The second part
of the chapter explains the measurement techniques, and their relevant background, used to
analyse the system under investigation. The performance of the device was measured using
photovoltaic techniques such as white light current-voltage characteristics and the
determination of the incident–light–to-current conversion efficiency. Other techniques
such as UV-spectroscopy, BET analysis, absorbed photon to current conversion efficiency
are also briefly described.

Figure 4.1: Schematic diagram of a dye sensitised solar cell
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4.1 Materials
This part describes the different materials used in the fabrication of a dye sensitised solar
cell. A description of each component is given as well as the advantage of such materials.
4.1.1 TCO coated glass
The substrate acts as a current collector, thus it has to be very conductive. The other
important aspect of the substrate is the transparency on the front side so that the dye can
absorbed light efficiently. Also it has to be able to handle high temperature treatments as
well as corrosion from the electrolyte system. Thus, the electrode of the DSSC was
prepared using a transparent conductive oxide (TCO) glass. TCO glasses are widely used
for silicon solar cells due to their high transparency in the visible light spectral region and
high electrical conductivity.1 Indium-tin oxide (ITO) and fluorine doped tin oxide (FTO)
are the two kinds of TCO glass usually used. FTO conducting glass was purchased from
Nippon Sheet glass (NSG). Table 4.1 show the specifications of the TCO used to prepare
devices.
Table 4.1: TCO substrate used for the fabrication of dye sensitised solar cells. The
nominal resistance, the thickness and the transmission at 550 nm of the TCO glass
indicated are from the supplier.
TCO name

Resistance

Transmission at 550 nm

Glass Thickness

Ω /□

(%)

(mm)

NSG (WE)

13

82

4

NSG (CE)

12

70

3

The sheet resistance of the TCO glass for the working electrode was 13 Ω /□ before
sintering. After sintering treatment at 500 ºC, the sheet resistance was increased to 16 Ω /□.
Resistivity was measured using a four point probe technique. The probe consists of four
equally spaced tips which pass a current through the outer probes and measure the voltage
across the two inner probes. A Jandel-RM2 meter was used to measure the resistivity of the

TCO glass. The conductive glass was placed underneath the probe and it was lowered until
it touched the TCO glass.
Other materials such as metals foils or organic polymers can be also used instead of TCO.
The problem with metal substrates is corrosion. In this work, only TCO was considered.
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4.1.2 Dense TiO2 layer
The purpose of the dense layer is to reduce the back electron transfer to the redox
electrolyte, i.e. the dark current, and also to provide a good adhesion of the transparent
layer to the FTO.
Compact films of TiO2 were produced by spray pyrolysis using a precursor of titanium
diisopropoxide bis(acetylacetonate) (TAA was purchased from Sigma-Aldrich). The TAA
was stored in an argon glove box. The TAA was diluted in ethanol in the volume ratio of 1
to 9 prior to use. Under atmospheric conditions, the colour of the precursor solutions
changed from yellow to orange.
Although the photovoltaic characteristics of films prepared from old solutions and from
fresh solutions did not show any significant difference, the precursor solutions were always
freshly prepared before use.
4.1.3 Nanocrystalline TiO2 layer
TiO2 is the most famously used semiconductor for DSSC. It has very good chemical
stability and it is non-toxic nor expensive. It has a slight n-type doping due to nonstoichiometry2 and suitable conduction and valence band energies for use as a photoanode
electrode with commonly available sensitisers. Titania electrodes were made in a manner
based on the work of Ito et al.,3 with a structure shown in section 4.2.
The porous nanocrystalline TiO2 thin film was prepared by screen printing a TiO2 paste on
the FTO substrate. The screen printing paste was provided by JGC-Catalysts & Chemicals
Industries Co. (JCG-CCIC). This contained semiconductor particles nominally 18 nm in
diameter as well as a binder and solvent. A 30 nm particle size paste was also used in some
work.
4.1.4 Scattering TiO2 paste
A second screen printing paste was developed following a literature procedure by
Thompson et al.,4 in order to apply a scattering layer. This was based upon an aqueous
solution of 400 nm TiO2 particles, provided once again by JGC-CCIC. The scattering layer
is produced by completing a solvent exchange of water for ethanol with commercial 400
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nm and 18 nm Titania sols (HPW-400C and HPW-18NR). These are mixed together with
10 wt% ethyl cellulose in ethanol and terpineol with a weight ratio of 5:1:35:30.
The ethanol is then removed by rotary evaporation. Ethyl cellulose and terpineol were
added in order to give an appropriate porosity during the calcination process. Porosity
between 50 to 70 % is desired for the permeation of the electrolytes in the films thus
maintaining a good contact between the redox species and the dyes on the TiO2 surface.
4.1.5 Dyes
The harvesting of the incident light in high performance DSSCs is realised by a ruthenium
dye which is chemisorbed onto the surface of the transparent layer. For high energy
conversion, the dye should be able to absorb a large part of the solar light and be strongly
attached to the surface of the semiconductor. The dye should also be stable in the ground
and oxidised states and endure repeated oxidation and regeneration.
Ruthenium complexes are the most successful sensitisers to date. The cost of these dyes is
quite high due to the rarity of ruthenium. Alternative dyes are under investigation, such as
organic dyes and dyes which can also absorb into the infrared region.
The advantages of organic dyes are that they do not involve scarce elements, they have less
impact on the environment, and they can be made quite easily as compared to ruthenium
dyes. To date, the efficiency of organic dyes is not as high as the family of ruthenium dyes,
but progress is narrowing the gap.
The ruthenium sensitisers cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylatoruthenium(II) bis-tetrabutylammonium (N719) and cis-di(thiocyanato)-(2,2‟-bipyridyl4,4‟-dicarboxylic acid)(4,4‟-dinonyl-2,2‟-bipyridyl)-ruthenium(II) (Z907) dyes were
purchased from DyeSol. These dyes were purified before use. These ruthenium dyes were
developed by Nazeeruddin5 and Zakeeruddin.6 A number of organic dyes such as
porphyrin7-8 sensitisers and some new thiophene derivatives were provided by other
research groups (full structural and detailed information will be provided in the relevant
chapters). The structures of these dyes are given in Chapter 7.
4.1.6 Counter electrodes
The counter electrode of the DSSC usually consists of a FTO glass substrate with a layer of
catalyst. During the functioning of a DSSC, a tri-iodide ion is formed by the reaction of the
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oxidised ruthenium dye with the iodide ion. The function of the catalyst is to reduce the triiodide back to the iodide at the counter electrode. For the reaction to be effective, platinum
is usually employed as a counter electrode. Other counter electrodes such as carbon9-10
(carbon nanotubes, graphite) and PEDOT11-13 can also be used. Several techniques14 can be
used for the deposition of Pt on TCO: electrochemical methods, electroplating, sputtering
and thermal decomposition. Sputtered platinum electrodes are often very opaque, whereas
with thermal deposition the platinised electrode can still be transparent, thus light can enter
from both sides which can improve the performance of the device. With electrochemical
techniques, the thickness of the catalyst can be varied. Only the thermal decomposition
technique was used to prepare the counter electrode in this work.
4.1.7 Cell sealing
An ionomer resin Surlyn (Solaronix) of 25 μm was used as the sealing agent. The sealing
material is necessary for keeping the electrolyte solution in between the two electrodes,
thus preventing leakage and evaporation of the electrolyte, especially acetonitrile based
electrolytes. In the case of solid electrolytes, the sealing material is not necessary. The cell
can simply be clamped together. Epoxy resin can also be used as outer sealing materials for
long term stability of DSSCs.
4.1.8 Electrolytes
As electrolytes are the main focus of this thesis, their preparation is described in the
relevant chapters.
4.1.9 Chemicals and solvents
Hexachloroplatinic acid (H2PtCl6), acetonitrile (anhydrous, 99.9 %) valeronitrile (95 %),
Hellmanex, lithium iodide (99.9 %), iodine (metal basis 99.99 %), guanidinium
thiocyanate, 1-methylbenzimidazole, and tert-butylpyridine (95 %) were purchased from
Sigma-Aldrich. Valeronitile and tert-butylpyridine were purified by distillation and stored
in an argon glovebox until use. Chloroform (HPLC grade), isopropanol (reagent grade) and
ethanol (reagent grade) were purchased from Merck and used without further purification.
All other reagents and solvents were used without further purification.
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4.2 Device fabrication
A basic schematic structure of dye sensitised solar cells is shown in Figure 4.2. The device
consists of a transparent conducting substrate (F doped Tin oxide), a transparent layer and
on top of it, a scattering layer. Prior to the deposition of the dense TiO2 layer, the FTO
glass was cleaned by sonication for 10 minutes in a 5 wt% Hellmanex solution in water,
followed by a rinse with distilled water and a further 10 min sonication in ethanol. Glass
pieces were then stored in ethanol. Once the glass was removed from the ethanol, it was
placed TCO side down, in order to dry. Hellmanex solutions were reused for a long period.

Figure 4.2: Schematic diagram of the photoanode
The dense layer of TiO2 was deposited by spray pyrolysis of the precursor TAA, following
a literature procedure by Kavan15 The substrates were heated on a temperature controlled
hotplate to 450 ºC at a ramp of 20 ºC min-1. The precursor solution was sprayed from a
distance of 10 cm using a chromatographic atomiser (Glass Keller) every 10 seconds for 2
mins in the middle and in each corner of the (100 mm x 100 mm) glass plate.
After spray pyrolysis, the substrates were allowed to thermally equilibrate for 5 mins and
then cooled down to room temperature. The substrates were then stored in a closed plastic
container. The nature of the dense layer manifests itself by blocking anodic reaction on the
bare TiO2 electrodes. The mesoporous TiO2 layer was then deposited by using a semi
automatic screen printing method on a full sheet of unscored NPG (100 x 100 mm). After
the first coating, the TiO2 layer was allowed to settle for 5 minutes in a closed container
and then dried at 125 ºC for 15 minutes to remove the solvent, whereupon a second layer
may be printed and/or a scattering layer as per requirements. Figure 4.3 and 4.4 show the
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SEM images of an 18 nm particle TiO2 film and a 30 nm particle TiO2 film after full
sintering. The films are quite homogenous without any big agglomerates.

TiO2 – 30 kV
Small particle size ~ 18-34 nm
Average ~ 27 nm

Figure 4.3: SEM images of the transparent layer (TiO2)
The purpose of the scattering layer is to recapture the light reflected by the transparent
layer thus enhancing the light harvesting.

TiO2 with scattering layer) – 30 kV

Scattering layer size ~ 400-700 nm
Small particle size ~ 18-24 nm

Figure 4.4: SEM images of the scattering layer

91

4. Device fabrication and characterisation

Once all layers were deposited, the substrates were allowed to settle in a covered container
for 15 min. The substrates were then fully sintered according to the following temperature
program as shown in Figure 4.5.
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Figure 4.5: Temperature profile for full sintering of substrates
The temperature program consists of heat ramps and isotherms that are chosen to separate
the burning of additives present in the pastes. This temperature profile was also used to
obtain reproducible grain growth and phase transformation of the TiO2. The sintering
process was carried out under an oxygen flow. TiO2 films of various thicknesses were
printed using the appropriate mesh.
The Titania films were then subjected to a TiCl4 post treatment.16 This treatment was
demonstrated by Kay17 to increase the injection of electrons into the TiO2 resulting in an
increase in current. The downside of this treatment is that it decreases the average pore size
and the porosity. Thus the concentration and treatment time needs to be well controlled and
optimised. 0.2 M of TiCl4 in distilled water was made up and kept in the fridge at
approximately 4 ºC. 20 mM of TiCl4 solution was produced immediately prior to use to
avoid undesired hydrolysis reactions occurring.
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The films were immersed in the TiCl4 solution at 70 ºC for 30 min. The films were then
washed thoroughly with distilled water and ethanol, and then they were refired at 500 ºC
for 15 min. If not used directly after preparation, the TiO2 films were stored in closed
plastic container.
Before the dye uptake, the films were once again heat treated at 500 ºC for 30 min using a
heat gun. The firing leads to a dehydroxylated, highly activated surface for dye adsorption.
Once the electrodes were cooled to 110 ºC, the electrodes were placed back to back and
dipped into the dye solution at room temperature and in the dark. The dying time for
ruthenium based sensitisers is 16 hrs whereas for some organic dyes, only 2 to 4 hrs is
required.
Glass used for counter electrodes was scored and broken into 12.5 mm x 16.5 mm sections.
Holes of approximately 1 mm diameter were drilled into the counter electrode for filling
the cell with electrolyte. A Dremmel drill and a number 835-104-008 burr on setting 5
were used to drill the holes in the counter electrode. The glass was completely immersed in
water to prevent the burr breaking during the drilling process. The hole was partially
drilled from the non conductive side first and then flipped over to the conductive side and
finished. This is done in such way to prevent any “punch through” from occurring;
ensuring that in the final device, the area taken up by this hole would not overlap with the
active film area. When drilling was complete the glass was cleaned in the same fashion as
the working electrodes.
In this work, Pt was applied by thermal decomposition of H2PtCl6. A 10 mM solution of
H2PtCl6 in ethanol was prepared in a glove box and stored in the dark. A drop of this
solution was placed onto the conductive side of the TCO glass electrode and smeared with
the end of a Pasteur pipette, and allowed to dry. Then the electrodes were placed on a tile
and inserted into a ceramic tube. A round bottom flask was placed at one end of the
ceramic tube and a heat gun at the other, as shown in Figure 4.6. The electrodes were fired
at 400 ºC for 15 min. This results in formation of Pt particles on the surface as shown in
the SEM images in Figure 4.7. The properties of the Pt counter electrode directly affect the
fill factor of the solar cells.
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Figure 4.6: Heat gun for platinising counter electrode for dye sensitised solar cells
Platinised FTO

Pt size some big ~ 20 nm
Small necklace ~ 8 nm

Figure 4.7: SEM images of platinised FTO
Working electrodes, once removed from dye solution, were washed vigorously in the same
solvent as the dye solution for a few seconds before being allowed to sit for a minute and
then dried. Once dried, electrodes were kept under restricted light until the electrolyte
solution has been introduced in order to avoid oxidation and degradation of the dye.
Cells were assembled by pressing the working and counter electrodes together using a 25
μm Surlyn film spacer (purchased from Solaronix) at elevated temperature. This allowed
the Surlyn to melt sufficiently to hold the electrodes together at a determined distance. This
Surlyn gasket surrounds the dye film and the filling port. The width of the Surlyn is
approximately 2 mm. This width allows one to determine if overheating has occurred,
where the Surlyn spreads wider than 2 mm. Overheating leads to degradation of the
sensitiser, so to this end, a cell press was designed and constructed by SMC Pneumatics
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Pty. Ltd., which allowed heating from the counter electrode side and had a copper tip
pressed against the working electrode immediately behind the dye film. Heat and pressure
were applied for 18 seconds. This was repeated again up to two more times, in case the
Surlyn had not created a complete seal.
Once the photoanodes were sandwiched together with the platinised counter electrodes, the
cells were then filled with an electrolyte by a vacuum backfilling method. The filling port
was then cleaned and sealed using Surlyn and a microscope cover slide or with aluminium.
Contacts on cells were made using a sonic soldering iron (using a Cerasolver CS186 at 220
ºC, with an oscillation of 60 kHz). Figure 4.8 shows a schematic diagram of an assembled
dye sensitised solar cells.
Backfilling hole
Pt-Coated electrode
(Counter Electrode)
Solder contact

+
Gasket (Surlyn)

Dye-TiO2 Film
(Working Electrode)

Figure 4.8: Schematic diagram of a dye sensitised solar cells and real devices for
testing different dyes and electrolytes

4.3 Characterisation and measurement
4.3.1 Current-Voltage characterisation
Photovoltaic devices were measured using simulated sunlight (AM 1.5, 100 mW cm-2)
provided by an Oriel solar simulator with an AM 1.5 filter before the Xenon lamp.
Current-Voltage characteristics were measured using a computer controlled potentiostat
(Keithley 2400, SourceMeter). Cells were biased from high to low, with 10 mV steps and
the settling time was varied depending on the electrolytes used. The settling time is the
delay between the application of a bias and the current measurement. It was found that this
comparatively long settling time was required to avoid measurement artefacts due to mass
transport of the redox couples in the electrolyte. The power of the simulated light was
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calibrated with a reference Silicon photodiode. The light intensity was varied using meshes
in front of the Xenon lamp. The set up allowed measurements at 5.8 %, 10 %, 15 %, 38 %,
64 % and 100 % sunlight respectively.

Figure 4.9: Filter wheel used to measure the DSSC at different light intensity (left)
and the translation stage used to measure the performance of the device (right)

4.3.2 Incident photon-to-current conversion efficiency (IPCE)
The incident photon-to-current conversion efficiency (IPCE) describes the spectral
operation range of a specific solar cell as a function of wavelength. IPCEs were measured
with the cell held under short circuit conditions and illuminated by monochromatic light. A
Cornerstone 260 monochromator was used in conjunction with an optical fibre, Keithley
2400 SourceMeter and 150 W Oriel Xe lamp.
A silicon diode was used to calibrate the light source prior to testing. Also prior to testing,
a 30 second „rest‟ period was introduced to ensure the dark current dropped to zero once
the cell was short circuited. Additionally a 200 ms settling time was used at each frequency
step. This was followed by an averaged reading over a 1 second period.
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Figure 4.10: Schematic of applied bias as a function of time, showing settling time
(red), integration time (blue) and switching (green)
4.3.3 Absorbed photon-to-current conversion efficiency (APCE)
Absorbed photon-to-current conversion efficiency (APCE) is defined as the amount of
absorbed photons that generate electrons in the external circuit. The relationship between
IPCE and APCE is shown in equation 4.1, where LHE corresponds to the light harvesting
efficiency. LHE quantifies absorbance of monochromatic light by a device as a function of
absorption.
This gives a more accurate depiction of what is really happening with the photons, since it
is possible to separate the photons that have been absorbed and lost, from the photons that
have not been absorbed by the dye. This measurement allows for the determination of the
charge injection of electrons in the conduction band and gives an idea about recombination
reactions occurring in the device.
(Eq 4.1)
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4.3.4 UV/Vis spectroscopy
Dye loading was analysed with the aid of a Cary 5000 photospectrometer, measuring the
optical absorption of TiO2 films before and after dying (with different organic dyes). Films
were characterised optically using an integrating sphere attached to a Cary 5000 UV-VisNIR spectrometer. This equipment facilitates the collection of the total transmission,
diffusive transmission, total reflection and diffusive reflection Absorption spectra are
measured with a 1 cm optical path quartz cell.

4.3.5 Scanning Electron Microscopy
Scanning Electron Microscopy images were recorded in the Monash Centre for Electron
Microscopy. The samples were coated with thin layer of gold and SEM images were
obtained using a JEOL 7100F field emission gun scanning electron microscope. Excitation
wavelengths used and magnifications are shown on each picture. The SEM images were
taken by Dr. Orawan Winther-Jensen.

4.3.6 Profilometer
A semi automatic VeeCo Dektak 150 profilometer was used to measure the thickness of
films. The profilometer is a measuring instrument used not only to profile surface
topography and waviness, but also the surface roughness in the nanometre range. The
Dektak 150 profilometer takes measurement electromechanically by moving the samples
beneath a diamond-tipped stylus. The profilometer is able to measure small variation in
height from 10 nanometres to 1 millimetre.

4.3.7 BET analysis
Brunauer, Emmett, Teller (BET) analysis was conducted using nitrogen desorption at 77 K
on Micrometrics TRiSTAR 3000 equipment, for a series of powders (collected from
prepared films). The TiO2 films used in this research were scratched off from glass plates
after full sintering. The data used for the research are shown in Figure 4.11 and were
obtained by Dr. Fuzhi Huang.
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Figure 4.11: Shows the pore distribution of the paste and the scattering layer paste
and the effect of sintering
The effect of sintering does not affect the porosity of the films. The porosity of the 18 nm
particle based material is about 58 %, the surface area is 86 m2 g-1 and the roughness factor
is 138.
These powders were also used for X-Ray Diffraction (XRD) analysis (Phillips powder
diffractometer with a 1 º divergence slit, 0.2 º receiving slit and carbon monochromator)
where they were examined under Cu Kα radiation from 25-60 º at 0.02 º increments.
4.3.8 Error Analysis
In most cases, experiments were carried out multiple times and error bars were calculated.
Statistical analyses were used to determine the mean values, as well as the standard
deviation. In general, error bars are not included on the graph for clarity, but error results
are tabulated.
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Chapter 5

Synthesis of novel phosphonium ionic liquids

Chapter overview

Asymmetric aliphatic short tetraalkyl chain phosphonium ionic liquids comprised of
triisobutyl(methyl)phosphonium,

diethylmethyl(isobutyl)phosphonium,

butyl(triethyl)phosphonium and methyl(triethyl)phosphonium cations combined with
different

anions

such

as

dicyanamide,

bis(trifluoromethanesulfonyl)amide,

bis(fluorosulfonyl)amide, thiocyanate, tetrafluoroborate and hexafluorophosphate were
synthesised for use in dye sensitised solar cells. The physicochemical properties of this
class of material, such as the ionic conductivity, viscosity and thermal behaviour, were
compared with the imidazolium or ammonium based ionic liquids and with the two wellknown high viscosity phosphonium ionic liquids: tetradecyl(trihexyl)phosphonium
bis(trifluoromethanesulfonyl)amide1-2 and tetradecyl(trihexyl)phosphonium dicyanamide,3
as well as with the low viscosity phosphonium ionic liquids synthesised by Tsunnashima et
al.4 The viscosity and conductivity of the phosphonium salts were analysed using the
Walden rule, to investigate the degree of ion association. The electrochemical window of
these new phosphonium ionic liquid were also investigated to determine their suitability
for applications other than solar cells.
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5.1 Introduction
Imidazolium based ionic liquids have been extensively studied as potential electrolytes due
to their interesting physical and chemical properties, which make them good candidates for
many applications such as fuel cells,5-7 batteries,8-11 super capacitors,12-13 actuators14-15 and
dye sensitised solar cells.16-23 During the last decade, many publications from academia
and industry have discussed the use of this particular class of ionic liquids.24-25 In contrast,
phosphonium based ionic liquids have been largely ignored for a long time. The main
reason for the lack of interest in this class of materials is the high viscosity as well as the
hazardous aspect and poor availability of the starting materials: trialkylphosphine, which
can be dangerous and may prohibit synthesis even on a laboratory scale.
Trialkylphosphines are made by free radical addition of phosphine to olefins.
Tetraalkylphosphonium salts are then synthesised from these by nucleophilic addition of
the tertiary phosphine with haloalkane.26
Cytec Industries and Nippon Chemical have long histories in manufacturing
trialkylphosphine and tetraalkylphosphonium salts,27-28 thus making it possible to design a
variety of phosphonium ionic liquids. Over the past decade, Cytec Industries have
developed a number of high viscosity phosphonium ionic liquids, in combination with
different

anions

such

as

tosylate,

methylsulfate,

tetrafluoroborate

(BF4)

and

bis(trifluoromethanesulfonyl)amide.29 Phosphonium based ionic liquids under the brand
name Cyphos are now available and they are manufactured in large scale at Cytec
Industries.26
The

most

commonly

studied

phosphonium

trihexyl(tetradecyl)phosphonium,30-31

cations

are

the

tetrabutylphosphonium,32-33

tributyl(ethyl)phosphonium,34 and triisobutyl(methyl) phosphonium,35 combined with
various anions such as dicyanamide (N(CN)2),36 bis(trifluoromethanesulfonyl)amide
(NTf2),1, 37 hexafluorophosphate (PF6)38-39 and halides.40
5.1.1 Synthetic routes to phosphonium-based ionic liquids
5.1.1.1 Metathesis route
With the growing interest in phosphonium ionic liquids, Bradaric et al.

26

studied a range

of potential ILs for industrial production. They synthesised a variety of phosphonium salts
based on anions such as dimethylphosphate, tosylate, tetrafluoroborate and chloride.
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Trihexyl(tetradecyl)phosphonium chloride has been the starting material for the synthesis
of numerous phosphonium based ionic liquids via anion exchange reactions. The ion
exchange reactions can be done in two ways, as shown in equations 5.1 and 5.2.
[R’PR3]+[X]- + MA→ [R’PR3]+[A]- + MX

(Eq 5.1)

[R’PR3]+[X]- + HA+ MOH → [R’PR3][A]- + MX + H2O

(Eq 5.2)

Where R,R’ = alkyl; X = halogen, M = alkali metal and A = anion such as decanoate,
carboxylate, tetrafluoroborate and hexafluorophosphate.
5.1.1.2 Halide free route
Phosphonium ionic liquids prepared by the metathesis methods usually contain residual
amount of halides, which can have a negative effect on many applications. Seddon et al.41
have demonstrated that halide contaminants can have a negative or positive effect
depending on the reaction that is being conducted. For example, chloride ions have a
detrimental effect on transition metal catalysed reactions,42-43 whereas bromide ions
accelerate Heck coupling and have a stabilising effect on palladium.44 Halides can also
lower the electrochemical window of the ionic liquid, thus limiting its potential use as an
electrolyte for lithium batteries.45-46
Anion exchange mechanisms are quite expensive and very wasteful. They also often
involved the use of environmentally hazardous organic solvents. Thus a halide free route
was developed by Bradaric et al.26 to limit the use of hazardous materials and to make it
cost effective for industrial applications. The synthesis involved the quaternisation of
tertiary phosphine with dialkylsulfates, trialkylphosphates and alkylphosphonates.

5.1.2. Applications of phosphonium based ionic liquids
Phosphonium ionic liquids have been traditionally applied as phase transfer catalysts.47-49
Yadav

et

al.50

have

studied

trihexyl(tetradecyl)phosphonium

the

cation,

alkylation
with

of

anions

2-Naphthol
such

as

using

the

decanoate,

hexafluorophosphate, chloride and bromide. They demonstrated that the use of the
phosphonium bromide salts showed more rapid anion exchange with the nucleophile.
Shanks et al.51 have also shown that the preparation of esters from 3-amino-4-halobenzoic
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acid via phase transfer catalysis proceeds with better yields using tetraalkylphosphonium
halides rather than tetraalkylammonium-based salts.
Phosphonium based ionic liquids have also been successfully used as solvents for strong
bases and Grignard reagents.52-53 Ramnial et al.54 have shown that phenylmagnesium
bromide in THF was stable for days in trihexyl(tetradecyl)phosphonium chloride. They
have demonstrated that phosphonium-based ionic liquids are more suitable for reactions
involving strong bases than imidazolium-based ionic liquids. They have also shown that
imidazolium based ionic liquids are unsuitable for reactions involving active metals such
as sodium or potassium. For instance, imidazolium based ionic liquids react with
potassium metal to produce imidazole-2-ylidenes.
Tindale et al.55 synthesised a new class of highly fluorinated phosphonium ionic liquids
designed to form superhydrophobic coatings. Deposition of films of the highly fluorinated
phosphonium ionic liquids on silver-coated copper substrate were indeed able to produce
water contact angles more than 160 º.
The two well known phosphonium based ionic liquids tetradecyl(trihexyl)phosphonium
bis(trifluoromethanesulfonyl)amide and dicyanamide (P66614NTf2 and P66614N(CN)2) have
been used as electrolytes in supercapacitors. 5 to 25 wt% of acetonitrile was added to these
ILs to lower their viscosity.13 Frackowiak et al.13 were able to design a supercapacitor
which can function at 3.4 V with high energy values of 40 W h kg-1 and good cyclability.
While phosphonium ionic liquids have been studied in the fields discussed above and a
range of publications detail their use in these applications, one area where phosphonium
ionic liquids have been seldom reported is in the dye sensitised solar cells field. The main
reason for this is the high viscosity of many of the commercially available phosphonium
ionic liquids. However, Cytec Industries are now making asymmetric short alkyl chain
phosphonium based salts, thus opening up this family of ionic liquids to an exciting new
type of application.
For example, Ramirez et al.56 have used an asymmetric phosphonium-based ionic liquid as
an electrolyte component for dye sensitised solar cells. Isobutyltrihexylphosphonium
iodide shows the highest ionic conductivity of the ILs tested and a solar cell efficiency of
5.9 % at 8.9 mW cm-2 light intensity obtained using a ruthenium based sensitiser with
isobutyltrihexylphosphonium iodide in a mixture of propylene carbonate and acetonitrile.
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Tsunnashima et al.4 have synthesised a range of triethylalkylphosphonium cations together
with anions such as NTf2-, FSI- (bis(fluorosulfonyl)imide) and N(CN)2-, all of which have
low viscosities. Addition of a methoxy group to the cation further lowers the room
temperature viscosity, to even lower than their ammonium counterparts. Table 5.1
summarises the properties of the phosphonium and corresponding ammonium ILs.4
Table 5.1: Physical and thermal properties of phosphonium and ammonium ionic
liquids synthesised by Tsunashima et al.4
Ionic liquid

Viscosity (mPa s at 25 °C)

Decomposition Temperature (°C)

P222(201)NTf2

44

404

P222(101)NTf2

35

388

N222(201)NTf2

85

384

N222(101)NTf2

69

287

Nippon Chemical is now marketing these low viscous phosphonium ionic liquid such as
P222(101)NTf2, P222(101)FSI (refer to Figure 5.2) and many others.
5.1.3 Transport properties of phosphonium based ionic liquids
The mobility of ions in an ionic liquid is very important for dye sensitised solar cells. The
physical properties of ionic liquids, such as the viscosity and conductivity, can greatly
affect the device performance. The presence of impurities can also have a great impact on
the transport of ions in ILs. The presence of trace amount of halides can increase the
viscosity of the ionic liquid whereas the presence of moisture can increase the ionic
conductivity of the ILs. Furthermore, water contamination of PF6- ionic liquids can lead to
the formation of HF.
One reason for these effects is the impact of the impurity on the association of the ions in
the neat ionic liquids. Ionic liquids are composed of a cation and an anion and thus the
concentration of ions is usually very high around 5 M.57 Thus, the formation of ion pairs or
aggregates is expected to some extent in neat ionic liquids. The formation of ion pairs has
been shown to lower the conductivity.58-59 Such conductivity effects are important to
discuss as they have an impact on the potential use of the ionic liquids as electrolytes in
lithium batteries,11,

60-61

fuel cells,6,

62

supercapacitors63 and dye sensitised solar cells64

where high conductivity of the redox active ions is required for the device to perform
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efficiently. Ion pairs can be identified by conductivity measurements (electrochemical
impedance spectroscopy) and NMR techniques (pulse gradient spin echo NMR).
5.1.3.1 Method for assessing the formation of aggregates in an ionic liquid: the
Walden plot
The Walden plot65-66 has been widely used in recent years to illustrate the relationship
between conductivity and fluidity (inverse of viscosity) of neat ionic liquids.58
The product of ionic mobility and solvent viscosity, known as the Walden product,67 has
been used as a means to gain a perspective on ion-solvent interactions. For infinitely
diluted electrolyte solutions, the Walden product is a constant and is expressed by equation
5.3:
Λη = C

(Eq 5.3)

Log Λ = log C + log η-1

(Eq 5.4)

where Λ is the molar conductivity, η is the viscosity and C is a constant.
The molar conductivity of an ionic liquid is defined as the conductivity (σ) of the solution
divided by the molar concentration (C) of the charge carriers, and it is given by equation
5.5:
(Eq 5.5)
where M is the molecular weight of the ionic liquid, ρ is the density of the ionic liquid and
σ is the specific conductivity.
Angell and co-workers5,

68-70

have discussed ion dissociation in ionic liquids using the

relationship between log Λ and log η-1, and compared this behaviour to that of a reference
material (which produces the so-called “ideal” line). The ideal behaviour is constructed
using data for dilute aqueous KCl solutions, in which the system is completely dissociated
and contains equal amount of both ions. The log-log plot thus allows comparison of the
behaviour of ionic liquids with respect to their ideal behaviour.
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Deviation from the ideal behaviour
Any downward deviation from the ideal line indicates the presence of ion pairing,
aggregation or low dissociation of ions according to Angell et al.69 They have classified
the behaviour of ionic liquids, according to the Walden rule, into different categories such
as superionic liquids, poor ionic liquids, good ionic liquids and non ionic liquids. All ionic
liquids that fall below the reference line by an order of magnitude (one log unit) or more
are considered poor ionic liquids, with low conductivity and high vapour pressure. Protic
ionic liquids are considered as poor ionic liquids as they fall well below the reference line
due to incomplete proton transfer. Nevertheless, protic ionic liquids have been successfully
used in fuel cells.71-72 Ionic liquids above the line are considered as superionic liquids,
while ionic liquids that lie close to the ideal line are classed as good ionic liquids, in which
the ions are considered to be completely independent or fully dissociated.
Figure 5.1 shows the classification system of the Walden plot and deviation from the ideal
behaviour, as proposed by Angell and co-workers.70

Figure 5.1: Classification of ionic liquids according to Angell et al.70 The 10 % line
indicates the situation where the molar conductivity is only 10 % of that predicted
from the viscosity by the Walden rule
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5.1.3.2 Method of assessing ion pairs in ionic liquids: Stokes-Einstein equation and
Nernst-Einstein equation
The potential use of ionic liquids as electrolytes depends strongly on the transport
properties of the ions i.e. on the rate of ion movement and the way the ions move, either as
individual ions or ion pairs or aggregates. In electrochemistry, the transport properties of
electrolytes are governed by the diffusion coefficients of the ions and the transference
number of the ions. The diffusion coefficient is the measure of the mobility of the ions and
the transference number is the fraction of current carried by an ion in the presence of an
electric field.
The diffusion coefficient can also be obtained by diffusion NMR analysis. This value is
slightly different from the diffusion coefficient obtained from electrochemical methods,
which is due to a concentration gradient. In the NMR analysis, the diffusion coefficient is
due to self diffusion of the individual ionic species.73
The Stokes-Einstein74-76 equation relates the diffusion of ions in an electrolyte to its
viscosity and is given by the following equation
(Eq 5.6)
where D is the self diffusion coefficient (m2 s-1), kB is the Boltzmann constant (J K-1), T is
the temperature (K), r is the hydrodynamic radius (m), η is the viscosity (Pa.s) and X is a
constant that varies between 4 and 6.
The Stokes-Einstein equation is usually applied to the diffusion of a molecule in a liquid
but it has been shown by Watanabe et al. to also relate well to ionic liquid systems.77
To connect the diffusivity and conductivity of ions in a liquid, the Nernst-Einstein equation
is used. This equation can be obtained by either using Fick’s law or by using the Einstein
relation and the basic equation of molar conductivity of ions.78 The Einstein equation
relates the mobility of the species with the diffusion coefficient and it is given by equation
5.7:
D= ukBT

(Eq 5.7)

where u is the mobility, K is the Boltzmann constant and T is temperature. The total molar
conductivity of ions in a 1:1 salt is given by equation 5.8:
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Λ = zeF(u+ + u-)

(Eq 5.8)

where e is the elemental charge, F is the Faraday constant, u+ and u- is the mobility of the
cation and anion respectively, and z is the valence charge.
By rewriting equation 5.7 and replacing the mobility in equation 5.8, the relation between
diffusion and molar conductivity is obtained, which is known as the Nernst-Einstein
equation.79-80
(Eq 5.9)
For a 1:1 salt, equation 5.9 can be rewritten as follows:
(Eq 5.10)
where NA is Avogadro’s constant, e is the elementary charge, kB is the Boltzmann constant,
T is the absolute temperature (K) and D+ and D- are the diffusion coefficient of the cation
and anion respectively.
Watanabe et al.77,

81-83

and MacFarlane et al.58 have used various plotting methods to

obtain a measure of ionicity from a comparison of the molar conductivity calculated by
equation 5.10 and molar conductivity measured.
5.1.4 The effect of different cations and anions
The nature of the anions and cations are of primary importance in determining the
chemical and physical properties of ionic liquids. For example, small anions with
delocalised charges, such as dicyanamide, bis(fluorosulfonyl)amide and tetracyanoborate,
are known to increase the conductivity, whereas large anions have the opposite effect.
Combinations of cation and anions can either form room temperature ionic liquids or
crystalline solids which can have plastic crystals properties in some cases. For example,
the BF4- anion forms plastic crystals with the C1mpyr+, whereas with C2mim+ it forms an
ionic liquid. The same is true for anions NTf2-, PF6-, SCN-, and N(CN)2-.
NTf2- is the most widely studied anion as it is known to form thermally and
electrochemically stable salts. Due to the high ionic conductivity it imparts, these salts
have been used as electrolytes in lithium batteries. Lately, bis(fluorosulfonyl)imide (FSI-)
is gaining more attention as it forms low viscosity ionic liquids with higher conductivity
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than the NTf2- salt; for example, C2mimFSI has a viscosity of 18 mPa s, whereas
C2mimNTf2 has a viscosity of 33 mPa s.
PF6- and BF4- are known to form plastic crystals with some small pyrrolidinium cations.
These plastic crystals have been used as solid state electrolytes for lithium batteries.84
However, even though these anions are quite interesting and are considered to be “green”,
they are known to be highly sensitive to hydrolysis, especially PF6- which tends to form the
highly corrosive HF.
In this chapter, various anions are combined with short and asymmetrical phosphonium
cations. Depending on the type of alkyl chain and the anion used, the resultant salts are
either solid or liquid at room temperature.
5.1.5 Aims of this chapter
The aim of this work was to synthesise novel phosphonium ionic liquids for use in dye
sensitised solar cells. There are limited publications concerning the use of phosphonium
ionic liquids in DSSCs, due to the high viscosity of this class of IL compared to aliphatic
and aromatic ammonium salts. The phosphonium ionic liquids studied in the literature are
quite bulky and their performance in dye sensitised solar cells is often quite poor compared
to imidazolium based electrolytes, even when they are used in combination with organic
solvents. Short alky chain phosphonium salts have been developed recently by Cytec
Industries, thus making it possible to synthesise new phosphonium based ionic liquids with
interesting properties. Figures 5.2 and 5.3 show the structure of the phosphonium cations
and anions investigated in this thesis which were chosen on the fact that when these anions
are combined with imidazolium or tetralkylammonium cations, they formed compounds
that are liquid at or near room temperature due to a weak ionic interaction. The charge on
these anions are known to be highly delocalised over a number of atoms, especially NTf2-.
Thus, we were interested in combining the asymmetric phosphonium cations (Figure 5.2)
with these weakly interacting anions. Low viscosity phosphonium ionic liquids, purchased
from Nippon Chemical, were used for comparisons.
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In this chapter, a series of phosphonium salts, in combination with commonly used anions,
were prepared and their transport properties and thermal stability were investigated. The
transport properties, in term of their position on a Walden plot58 were also investigated
because ionic conductivity is an important parameter for the potential use of these
phosphonium ILs in electrochemical devices. These new phosphonium ILs were then
investigated in dye sensitised solar cells using ruthenium and organic based sensitisers, as
detailed in Chapter 7. Some of the phosphonium cations formed plastic crystals, depending
on the anion used. This is the first time such behaviour has been observed in phosphonium
based compounds.

Figure 5.2: The structure of the cations investigated in this study
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Figure: 5.3: The structure of the anions used in this study

5.2 Experimental
5.2.1 Analysis
Purity analysis such as NMR, ES/MS, and Karl Fischer were used to characterise the series
of phosphonium ionic liquids synthesised. Thermal analysis was performed across the
temperature range of -150 ºC to 250 ºC, at a scan rate of 10 ºC min-1, by differential
scanning calorimetry. The thermal decomposition of the phosphonium salts was
investigated by thermogravimetric analysis and the electrochemical window was
determined by cyclic voltammetry. Full descriptions of these techniques are given in
Chapter 3.
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5.2.2 Synthesis of phosphonium based ionic liquids
Materials
Sodium tetrafluoroborate (NaBF4), potassium hexafluorophosphate (KPF6), sodium
dicyanamide (NaN(CN)2) and potassium thiocyanate were purchased from Aldrich and
used as received. Lithium bis(trifluoromethanesulfonyl)amide (Li(N(CF3SO2)2 or
Li(NTf2)) was purchased from 3M, potassium bis(fluorosulfonyl)imide (K(N(F2(SO2)2) or
KFSI)

was

purchased

from

Dai-chi

Kogyo

Seikayu

(Japan).

Diethylmethyltriisobutylphosphonium tosylate, triisobutyl(methyl)phosphonium tosylate,
triethyl(methyl)phosphonium

tosylate,

trihexyl(tetradecyl)phosphonium

triethyl(butyl)phosphonium

tosylate,

bis(trifluoromethanesulfonyl)amide

and

trihexyl(tetradecyl) phosphonium dicyanamide were purchased from Cytec Industries and
used without further purification. Triethyl(methoxymethyl)phosphonium dicyanamide,
triethyl(methoxymethyl)phosphonium

bis(fluorosulfonyl)amide,

triethyl(methoxyethyl)phosphonium

bis(fluorosulfonyl)amide,

triethyl(methoxymethyl)phosphonium

bis(trifluoromethanesulfonyl)amide

and

triethyl(methoxyethyl)phosphonium bis(trifluoromethanesulfonyl) amide were purchased
from Nippon Chemical (Japan). Acetone was distilled using potassium carbonate and used
immediately. All glassware was dried overnight in the oven at 120 ºC.
Synthesis
Diethylmethylisobutylphosphonium bis(trifluoromethanesulfonyl)amide (P1224NTf2)
20 g (0.06 mole) of diethylmethylisobutylphosphonium tosylate was dissolved in 100 ml of
distilled

water.

An

equimolar

amount

(18

g,

0.06

mole)

of

lithium

bis(trifluoromethanesulfonyl)amide was then added to the solution. A translucent
precipitate was instantly formed. The whole mixture was stirred overnight at room
temperature. The solid phase was filtered and washed several times with distilled water.
The solid product was then dissolved in dichloromethane and distilled water was added.
The two phases were separated and the solvent was removed on a rotary evaporator. The
solid product was then dried at 70 ºC for 48 hours under vacuum. (Crude yield: 90 %) 1H
NMR (d6-DMSO, 400 MHz) δ 1.02 - 1.04 ppm (3H, d, J =8 Hz), 1.09 - 1.19 ppm ( 3H, m),
1.79 - 1.83 ppm (3H, d, J = 13.6 Hz), 1.96 - 2.08 ppm (1H, m) , 2.12 - 2.25 ppm (2H, m).
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ES+ m/z 161.1 (C9H22P)+ , ES- m/z (NTf2)Water content (Karl Fischer): 100 ppm
Diethylmethylisobutylphosphonium bis(fluorosulfonyl)amide (P1224FSI)
The same procedure to that of the synthesis of P1224NTf2 was used. 10 g (0.03 mole) of
diethylmethylisobutylphosphonium tosylate and 7 g (0.03 mole) of KFSI were mixed
together in 50 ml of distilled water, forming a clear liquid as a second phase. The two
phases were separated and the ionic liquid phase was washed several times with distilled
water and then dried in vacuo at 70 ºC for several days. 1H NMR (d6-DMSO, 400 MHz) δ
1.02 - 1.04 ppm (3H, d, J =8 Hz), 1.09 - 1.19 ppm (3H, m), 1.79 - 1.83 ppm (3H, d, J =
13.6 Hz), 1.96 - 2.08 ppm (1H, m), 2.12 - 2.25 ppm (2H, m).
ES+ m/z 161.1 (C9H22P)+ , ES- m/z 180 (N(SO2F)2)Water content (Karl Fischer): 120 ppm
Diethylmethylisobutylphosphonium hexafluorophosphate (P1224PF6)
A similar procedure to that of P1224NTf2 was used. 20 g (0.06 mole) of
diethylmethylisobutylphosphonium tosylate was stirred in distilled water. An equivalent
molar amount (11 g, 0.06 mole) of potassium hexafluorophosphate was added to the
solution, instantly forming a white precipitate. The precipitate was washed several times
with distilled water and dried in vacuo for several days at 100 ºC. 1H NMR (d6-DMSO,
400 MHz) δ 1.02 - 1.04 ppm (3H, d, J =8 Hz), 1.09 - 1.19 ppm (3H, m), 1.79 - 1.83 ppm
(3H, d, J = 13.6 Hz), 1.96 - 2.08 ppm (1H, m), 2.12 - 2.25 ppm (2H, m).
ES+ m/z 161.1 (C9H22P)+ , ES- m/z 145 (PF6) Diethylmethylisobutylphosphonium tetrafluoroborate (P1224BF4)
Diethylmethylisobutylphosphonium tosylate (25 g, 0.075 mole) was added to 100 ml of
anhydrous acetone in a nitrogen atmosphere. Sodium tetrafluoroborate (9 g, 0.08 mole)
was then added and the whole mixture was refluxed overnight at 70 °C. The white
precipitate was filtered off and the filtrate was microfiltered (200 nm filter) before the
solvent was removed by rotovap. The solid was then washed with dry acetone and
recrystallised several time in dichloromethane. 1H NMR (d6-DMSO, 400 MHz) δ 1.02 114
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1.04 ppm (3H, d, J = 8 Hz), 1.09 - 1.19 ppm (3H, m), 1.79 - 1.83 ppm (3H, d, J = 13.6 Hz),
1.96 - 2.08 ppm (1H, m), 2.12 - 2.25 ppm (2H, m).
ES+ m/z 161.1 (C9H22P)+ , ES- m/z 89.1 (BF4)Diethylmethylisobutylphosphonium thiocyanate (P1224SCN)
The

same

procedure

as

P1224BF4

was

used.

10

g

(0.03

mole)

of

diethylmethylisobutylphosphonium tosylate was added to 50 ml of anhydrous acetone and
then 3 g (0.03 mole) of potassium thiocyanate was added. The mixture was then stirred at
70 °C for 3 days. The white precipitate was filtered off and the filtrate was microfiltered
(200 nm filter) and the solvent removed by rotary evaporator. The solid product was
washed with dry acetone and recrystallised several times in dichloromethane. 1H NMR (d6DMSO, 400 MHz) δ 1.02 - 1.04 ppm (3H, d, J = 8 Hz), 1.09 -1.19 ppm (3H, m), 1.79 -1.83
ppm (3H, d, J = 13.6 Hz), 1.96 - 2.08 ppm (1H, m), 2.12 - 2.25 ppm (2H, m).
ES+ m/z 161.1 (C9H22P)+ , ES- m/z 58 (SCN)Diethylmethylisobutylphosphonium dicyanamide (P1224N(CN)2)
10 g (0.03 mole) of diethylmethylisobutylphosphonium tosylate was added to 50 ml of
anhydrous acetone and 3 g (0.03 mole) of sodium dicyanamide was added and the mixture
was stirred at 70 °C overnight. The white precipitate was filtered off, the filtrate was
microfiltered and the solvent removed by rotovap. The liquid product was washed with dry
acetone. 1H NMR (d6-DMSO, 400 MHz) δ 1.02 - 1.04 ppm (3H, d, J =8 Hz), 1.09 -1.19
ppm (3H, m), 1.79 - 1.83 ppm (3H, d, J = 13.6 Hz), 1.96 - 2.08 ppm (1H, m), 2.12 - 2.25
ppm (2H, m).
ES+ m/z 161.1 (C9H22P)+ , ES- m/z 66 (N(CN)2)Water content (Karl Fischer): 165 ppm
Triisobutylmethylphosphonium bis(trifluoromethanesulfonyl)amide (P1444NTf2)
The

same

procedure

as

P1224NTf2

was

used.

20

g

(0.05

mole)

of

triisobutylmethylphosphonium tosylate was dissolved in 50 ml of distilled water and 15 g
(0.05 mole) LiNTf2 was added and stirred at room temperature for several hours. The white
precipitate was washed several times with distilled water and recrystallised from
dichloromethane. The solid product was dried at 100 °C in vacuo for 48 hours. (Crude
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yield 90 %). 1H NMR (d6-DMSO,400 MHz)) δ 0.99 - 1.05 ppm (3H, d, J = 6.4 Hz), 1.88 1.93 ppm (3H, d, J = 13.6 Hz)), 2.00 - 2.09 ppm (1H, m, J = 6.4 Hz), 2.16 - 2.21 ppm (2H,
d, J = 13.6 Hz). No trace of tosylate was observed in either the MS or the NMR.
ES+ m/z 217.2 (C13H30P)+ , ES- m/z 280 (NTf2)- .
Triisobutylmethylphosphonium bis(fluorosulfonyl)amide (P1444FSI)
The

same

procedure

as

P1444NTf2

was

used.

10

g

(0.03

mole)

of

triisobutylmethylphosphonium tosylate was dissolved in 50 ml of distilled water and 6 g
(0.03 mole) KFSI was added. The solution was then stirred at room temperature for several
hours. The white precipitate was removed by filtration, washed several times with distilled
water and recrystallised from dichloromethane. The solid product was dried at 70 °C in
vacuo for 48 hours. (Crude yield 86 %). 1H NMR (d6-DMSO, 400 MHz) δ 1.02 - 1.04 ppm
(3H, d, J =6.8 Hz), 1.89 - 1.93 ppm (3H, d, J = 13.6 Hz), 2.00 - 2.07 ppm (1H, m, J =
6.4Hz), 2.16 - 2.20 ppm (2H, d, J = 13.6 Hz).
ES+ m/z 217.2 (C13H30P)+ , ES- m/z 180 (N(SO2F)2)- .
Triisobutylmethylphosphonium hexafluorophosphate (P1444PF6)
The

same

procedure

as

P1444NTf2

was

used.

30

g

(0.08

mole)

of

triisobutylmethylphosphonium tosylate was dissolved in 50 ml of distilled water, 15 g
(0.082 mole) of KPF6 was added and the solution stirred at room temperature for several
hours. The white precipitate was isolated by filtration, washed several times with distilled
water and recrystallise from dichloromethane. The solid product was dried at 70 °C in
vacuo for 48 hours. 1H NMR (d6-DMSO, 400 MHz) δ 1.03 - 1.05 ppm (3H, d, J = 6.8 Hz),
1.89 - 1.93 ppm (3H, d, J = 13.6 Hz), 2.00 - 2.06 ppm (1H, m, J = 6.4 Hz), 2.16 - 2.21 ppm
(2H, d, J = 13.6 Hz).
ES+ m/z 217.2 (C13H30P)+ , ES- m/z 145 (PF6)- .
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Triisobutylmethylphosphonium thiocyanate (P1444SCN)
The

same

procedure

as

P1224SCN

was

used.

20

g

(0.05

mole)

of

triisobutylmethylphosphonium tosylate was dissolved in 100 ml of dry acetone, 6 g (0.06
mole) of KSCN was added and the solution stirred at 50 °C for 2 days. The white
precipitate was filtered off and the filtrate was microfiltered. The solvent was then
removed by rotovap. The solid product was then washed several times with dry acetone to
remove any impurities. Then it was recrystallised several time from dichloromethane. The
solid product was then dried for 2 days at 100 °C under vacuum. 1H NMR (d6-DMSO, 400
MHz) δ 1.03 - 1.05 ppm (3H, d, J = 6.8 Hz), 1.89 - 1.93 ppm (3H, d, J = 13.6 Hz), 2.00 2.06 ppm (1H, m, J = 6.4 Hz), 2.16 - 2.21 ppm (2H, d, J = 13.6 Hz).
ES+ m/z 217.2 (C13H30P)+ , ES- m/z 58 (SCN)-.
Triisobutylmethylphosphonium dicyanamide (P1444N(CN)2)
The same procedure as P1444SCN was used to synthesis P1444N(CN)2 30 g (0.08 mole) of
triisobutylmethylphosphonium tosylate was dissolved in 100 ml of dry acetone, 8 g (0.09
mole) of Na(N(CN)2 was added and the solution was stirred at 50 °C for 5 days. The white
precipitate was filtered off and the filtrate was microfiltered before removing the solvent.
A pale yellow liquid was obtained. The liquid was washed several times with acetone
before drying for a week at 100 °C under vacuum. 1H NMR (d6-DMSO, 400 MHz) δ 1.03 1.05 ppm (3H, d, J = 6.8 Hz), 1.89 - 1.93 ppm (3H, d, J = 13.6 Hz), 2.00 - 2.06 ppm (1H,
m, J = 6.4 Hz), 2.16 - 2.21 ppm (2H, d, J = 13.6 Hz).
ES+ m/z 217.2 (C13H30P)+ , ES- m/z 66 (N(CN)2).
Water content (Karl Fischer) 150 ppm.
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Triisobutylmethylphosphonium tetrafluoroborate (P1444BF4)
The same procedure as P1444NTf2 was used. 30 g (0.08 mole) of triisobutylphosphonium
tosylate was dissolved in 50 ml of distilled water, 9 g (0.083 mole) of NaBF4 was added
and the solution stirred at room temperature for several hours. The white precipitate was
isolated by filtration and washed several times with distilled water and recrystallised from
dichloromethane. The solid product was dried at 70 °C in vacuo for 48 hours. 1H NMR (d6DMSO, 400 MHz) δ 1.03 - 1.05 ppm (3H, d, J = 6.8 Hz), 1.89 - 1.93 ppm (3H, d, J = 13.6
Hz), 2.00 - 2.06 ppm (1H, m, J = 6.4 Hz), 2.16 - 2.21 ppm (2H, d, J = 13.6 Hz).
ES+ m/z 217.2 (C13H30P)+ , ES- m/z 87 (BF4)Triethylmethylphosphonium bis(trifluoromethanesulfonyl)amide (P1222NTf2)
The same procedure as P1444NTf2was used. 10 g (0.03 mole) of triethylmethylphosphonium
tosylate was dissolved in 50 ml of distilled water, 8 g (0.03 mole) of LiNTf2 was added and
the solution stirred at room temperature for several hours. The white precipitate was then
isolated by filtration, washed several times with distilled water and recrystallise from
dichloromethane. The solid product was dried at 70 °C in vacuo for 48 hours. 1H NMR (d6DMSO, 400 MHz) δ 1.09 - 1.17 ppm (3H, m), 1.75 - 1.78 ppm (3H, d, J = 14 Hz), 2.14 2.23 ppm (2H, m).
ES+ m/z 133.1 (C7H18P)+ , ES- m/z 280 (NTf2)Triethylmethylphosphonium bis(fluorosulfonyl)amide (P1222FSI)
The

same

procedure

as

P1444NTf2

was

used.

10

g

(0.033

mole)

of

triethylmethylphosphonium tosylate was dissolved in 50 ml of distilled water, 7.2 g (0.033
mole) of KFSI was added and the solution stirred at room temperature for several hours.
The white precipitate was isolated by filtration, washed several times with distilled water
and recrystallised from dichloromethane. The solid product was dried at 70 °C in vacuo for
48hours. 1H NMR (d6-DMSO, 400 MHz) δ 1.09 - 1.17 ppm (3H, m), 1.75 - 1.78 ppm (3H,
d, J = 14 Hz), 2.14 - 2.23 ppm (2H, m).
ES+ m/z 133.1 (C7H18P)+ , ES- m/z 180 (N(SO2F)2)-
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Triethylbutylphosphonium bis(trifluoromethanesulfonyl)amide (P2224NTf2)
The same procedure as P1444NTf2 was used. 10 g (0.03 mole) of triethylbutylphosphonium
tosylate was dissolved in 50 ml of distilled water, 8 g (0.03 mole) of LiNTf2 was added and
the solution stirred at room temperature for several hours. The white precipitate was
isolated by filtration, washed several times with distilled water and recrystallised from
dichloromethane. The solid product was dried at 70 °C in vacuo for 48 hours. 1H NMR (d6DMSO, 400 MHz) δ 1.09 -1 .11 ppm (3H, m), 0.99 - 1.03, (3H, t), 1.97 - 2.08 ppm (2H,
m), 2.17 - 2.26 ppm (2H, m)
ES+ m/z 175 (C10H24P)+ , ES- m/z 280 (NTf2)Triethylbutylphosphonium bis(trifluoromethanesulfonyl)amide (P2224FSI)
10 g (0.03 mole) of triethylbutylphosphonium tosylate was dissolved in 50 ml of distilled
water, 6.5 g (0.03 mole) KFSI was added and the solution was stirred at room temperature
for several hours. A colourless liquid formed. This was separated and washed several times
with distilled water and then dissolved in dichloromethane to remove any potassium salts
present. The liquid was dried at 70 °C in vacuo for 48 hours. 1H NMR (d6-DMSO, 400
MHz) δ 1.09 -1.11 ppm (3H, m), 0.99 - 1.03, (3H, t), 1.97 - 2.08 ppm (2H, m), 2.17 - 2.26
ppm (2H, m).
ES+ m/z 175 (C10H24P)+ , ES- m/z 180 (N(SO2F)2)-
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5.3 Results and discussions
5.3.1 Thermal properties
Figure 5.4 shows the DSC traces of the new ionic liquids, with P1444 as the common cation
and variation of the anion. The transition temperature data and the entropy of fusion (ΔSf)
are summarised in Table 5.2 and 5.3. These entropies of fusion are calculated from the
melting endortherm area (ΔHf) using
P1444SCN, P1444NTf2, P1444FSI, P1444PF6 and P1444BF4 are all solid at room temperature,
whereas P1444N(CN)2 was the only one that formed a liquid at room temperature. The salts
were recrystallised several times from DCM and DSC analysis was performed after each
recrystallisation, with the same behaviour observed for each batch. These phosphonium
compounds shows similar behaviour to the pyrrolidinium family and tetraalkylammonium
family.85 All the solid compounds show several phase transitions. This is quite interesting
as it is the first time that such behaviour has been observed for salts with phosphonium
cations.

Figure 5.4: DSC traces for the new phosphonium salts, with P1444 as the common
cation with varying anion. The salts are all solids at room temperature except for the
N(CN)2
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Figure 5.4 shows the phase behaviour of P1444PF6. There is evidence of four phase
transitions over the temperature range studied; the first solid-solid phase transition occurs
at -100 °C, followed by a broad phase transition (III-II) at 25 °C. The phase II→I transition
displays a sharp peak at 184 °C, before a final melting transition at 202 °C. The entropy of
fusion (ΔSf) of P1444PF6 is 18 J mol-1 K-1, which is within Timmermans’ criteria for plastic
crystals,86 suggesting it may be used as a solid state electrolyte in DSSCs.
P1444BF4 shows evidence of a phase II-I transition at -89 °C, followed by a very large
Phase 1 domain, before melting at 239 °C. Thus this compound exists in phase I over a
temperature range of more than 200 °C, which may be very important for device
applications.
The entropy of fusion for this compound is quite large, as shown in Table 5.3, it does not
fit the Timmermans’ criteria and thus cannot be immediately classified as plastic crystals.
The solid-solid transition only indicates an increase of disorder in the material, possibly
due to the rotational movement of the butyl group on the phosphonium cation.
P1444FSI shows three phase transitions, which are quite close together. The phase III-II
transition occurs at 7 °C, with quite a high ΔS(II-I), followed by the second phase transition
(II-I) at 24 °C, before melting at 36 °C. A ΔSf of 23 J mol-1 K-1, indicates that this
compound has a highly disordered molecular orientation in phase I. Because of the narrow
plastic range, it is unlikely to be useful as a solid state electrolyte.
P1444NTf2 displays two phase transitions; a solid-solid phase transition at -68 °C before the
melt at 52 °C. However it has a quite high ΔSf of 59 J mol-1 K-1. The high ΔSf is an
indication that the first solid-solid transformation may be due to some small disordering
event in the material.
P1444SCN exhibits three thermal phase transitions. The first solid-solid phase transitions is
at -71 °C, the second transition at -51 °C and melting at 207 °C with a moderately large
ΔSf., this seems to indicate some potential for there to be plastic behaviour in this
compound.
P1444N(CN)2 is a room temperature ionic liquid that shows no defined phase transition and
no melting point, only a glass transition is observed at -73 °C.
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Table 5.2: Thermal behaviour of the P1444NTf2, P1444FSI and P1444PF6.
Compound
Phase transition

P1444NTf2

P1444FSI

P1444PF6

T / (°C)

ΔS

T / (°C)

ΔS

T / (°C)

ΔS

±1

(Jmol-1K-1)

±1

(Jmol-1K-1)

±1

(Jmol-1K-1)

± 5%

5%

5%

IV→III
III→II

-100

3

7

46

25

11

II→I

-68

19

24

9

184

8

I→melt

52

59

36

23

202

18

Table 5.3: Thermal behaviour of P1444BF4, P1444SCN and P1444N(CN)2.
Compound
Phase transition

P1444BF4

P1444SCN

P1444N(CN)2

T / (°C)

ΔS

T / (°C)

ΔS

Tg / (°C)

±1

(Jmol-1K-1)

±1

(Jmol-1K-1)

±1

± 5%

± 5%
-73

III→II

-71

13

II→I

-89

32

-51

8

I→melt

239

45

207

44

PF6-, BF4-, NTf2-, SCN- and N(CN)2- are well known anions that have been widely
investigated with the pyrrolidinium, imidazolium and tetraalkylammonium cations. When
these anions are combined with the C2mim+ cation, they form ionic liquids with low
melting points,87 whereas when they are combined with C1mpyr+, C2mpyr+ or N2222+
cations, they can form plastic crystals.85 Thus the choice of cation/anion combination is
important in designing new ionic liquids, as it can significantly change the physical
properties of the final compound.
P1444PF6 and P1444FSI show classical plastic crystal behaviour, with ΔSf ~ 20 J mol-1 K-1.
Even though P1444FSI shows solid-solid phase behaviour, it may not be useful as a solid
state electrolyte, due to the small temperature range in which it is in phase I (the most
conductive phase) and the relatively low melting point. Nevertheless, as its melting point is
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< 100 °C, it is considered an ionic liquid and thus it may still be useful as a low volatility
electrolyte.
P1444NTf2, P1444SCN and P1444BF4 shows multiple solid-solid phase transitions, followed
by a very sharp melt, but they still have a ΔSf ~ 40 - 60 J mol-1 K-1, and hence these salts do
not fit the Timmermans’ criterion for molecular plastic crystals. However, it has previously
been shown that this criterion may not be applicable to organic ionic plastic crystals. If the
plastic crystal contains two different molecular ions and only one of these exhibits rotator
motions, then the entropy of melting will be higher, as is observed for a number of other
organic ionic plastic crystals.88
Figure 5.5 shows the thermal behaviour of P1224+ in combination with various anions: SCN, FSI-, NTf2-, PF6-, BF4- and N(CN)2-. P1224FSI and P1224N(CN)2 are room temperature ionic
liquids. P1224PF6, P1224BF4 and P1224SCN are solid at 25 °C. These compounds melt at
lower temperatures than their P1444 analogues. This may be due to the fact that P1224+ is
more asymmetric than P1444+; also P1444+ is a bulkier cation thus the degree of rotational
freedom may be lower compared to P1224+ in the liquid state. P1224PF6, P1224SCN and
P1224BF4 exhibit multiple solid-solid phase transitions below their melting points.
P1224PF6 shows the richest phase behaviour, with at least four different solid phases. The
first solid-solid transition, from phase IV to III, occurs at 24 °C. It exists in phase III until
it reaches 72 °C. Afterwards it undergoes the phase II to I transition at 122 °C and then
melts at 139 °C. The entropy of fusion of this compound is well within Timmermans’
criteria (3 J K-1 mol-1), suggesting that is sufficiently plastic in phase I to be useful as solid
electrolyte in electrochemical devices. P1224SCN shows similar phase behaviour, with a
low temperature phase change (III-II) at 15 °C, followed immediately by another solidsolid phase transition (II-I) at 38 °C, and a solid-solid phase I transition, subsequently
melting at 175 °C. The wide temperature range between the phase II-I transition and the
melt is ideal for the potential application of this material as a solid state electrolyte. The
small peak before the melt at 141 °C is too small to be considered as a phase change in the
material.
P1224FSI and P1224N(CN)2 are both liquids at room temperature. P1224FSI shows multiple
phase transitions at low temperature. The first solid-solid phase transition (II-I) occurs at 68 °C, followed by the melt at -58 °C, and the entropy of fusion for this material is 3 J K-1
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mol-1. As it has such a low entropy of fusion, a quenching of the compound was performed
to visually observe crystallisation. Cooling the sample to -80 °C, a white solid formed
indicating crystallisation of the material.
P1224N(CN)2 shows a typical glass transition at -106 °C.

Figure 5.5: DSC traces for the P1224 cation with SCN-, NTf2-, BF4-, PF6-, FSI- and
N(CN)2- anions. The salts are all solids at room temperature except for the FSI - and
N(CN)2- species, which are liquids
The DSC trace of P1224BF4 also displays several phase transitions. At -85 °C, phase III
transforms to phase II, which is then transformed to phase I at -55 °C. The material then
stays in phase I over a relatively wide temperature range, before melting at 136 °C.
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P1224BF4, P1224PF6 and P1224SCN exhibit all of the classic features of plastic crystal
formation, such as multiple solid-solid phase transitions and low entropy of fusion, with
PF6- and SCN- exhibiting lower entropy of fusion than the BF4- salt.
Tables 5.4 and 5.5 summarises the entropy of fusion and the different phase transitions of
the materials with the P1224 cation and with the different anions.
Table 5.4: Thermal properties of P1224SCN, P1224BF4 , P1224PF6 and P1224FSI.
Compound

P1224SCN

P1224PF6

P1224FSI

T

ΔS

T

ΔS

T

ΔS

T

ΔS

(°C)

(Jmol-1K-1)

(°C)

(Jmol-1K-1)

(°C)

(Jmol-1K-1)

(°C)

(Jmol-1K-1)

±1

± 5%

±1

5%

±1

± 5%

±1

± 5%

24

39

Phase
transition

P1224BF4

IV→III
III→II

15

33

-85

34

72

6

II→I

38

7

-55

5

122

4

-68

1

I→melt

176

2

136

19

139

3

-58

3

Table 5.5: Thermal properties of P1224NTf2 and P1224N(CN)2.
P1224NTf2
Phase transition

P1224N(CN)2

T (°C)

ΔS

T (°C)

±1

(Jmol-1K-1)

±1

± 5%
-106

Tg (°C)
Tm(°C)

28

50

PF6-, BF4- , NTf2- and FSI- are considered to be weakly coordinating anions. Some of these
anions can form hydrophobic ionic liquids with the pyrrolidinium cation, which is also the
case with the phosphonium cations studied in this thesis. Contrarily, N(CN)2- and SCN- are
considered to be strongly coordinating anions and as such they should display similar
physical properties, but this is not the case with the P1444+ and P1224+ based ionic liquids;
the SCN- species shows multiple phase transitions, whereas the N(CN)2- species are liquids
at room temperature, with a glass transition at low temperature. This may reflect the ease
of packing of the SCN- anion.
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Figure 5.6 shows a comparison of two different phosphonium cations with the NTf2- and
FSI- anions. P1222FSI and P1222NTf2 show higher melting points than the P2224NTf2 and
P2224FSI salts. Just by varying the length of the alkyl substituent, the physical properties of
the phosphonium cations are modified. By also changing the anion, the melting behaviour
of the compound also changed, as shown in Figure 5.4. NTf2- and FSI- anions have been
widely studied with the imidazolium cation.36, 89-92 FSI- is now well known to form low
viscosity ionic liquids with wide electrochemical windows and higher ionic mobility than
NTf2- when combined with the imidazolium or pyrrolidinium cation; similar behaviour is
also observed with the phosphonium cations studied here. Also the molecular weight and
the size of the anions are quite different and this will affect the melting behaviour of the
ionic liquids.

Figure 5.6: DSC traces of P1222 and P2224 with the NTf2- and FSI- anions
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P1222FSI shows evidence of two phase transitions. The first solid-solid transformation
occurs at -57 °C, with a large entropy change, followed by the melt at 47 °C. P1222NTf2
shows similar behaviour as P1222FSI but the phase change occurs at a much higher
temperature, with the first solid-solid phase change occurring at 25 °C followed by the
melt at 102 °C.93

P2224NTf2 shows multiple solid-solid phase transitions. There is a solid-solid transition at 100 °C followed by a broad phase transition (II-I) at 3 °C. The material then melts at 63
°C. The entropy of fusion of this material is 25 J K-1 mol-1, which is slightly higher than
Timmermans’ criteria. This phenomenon has already been observed with the same anion
by MacFarlane et al.94 They suggested that the entropy of melting of ionic plastic crystal
phases might be higher than 20 J K-1 mol-1 for ionic materials where only one of the
molecular ions participates in the rotations and where both of the ions possess multiple
degrees of rotational freedom.
Interestingly, P2224FSI is a liquid at room temperature and it shows similar behaviour to
P1224FSI. Multiple phase changes also occur at low temperatures in a narrow temperature
window. The first solid-solid thermal transformation happens at -16 °C, consuming most
of the total entropy, followed by two consecutive phase changes one at -1 °C and then the
melt at 4 °C. The same visual experiment as P1224FSI was performed on P2224FSI. On
cooling the sample, a white solid was formed at -80 °C indicating the crystallisation of the
material. Table 5.6 summarises the thermal behaviour of the P2224FSI, P2224NTf2, P1222FSI
and P1222NTf2.
Table 5.6: Thermal properties of P2224FSI, P2224NTf2, P1222FSI and P1222NTf2.
Compound
Phase
transition

P1222NTf2

P1222FSI

P2224FSI

P2224NTf2,

T

ΔS

T

ΔS

T

ΔS

T

ΔS

(°C)

(Jmol-1K-1)

(°C)

(Jmol-1K-1)

(°C)

(Jmol-1K-1)

(°C)

(Jmol-1K-1)

±1

± 5%

±1

5%

±1

± 5%

±1

± 5%

-16

46

-100

10

III→II
II→I

25

38

-55

27

-1

2

3

25

I→melt

102

26

47

23

3

4

63

20
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Figure 5.7: The effect on thermal properties of increasing the length of the alkyl chain
and the symmetry of the cation, with NTf2- as the counter ion
The chemical structure of the ionic liquids directly affects its properties, particularly the
melting point and thus whether they will form a solid or a liquid at room temperature. As
observed in Figure 5.7, changing the size and symmetry of the component ions influences
the melting point of the salts, with P1224NTf2 showing the lowest melting point. In these
cases, they were all solids at 25 °C.
Predicting the melting point of ionic liquids is quite challenging as there are many factors
that can influence the physical properties. The structure of the cation and the type of anion
used can cause changes in the melting point, as observed with the phosphonium family.
With small changes in the asymmetry and length of the alkyl chain, a significant change in
the phase behaviour is observed. Substituting the anion from the NTf2- to FSI-, a change in
the melt is also observed; the FSI- ion forms less viscous ionic liquids (refer to Figure 5.10
for viscosity data) due to the reduced steric hindrance between the cation and the FSIanion.95
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Thermogravimetry analysis
Thermal decomposition also depends strongly on the chemical structure of the ionic liquid.
The anion has also a strong influence on the stability of the ionic liquids; Figure 5.8
displays the TGA for the FSI and NTf2 series. The NTf2 series show better thermal stability
than the FSI series, as also observed by others.96 P1444FSI and P1222FSI decomposed at
about 220 °C while P1224FSI decomposes at around 250 °C. In the NTf2 series, P2224NTf2
and P1222NTf2 display better thermal stability than P1444NTf2 and P1224NTf2. The NTf2
series are stable up to approximately 350 °C.

Figure 5.8: Thermogravimetric analysis traces of the NTf2-and FSI- salts
The P1444+ and P1224+ cations, in combination with NTf2-, BF4-, PF6- and SCN-, show good
thermal stability (Refer to Table 5.7). All of the ionic liquids decompose at about 400 ºC;
even the N(CN)2- anion shows better thermal stability with the phosphonium cation than
with the imidazolium cation. The observation from the TGA curves suggests that the
interactions between the family of cations and anions can give an indication of the thermal
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stability of the molten salts. The synthesised phosphonium ionic liquids are as stable as the
phosphonium cations containing the methoxy group. Table 5.7 summarises the thermal
decomposition temperatures of the phosphonium ionic liquids.
Table 5.7: Summary of thermal properties of phosphonium ionic liquids.
Decomposition Temperature (°C) (measured at 10 °C min-1)
Anion

FSI-

NTf2-

PF6-

BF4-

SCN-

N(CN)2-

220

330

308

310

300

310

250

300

270

300

295

320

220

320

-

-

-

-

250

350

-

-

-

-

290

388*

-

-

-

300

300

404*

-

-

-

-

Cation
P1444+
P1224+
P1222+
P2224+
P222(101)+
P222(201)+

*Obtained from reference4
Accelerated rate calorimetry (ARC) is another technique that can be used to assess the
thermal behaviour of ionic liquids,97 and it has been used to identify potentially dangerous
exothermic behaviour. Figure 5.9 shows the thermal phenomena observed for the
following ionic liquids: P222(201)NTf2, P1224NTf2 C2pyrNTf2and C2mimNTf2. C2mimNTf2
showed completely inert behaviour. The enhanced stability of the NTf2 anion has already
been observed.97 The ARC results for C2mimNTf2 show no exothermic activity and
pressure generation at any temperature up to 400 °C. Hence it can be used for high
temperature applications. On the other hand, the ionic liquids with the P1224+, P222(201)+ and
C2mpyr+ cations all show exothermic behaviour, with the P1224+ and P222(201)+ species
exhibiting similar behaviour, as shown in Figure 5.9.
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Figure 5.9: Pressure and self heat rate profile for P222(201) NTf2and P1224NTf2

The ARC results show an onset of exothermic activity at 360 °C and 372 °C for P1224NTf2
and P222(201)NTf2 respectively; at these temperatures the samples continue to release heat
and self heat. The maximum self-heat rate of 10 °C min-1 is observed for P1224NTf2 at 432
°C and for P222(201)NTf2 at 422 °C. The time-temperature profile (Appendix, section A.1)
for P1224NTf2 indicates that in the event of a runaway scenario, the time available to take
safety precautions is much longer (75 min available for temperature to rise from 381 °C to
450 °C) compared to the P222(201)NTf2 sample where only 3 mins will be available for the
temperature to rise 400 °C to 443 °C. This shows that P222(201)NTf2 is more vulnerable to a
runaway process around this temperature. The pressure temperature profiles are similar for
both the samples and the maximum pressure release at 440 °C are observed for P1224NTf2
and P222(201)NTf2 at 38 and 45 bars respectively. However, in the context of DSSC
applications, these ionic liquids are quite safe to use because the maximum operating
temperature used for this type of device application will be around 100 °C.
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5.3.2 Transport properties
5.3.2.1 Viscosity
One parameter that can limit the performance of electrochemical devices is the viscosity of
the electrolyte. Low viscosity is required for electrochemical applications as it influences
the ionic conductivity and mass transport of ionic species in the electrolyte. Thus the
viscosity and density of the new phosphonium salts were measured to see if they could be
useful as electrolytes for electrochemical applications. The viscosity of P1224FSI,
P1444N(CN)2, P1224N(CN)2, P222(201)NTf2, P222(201)FSI, P222(101)NTf2, P222(101)FSI and
P222(101)N(CN)2 were measured from 25 °C to 90 °C. P1444FSI was measured from 40 ºC to
90 °C and P1224NTf2 was measured from 30 °C to 90 °C as these are solids at room
temperature. P1444NTf2 was not measured due to the limitations of the instrument (sample
too viscous).
The viscosity of ionic liquids depends strongly on temperature. An increase in temperature
usually leads to a decrease in viscosity. An Arrhenius equation is usually used to express
the dependence of viscosity on temperature as shown in equation 5.11.98
(Eq 5.11)
where η is the viscosity of the ionic liquid, η0 is the viscosity parameter, R is the gas
constant and EA is the activation energy. On plotting the logarithmic of the viscosity versus
the inverse of temperature, a straight line is obtained according to this equation.
In the literature, most ionic liquids deviate from the Arrhenius behaviour. When the
temperature of the system is dropped, a large increase in viscosity is observed. Thus the
Volger-Fulcher-Tammann equation is often used to fit the data as shown in equation
5.12.58
(Eq 5.12)
where B and T0 are constants.
Figure 5.10 shows the Arrhenius plot for the phosphonium ionic liquids. The plot shows
that the phosphonium ionic liquids deviate from the Arrhenius behaviours. P1444FSI and
P1444N(CN)2 show higher viscosities as the phosphonium cation is quite bulky and the
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alkyl length is long compared to the other phosphonium cations studied here. The FSI- and
N(CN)2- series show the lowest viscosity compared to NTf2 series. P222(201)NTf2
P222(201)FSI, P222(101)NTf2, P222(101)FSI and P222(101)N(CN)2 show similar viscosity to
C2mimNTf2 at 25 °C and hence should be of utility in DSSCs. The use of these
phosphonium ionic liquids as electrolytes in dye sensitised solar cells, with very promising
results, is detailed in Chapter 7. The VTF fitting for these ionic liquids are given in
Appendix, section A.2.

Figure 5.10: The viscosity of phosphonium ionic liquids
The nature of both the anion and the cation greatly affects the viscosity of the ILs. The
difference in viscosities is caused by the size, shape and molar mass of the anion, with
smaller anions tending to give more viscous ionic liquids.99 For the same anion, a change
in the symmetry of the cation also affects the viscosity of the ionic liquids, as shown in
Figure 5.10. Longer alkyl chain tends to give more viscous ionic liquids, as observed in the
P1444+ salts. The large viscosity of P1444+ is not surprising at all; it is expected since the
system as a whole has fewer degrees of motional freedom due to its large size. Table 5.8
summarises the density and viscosity of the phosphonium ionic liquids synthesised in this
chapter.
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Table 5.8: Density and viscosity of phosphonium ionic liquids at 25 °C unless stated.
FSI-

Anion

NTf2-

N(CN)2-

η (mPa s)

ρ (gcm-3)

η (mPa s)

ρ (gcm-3)

η (mPa s)

ρ (gcm-3)

(± 0.1)

(± 0.01)

(± 0.1)

(± 0.01)

(± 0.1)

(± 0.01)

P1444+

61#

1.15#

-

-

576

0.99

P1224+

64

1.38

72*

1.40*

69

1.01

P222(101)+

27

1.32

36

1.42

34

1.08

P222(201)+

39

1.34

45

1.40

Cation

* measured at 30 °C, # measured at 50 °C
5.3.2.2 Ionic conductivity
The ionic conductivity of the pure ionic liquid depends on the mobility of ions, which is
influenced by the size of the ion, the formation of any aggregated species, and the
viscosity. The conductivity behaviour of the P1444+ salts is illustrated in Figure 5.11.
P1444NTf2 shows low conductivity in the lower temperature region, which gradually
increases as the temperature increases; at -68 °C, the conductivity is 10-10 S cm-1. Even
though there is no phase change in the region between 25 °C and 50 °C, a change in slope
is observed. The experiment was repeated and the same behaviour was observed. A further
increase in conductivity is observed as the compound melts, at 50 °C, and a conductivity of
10-4 S cm-1 is achieved. Further increases are also observed as the melt is heated.
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Figure 5.11: Conductivity data for the P1444+ cation with different anions
With most plastic crystals, the ionic conductivity is low in the lower temperature region
and increases substantially as the temperature is increased in the plastic phases. 100-104
P1444FSI has a strong solid-solid phase transition just below the melting point: hence the
conductivity rises steadily from quite a low value to the melt. At the melt (36 °C), the
conductivity is 10-3 S cm-1 and a steady VTF-like increase in conductivity is observed
above the melting point.
The conductivity of P1444N(CN)2 gradually increases as the temperature increases due to an
enhancement in ion mobility resulting from a decrease in viscosity. In the melt region, both
P1444FSI and P1444NTf2 show slightly higher conductivity than P1444N(CN)2.
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Figure 5.12 shows the effect of changing the anion in combination with the P1224+ cation.
The ionic conductivity of the P1224+ ionic liquids differ greatly from one another. The most
conductive of the ionic liquids synthesised are the P1224FSI, P1224NTf2 and P1224N(CN)2
salts; these are all room temperature ionic liquids, except for P1224NTf2 which melts at 30
°C. The conductivity of the P1224FSI and P1224N(CN)2 salts at room temperature are 4.3 x
10-3 S cm-1, and 3.8 x 10-3 S cm-1 respectively. At 30 °C, the conductivity of P1224NTf2 is
3.2 x 10-3 S cm-1. These ionic liquids are quite conductive compared to P66614N(CN)2,
which has a conductivity of 5.79 x 10-4 S cm-1 at 50°C. The conductivities of P1224FSI,
P1224NTf2 and P1224N(CN)2 are quite similar at temperatures above 30 °C. Below room
temperature, the ionic conductivity of P1224NTf2 drops drastically compared to the FSI and
N(CN)2 due to a change of phase from liquid to solid state, where the free movement of
ions are severely hindered.
The conductivity of P1224PF6, P1224SCN and P1224BF4 increases as a function of temperature
and changes in phase. These salts are solid at room temperature. The changes in
conductivity can be correlated to the phase transitions observed in the DSC (refer to Figure
5.5 and Table 5.4). For these phosphonium compounds, the conductivity can be divided
into several distinct zones, where the increase in conductivity probably corresponds to
changes in the orientational disorder of the salt. For the SCN- salt, there is a steady rise in
conductivity from very low values through the region in which the phase III to II and II to I
transitions take place, leading to a quite high conductivity in phase I, greater than 2 mS cm1

. The same behaviour is observed for the P1224BF4 salt. In the case of P1224PF6, from -50

°C to 30 °C a constant increase in conductivity is observed, before a gradual increase from
35 °C to 80 °C. In the low temperature region, P1224PF6 displays better conductivity than
P1224BF4, but as the temperature increases (beyond 60 °C) P1224BF4 has higher ionic
conductivity.
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Figure 5.12: Conductivity data for the P1224+ cation with the PF6-, BF4-, FSI-, NTf2and SCN- anions
The viscosity of the commercially available phosphonium ionic liquids containing the
methoxy group have been compared with the synthesised phosphonium ionic liquids for
the FSI, N(CN)2 and NTf2 series as shown in Figure 5.13, 5.14 and 5.15 respectively. The
three sets of data are presented separately for better clarity. P1224FSI, P222(101)FSI
andP222(201)FSI show similar ionic conductivities and this is the first time that such high
conductivities have been achieved with phosphonium ionic liquids.
In Appendix, section A.2, the VTF parameters obtained for these compounds are tabulated.
Log conductivity versus Tg/T is also plotted for the ionic liquids that have a glass transition
temperature.
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Figure 5.13: Conductivity data for the FSI- series

Figure 5.14: Conductivity data for the N(CN)2- series
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Figure 5.15: Conductivity data for the NTf2- series
5.3.2.3 The Walden plot
The phosphonium salts that are room temperature ionic liquids can be further analysed
using the Walden plot as discussed above. Figure 5.16 shows a Walden plot of the
phosphonium salts studied here, over a temperature range of 25 °C to 90 °C. According to
Angell et al.5 all ionic liquids that lie below the 10 % line on the Walden plot are
considered as “poor” ionic liquids due to the presence of ion pairs or aggregation.
All phosphonium ionic liquids synthesised in this thesis, as well as those with methoxy
groups on the side chain of the cation that were obtained commercially, lie below and close
to the ideal KCl line, thus they have low degree of pairing or aggregation type interactions.
These ionic liquids are considered to be “good” ionic liquids.
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Figure 5.16: The Walden plot of the phosphonium salts
5.3.2.3 Diffusion measurements of neat phosphonium ionic liquids
The diffusion coefficient of two phosphonium ionic liquids, P222(101)NTf2 and P222(201)NTf2,
were measured for both the cation and anion (1H and

19

F) by pulsed field-gradient

stimulated echo NMR. The NMR measurements were carried out by Mr. Paul Bayley and
Mr. Hyun Yoon at Monash University. Figure 5.17 (a) and (b) shows the temperature
dependent diffusion coefficient of the cation and anion for P222(101)NTf2 and P222(201)NTf2
respectively, over the temperature range of 20 °C to 80 °C. The values obtained for the
diffusion coefficient of the cation and anion at different temperatures are summarised in
Table 5.9. Figure 5.17 also shows Dcation + Danion, which is the total diffusion coefficient of
the ionic liquids.
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(a)

(b)
Figure 5.17: Arrhenius plot of self-diffusion coefficient of the cation and anion for (a)
P222(101)NTf2 , (b) P222(201) NTf2
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The Arrhenius plot in Figure 5.17 (a) shows that the P222(101)+ cation and NTf2_ anion
diffuse at nearly the same rate between 20 °C to 40 °C, and at temperatures above this, the
anion moves faster. In the case of P222(201) NTf2, the anion moves faster than the cation
from 30 °C to 80 °C.
The effective “hydrodynamic radius” can be calculated from this data using a
rearrangement of the Stokes-Einstein equation;

The constant X = 6 is used when the fluid molecules adhere perfectly to the surface of
sphere, and X = 4 is used for a system where the sphere moves through the liquid medium
with no adhesion.105 It is then of interest to observe how this effective hydrodynamic
radius compares to estimates of the ion sizes.
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Table 5.9: Diffusion coefficients and calculated effective hydrodynamic radii of the
cations and anions for P222(101)NTf2 and P222(201)NTf2.
IL

Cation
T (K)

Anion

D (m2s-1)

Radius (Å)

D (m2s-1)

Radius (Å)

H (± 1%)

X=4

X=6

F (± 1%)

X=4

X=6

P222(101)NTf2
293

2.6 x 10-11

3.3

2.2

2.5 x 10-11

2.8

1.9

303

3.9 x 10-11

3.1

2.1

3.9 x 10-11

3.1

2.1

313

5.7 x 10-11

3.1

2.1

6.1 x 10-11

2.9

1.9

323

7.8 x 10-11

3.2

2.1

9.4 x 10-11

2.7

1.8

333

1.1 x 10-10

3.2

2.1

1.5 x 10-10

2.2

1.5

343

1.4 x 10-10

3.1

2.1

2.2 x 10-10

2.0

1.3

353

1.8 x 10-10

3.1

2.0

3.2 x 10-10

1.7

1.2

293

2.1 x 10-11

3.5

2.3

1.9 x 10-11

3.8

2.5

303

3.0 x 10-11

3.0

2.0

3.1 x 10-11

2.9

1.9

313

4.2 x 10-11

2.9

2.0

4.7 x 10-11

2.6

1.7

323

6.1 x 10-11

2.6

1.7

7.3 x 10-11

2.2

1.5

333

8.1 x 10-11

2.4

1.6

1.2 x 10-10

1.7

1.2

343

1.2 x 10-10

2.1

1.4

1.8 x 10-10

1.3

0.9

353

1.5x 10-10

1.9

1.2

2.4 x 10-10

1.2

0.8

P222(201)NTf2
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The hydrodynamic radius of the anion is closer, at the lower temperatures, to the estimated
value for this anion, 3.1 Å.106 This suggests that the X = 4 parameter is a better fit in this
case. The temperature dependence, which indicates a decreasing effective hydrodynamic
radius, is however hard to understand in terms of the simple Stokes-Einstein model.107 This
trend arises as a result of the fact that the diffusivity is rising more rapidly than the fluidity
(=1/η) with temperature. This is not an uncommon observation, which is thought to reflect
the fact that the factors that control the viscosity at a molecular level are different from
those that control individual, long range ion diffusion and hence that the Stokes-Einstein
equation breaks down.
Figure 5.18 shows the cationic transference numbers for P222(101)NTf2 and P222(201)NTf2.
The cationic transference numbers (Dcation/Dcation + Danion) suggest that in both
phosphonium ionic liquids as the temperature rises, the anion moves faster than the cation;
the cation transference number decreases with increasing temperature.

Figure 5.18: Temperature dependence of apparent cation transference number for
both P222(101)NTf2 and P222(201)NTf2
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For the two phosphonium ionic liquids, the molar conductivity was calculated from the
self-diffusion coefficients (ΛNMR), determined by PGSTE-NMR measurements, using the
Nernst-Einstein equation. Table 5.10 summarises the different parameters, such as the
measured molar conductivity (Λimp), calculated molar conductivity (ΛNMR), the ratio of
(Λimp/ΛNMR), the calculated fraction of ion pairs, ΔW, the vertical distance of the point
from the ideal behaviour on the Walden plot and ΔI, the vertical distance of the point from
the ideal line on the ionicity plot.
Figure 5.19 illustrates the ionicity plot,106 i.e. Log (Λimp) vs. Log (ΛNMR), which displays
the data on a scale comparable to the Walden plot. The deviation from the ideal behaviour
(Log (Λimp) = Log (ΛNMR)) suggests that there is some ion aggregations occurring in the
ILs, and a similar effect was observed on the Walden plot (Figure 5.17).

Figure 5.19: Ionicity plot of P222(101)NTf2 and P222(201)NTf2
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Table 5.10: Molar conductivity values for P222(101)NTf2 and P222(201)NTf2 at varying
temperatures (K). ΛNMR values calculated using the Nernst-Einstein equation.
Λimp

ΛNMR

ΔW

ΔI

(S cm2 mol-1)

(S cm2 mol-1)

(± 0.1)

(± 0.1)

303 K

1.81

3.22

0.56

0.44

0.32

0.25

313 K

2.44

4.72

0.52

0.48

0.34

0.29

323 K

3.15

6.62

0.48

0.52

0.35

0.32

333 K

3.96

9.52

0.42

0.58

0.37

0.38

343 K

4.88

13.2

0.37

0.63

0.39

0.43

353 K

5.85

17.8

0.33

0.67

0.40

0.48

303 K

1.43

2.49

0.57

0.43

0.35

0.24

313 K

2.05

3.55

0.58

0.42

0.36

0.25

323 K

2.69

5.16

0.52

0.48

0.37

0.28

333 K

3.45

7.30

0.47

0.53

0.38

0.33

343 K

4.30

10.6

0.40

0.59

0.39

0.39

353 K

5.23

13.7

0.38

0.62

0.40

0.42

IL

)

P222(101)NTf2

P222(201)NTf2

As is often the case in ionic liquids, there is a difference between Λimp (measured by using
a dip cell) and ΛNMR (calculated from the Nernst-Einstein equation) at all temperatures, and
especially at higher temperatures, with ΛNMR values being higher than Λimp. One possible
explanation for such a difference is that the IL is to some extent associated such that
neutral species, which are unresponsive to the electric field are formed and hence impact
on the conductivity measurement.
As proposed by Tokuda et al.77 the (Λimp/ ΛNMR) ratio (Table 5.10) can provide information
about the degree of ionic association in the ILs. The ratio of (Λimp/ ΛNMR) indicates the
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percentage of charged ions that that can diffuse and thus contribute to the ionic conduction.
As shown in Table 5.10, as the temperature increases, both ionic liquids appear to become
more highly associated, as the ratio of (Λimp/ ΛNMR) decreases. The trend is also clearly
observed in Figure 5.19: with an increase in ΔI, as ΔI increases as a function of
temperature for both ionic liquids. This is also commonly observed by others, but it is not
well understood since one would tend to expect the opposite. This may in fact indicate a
partial breakdown of the Nernst-Einstein equation in a similar way to that discussed above
with respect to the Stokes-Einstein equation.
5.3.3 Electrochemical window
The electrochemical stability of ionic liquids is very important for their use in
electrochemical devices. The electrochemical window of P1444FSI and P1444NTf2 were
measured at 50 °C and 70 °C, respectively, using a three electrode set up. A Pt wire (1
mm) was used as a pseudo reference electrode and the Ferrocene/Ferrocenium redox
couple was used as an internal reference. Figure 5.20 shows the electrochemical window
for the NTf2 series. The CV was performed in an Argon glovebox. All three phosphonium
molten salts show similar electrochemical windows. Cyclic voltammetry is quite sensitive
to any signs of small impurities; the small shoulder at around -0.3 and +0.8 V is due to the
presence of residual water even though the compounds were dried at 100 °C for a week
under vacuum.
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Figure 5.20: The electrochemical stability of the NTf2- ionic liquid series
The NTf2- anions are known to form ionic liquids with high electrochemical stability.89 The
methoxy substituted phosphonium ionic liquids in the literature4 show wider
electrochemical windows than illustrated in this chapter, which may be because Platinum
electrodes are more sensitive to any impurities than the glassy carbon electrodes used in
the literature. Scanning the phosphonium ionic liquids over a wider potential window
shows the presence of several peaks, which may be due to the decomposition of the
phosphonium cation in the oxidative region and decomposition of the anion in the
reductive region (Refer to Appendix, section A.3). Reduction of the NTf2- anion usually
starts around 2 V, but presence of residual amounts of lithium salts can lower the reduction
potential of this anion.108 Thus, the ionic liquids were washed in dichloromethane with
water several times and dried at 100 °C in vacuo for several days, but no significant
improvement in reductive stability was observed.

148

5. Synthesis of novel phosphonium ionic liquids

Figure 5.21: The electrochemical window of the N(CN)2- series

Figures 5.21 and 5.22 show the electrochemical window of the N(CN)2- and FSI- series.
Depending on the cations, the potential window varied; in the case of the FSI series, P1224+
shows a wider electrochemical window. The methoxy substituted phosphonium ionic
liquids and the P1444+ salts show similar electrochemical windows. These phosphonium
ionic liquids are suitable for use as electrolytes in dye sensitised solar cells as the potential
window is sufficient for the device. In a dye sensitised solar cell, beyond 1 V the dye can
be easily removed from the surface of the semi-conductor.
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Figure 5.22: The electrochemical window of the FSI- series
5.4 Conclusions
Tetraalkyl phosphonium molten salts with anions FSI-, NTf2-, PF6-, BF4- , SCN- and
N(CN)2- were synthesised and characterised by TGA, DSC, conductivity and cyclic
voltammetry. Some of the phosphonium salts are liquid at room temperature. P 1444FSI,
P1444PF6, P1224BF4, P1224PF6 and P1224SCN show multiple solid–solid phase transition with
a ΔSf ~ 20 J mol-1 K-1, suggesting that they are plastic crystals that could be used as solid
state electrolytes. These “plastic crystals” shows high ion mobility in the different solidsolid phases, as indicated by their conductivity. P1444NTf2, and P1444BF4 also show multiple
solid-solid phase transitions, but their entropy of fusion are too high to be defined as plastic
crystals under Timmermans’ criteria. P1224N(CN)2 and P1224FSI form ionic liquids and
these are quite fluid and have good ionic conductivity compared to the methoxy-substituted
phosphonium ionic liquids. All the phosphonium ionic liquids are thermally stable up to
around 300 °C, except for the FSI series. The Walden plot for the methoxy-substituted
phosphonium ionic liquids and the synthesised phosphonium ionic liquids indicate that
these behave as good ionic liquids, without significant ion pairing. Even though the
electrochemical window of the salts is quite narrow compared to the imidazolium based
ionic liquids, these phosphonium salts may still be used as electrolytes for dye sensitised
solar cells.
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Chapter 6

Effect of the ionic liquid on the flatband potential of an n-type
semiconductor (Titania)

Chapter overview
This chapter is about determining the flatband potential of Titania in contact with different
types of ionic liquids. The influence on the flatband potential of changes in the anion and
cation of the ionic liquid was investigated, as well as the effect of the purity of the ionic
liquids. Any trace of impurities will potentially modify the flat band potential of the TiO2.
Heinzel and co-workers1 have shown that the addition of water to an organic solvent
drastically changed the flatband potential of the semiconductor due to the specific
adsorption of H+ ions on the surface of the TiO2 electrode. In this thesis, the same study
was undertaken in an organic solvent, as well as in ionic liquids, to observe whether any
change occurred upon addition of water or additives such as lithium iodide,2-4 tertbutylpyridine5-6 and N-methylbenzimidazole,7-9 which are known to shift the conduction
band of the semiconductor.
In an attempt to increase the performance of dye sensitised solar cells, which is mostly
limited by recombination processes,10 many strategies have been employed to overcome
this intrinsic limitation. Many are aimed at protecting the surface of the exposed TiO2
surface.11 The approaches used to protect the TiO2 surface is by molecular engineering of
the dye, to include for example long alkyl chains,12-13 or by treating the surface with an
organic acid.14-15 These will also have an effect on the flatband potential of the TiO2.
Therefore the effect of treating the TiO2 film with either a base or an acid was investigated
in this work.
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6.1 Introduction
6.1.1 General Overview
There is considerable interest in developing different types of semiconductor electrodes for
more efficient conversion of light energy into a useable form of energy, such as chemical
or electrical energy. Titanium dioxide is the preferable choice of semiconductor, as it has a
wide band gap, is stable and also inexpensive. This material has been extensively studied
in many fields since the discovery of water photolysis (where H2O converts into H2 and O2
on TiO2) by Fujishima and co-workers in 1972.16 This report was published during a
period of an oil crisis, where the price of fuel rose sharply. This has led to an increased
interest in understanding the semiconductor-electrolyte junction and it remains an active
area of research.
To have an idea about the full potential of the TiO2 electrode, a better understanding of the
factors that affect the band energy in non aqueous media is essential. Thus, it is critical to
determine the key parameters that influence the flatband potential at the semiconductorelectrolyte interface (as discussed in Chapter 2, section 2.4.2). The study of the
semiconductor-electrolyte junction is important, as it permits the determination of not only
the position of the flatband potential of the junction, but also other fundamental parameters
such as the total number of charge carriers (donor density or acceptor density), the position
of the conduction band edge and valence band edge at the interface, and lifetime of the
minority carriers. Knowing these parameters, one can predict and interpret the mechanism
of charge transfer taking place at the junction of the semiconductor and the liquid, and
therefore select the right type of semiconductor for a chosen application. These
considerations are essential to optimising the properties of this junction, especially in the
field of solar energy conversion.
Methods to determine flatband potential
Several methods exist in determining the above parameters: dark current and photocurrent
measurements as a function of potential difference,17 electromodulated infrared
spectroscopy,18 electro-optical methods,19 spectroscopy measurements

20

and the most

commonly used one is capacitance measurement.21-22 The latter two are described here in
more detail.
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Spectroscopic Determination of the Flatband potential
This method works on the basis that as the potential applied to a semi-conductor electrode
is made more negative, the Fermi level reaches the flatband potential. According to
Fitzmaurice and co-workers, the first change in UV-spectra as a function of the applied
potential is related to the flatband potential at the semiconductor-electrolyte junction.20
With further increases in applied potential, electrons begin to populate the conduction
band. These electrons are then able to induce intraband transitions, where the material
becomes more absorbing throughout the visible spectrum, with transitions especially
observed in the near infrared regions. This method usually chooses an arbitrary wavelength
in the red colour region, examining absorption vs. potential to detect the flat band
potential, before a fit to the experimental data is used to determine the final flatband
potential value.
Capacitance Method
The capacitance method is based on the validity of the Mott-Schottky plot. The MottSchottky method involves the measurement of the differential capacitance, C, of the
semiconductor as a function of applied voltage. A plot of C-2 versus applied potential
yields a straight line with the intercept at C-2 = 0 equal to the flatband potential, Vfb, and
from the slope of the plot, the carrier density can be determined, assuming that the
dielectric constant and the area of the semiconductor are known. The Mott-Schottky
equation (Eq 5.1) is obtained by solving Poisson’s equation.23-24
(Eq 5.1)
where C is the interfacial capacitance, A is the area, ND is the effective donor density, ε is
the dielectric constant of the semiconductor , ε0 is the permittivity of free space, V is the
applied potential, e is the electronic charge, T is the absolute temperature, Vfb is the
flatband potential and kB is the Boltzmann constant.
Capacitance-voltage measurements have previously been used to determine the flatband
potential of semiconductors.21-22 It has also been shown that the Mott-Schottky plots often
exhibit frequency dependence and this effect has been fully studied;25-27 when the MottSchottky plots have different slopes for different frequencies, but converges to a common
intercept, giving valid values for the flatband potential.
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As stated earlier, a plot of C-2 vs. applied potential commonly yields straight lines and the
capacitance measured is usually taken to be that of the semiconductor, assuming that the
Helmholtz capacitance on the electrolyte side is so large that it is negligible according to
the following equation:28
(Eq 5.2)
In a paper by Albery et al.,28 no assumption was made concerning the Helmholtz
capacitance and they were able to solve the full Poisson-Boltzmann equation under these
circumstances. Thus they were able to propose a method to fit the experimental data
obtained from capacitance measurements without making assumptions about the size of the
Helmholtz capacitance. The following equations were used to fit the experimental data:
(Eq 5.3)
(Eq 5.4)

(Eq 5.5)
ΔP = PDC – P?

(Eq 5.6)

where C0 is the capacitance of the semiconductor at the flat band potential, CObs is the
observed capacitance, PDC is a dimensionless potential, and CH is the Helmholtz
capacitance.
)

(Eq 5.7)

where F is the Faraday constant, R is the gas constant and T is the temperature (K), E DC is
the applied potential and E? is the pseudo flatband potential. A full description of the
derivation of these equations is given in reference 28.
The experimental curve is plotted as

vs. ln(ΔP) (ΔP is calculated from equation

5.7). The curve is then fitted by plotting ln(y2) (y obtained from equation 5.4) vs. ln(ΔP).
The flatband potential value is obtained where the curve crosses the line at ln(y2) = 0. The
typical error in flatband potential was found to be approximately ± 10 %.
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Using the above fitting method, Albery and co-workers were able to find a good agreement
with literature flatband potentials. Thus, this fitting method was used here to determine the
exact flatband potential of the semiconductor-ionic liquid junction without the need to
assume a negligible contribution from the Helmholtz layer.
6.2 Aim of this work
The aim of this work is to measure the flatband potential of the n-type semiconductor,
TiO2, when it is in contact with various ionic liquids in order to gain better insight into
what is happening at the junction of the semiconductor-ionic liquid electrolyte system. A
great deal of work has been previously reported for the TiO2-H2O junction,29-30 as well as
TiO2-organic solvent junctions,31-32 but there is limited information available on the TiO2ionic liquid system.33 In this work, the influence of additives and impurities was also
investigated at the TiO2-ionic liquid junction. The flatband potential value was obtained by
the capacitance measurement using the Mott-Schottky plot, as well as the UV
spectroscopic measurement in some cases. This measurement will allow a better
understanding of why some ionic liquids performed better than others in dye sensitised
solar cells. The flatband potential was also measured when the TiO2 electrodes were
treated with acids and bases.
6.3 Experimental
6.3.1 Electrochemical measurement of the flatband potential
For electrochemical measurements, the working electrodes used in all experiments
consisted of a 2.2 μm thick layer of TiO2 particles, with an average diameter of 18 nm,
deposited onto a conductive fluorine-doped SnO2 (FTO) glass. The TiO2 paste was
purchased from JCG-CCIC (TiO2 paste PST-18NR). Before printing the Titania layer, the
FTO glass was cleaned in 5 wt% Hellmanex solution in distilled water, sonicated for 15
mins. The electrodes were then washed with distilled water and further sonicated in
ethanol. The thin TiO2 layer was screen-printed using a semi-automatic screen-printer. The
working electrodes were sintered at 500 °C for 30 mins prior to use. The measurement was
carried out in a conventional three-electrode set up in a single compartment. The working
electrode consisted of TiO2 film on FTO glass, the counter electrode was a platinum sheet
and the reference electrode used was a non-aqueous saturated calomel electrode (1 M LiCl
in acetonitrile) purchased from Radiometer Analytical. The Mott-Schottky measurement
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was carried out in 5 ml of ionic liquid with a 20 mV amplitude signal at a fixed frequency
of 100 Hz starting from an anodic potential (0.5 V vs SCE (1 M LiCl)) towards the
cathodic potential (-0.8 V vs SCE (1 M LiCl) with an increment of 100 mV in an Argonfilled glove box as well as outside the glove box. The electrochemical measurements were
performed using a Variable Multiple Potentiostat (EC-Lab). The measurement was
repeated several times with fresh electrodes.
6.3.2 Materials and Ionic liquids
For this study, several types of ionic liquids were used. 1-ethyl-3-methylimidazolium
tetracyanoborate

(C2mimB(CN)4),

1-ethyl-3-methylimidazolium

tetrafluoroborate

(C2mimBF4), triethylsulfonium bis(trifluoromethanesulfonyl)amide (S222NTf2), 1-butyl-3methylimidazolium

tetrafluoroborate

(C4mimBF4)

and

1-(2-methoxyethyl)-1-

methylpiperidinium bis(trifluoromethanesulfonyl)amide (MOEMPIPNTf2) were purchased
from Merck and used without any further purification. 1-ethyl-3-methylimidazolium
thiocyanate (C2mimSCN), 1-ethyl-3-methylimidazolium tetrafluoroborate (C2mimBF4) and
1-ethyl-3-methylimidazolium dicyanamide (C2mimN(CN)2) were purchased from Iolitec
and used without any further purification. Lithium iodide (LiI), lithium perchlorate
(LiClO4), tetrabutylammonium perchlorate (TBAP or N4444ClO4) (recrystallised several
times in a mixture of ethanol and water and dried for 2 days at 150 °C in vacuo), tertbutylpyridine (TBP), tetraethylammonium iodide, triethylamine, diisooctylphosphinic acid,
propionic acid and N-methylbenzimidazole (NMB) were purchased from Sigma-Aldrich.
Triethyl(methoxymethyl)phosphonium bis(trifluoromethanesulfonyl)amide (P222(101)NTf2)
and

triethyl(methoxyethyl)phosphonium

bis(trifluoromethanesulfonyl)amide

(P222(201)NTf2) were purchased from Nippon Chemical.
Anhydrous acetonitrile was purchased from Sigma-Aldrich. 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide
diethylphosphate

(C2mimDEP)

(C2mimNTf2),
and

1-ethyl-3-methylimidazolium
N,N-propyl-methylpyrrolidinium

bis(trifluoromethanesulfonyl)amide (C3mpyrNTf2) were synthesised according to literature
method.34 The structures of the ions used are summarised in the Glossary for reference.
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6.3.3 FTIR
ATR-FTIR measurements were performed on the treated films, to see whether the base or
acid was present at the surface of the TiO2, using a Varian FTIR spectrometer. The data
reported here was obtained using a germanium prism. Spectra were derived from 256 scans
at a resolution of 2 cm-1. An untreated TiO2 film was used as a reference. The spectra are
shown in Appendix, section A.4.2.
6.3.4 UV spectroscopy
A UV spectrometer was also used to measure the flatband potential of TiO2 in an aqueous
medium. A three-electrode single compartment cell was used, the counter electrode being a
platinum wire, the reference electrode a saturated calomel electrode and the TiO2 on FTO
glass formed the working electrode. The applied potential was controlled using a
potentiostat. For each determination of Vfb, a new working electrode was used. This
method was only used in aqueous medium for comparison with the literature31-32 and also
for the Mott-Schottky measurements at different pHs in aqueous solution. Figure 6.1
displays the schematic diagram of the three electrode set up for the UV-spectroscopy
measurements.

Figure 6.1: 3-electrode set up for measuring the flatband potential using UVspectroscopy
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6.4 Results and discussion
6.4.1 Determination of the flatband potential of TiO2 in aqueous media using UVspectroscopy and Mott-Schottky measurements
Aqueous electrolyte solutions were prepared from distilled water using LiClO4 and
potassium dihydrogen phosphate (KH2PO4). The pH of the aqueous solution was adjusted
using HClO4 or NaOH. Figure 6.2 shows the absorbance spectra for a TiO2 electrode,
biased at a potential of -100 mV to -1200 mV. The electrolyte was 0.2 M KH2PO4, adjusted
to pH 12 by addition of NaOH. As observed in Figure 6.2, the absorption at shorter
wavelength (300 - 350 nm) corresponds to the fundamental absorption edge of the TiO2.
As the TiO2 electrode is biased at more negative potentials (-1100 mV), a decrease in
adsorption is observed in the short wavelength region (370 nm). This is due to the
accumulation of electrons (majority carriers) at the semiconductor-electrolyte junction. The
accumulation of electrons in the conduction band results in an increase in the band gap
energy, thus shifting the adsorption edge; this shift in adsorption is often called the
Burstein-Moss shift.20 At higher wavelengths (λ > 400 nm) an enhancement in absorption
is observed. This can be due to intraband transitions,20 due to electrons occupying the
conduction band of the TiO2, or localised electrons in the bulk or surface defects. Surface
defects can give rise to electron traps. Under UV irradiation, the electrons and holes
produced diffuse to the surface, thus reacting with the species present at the interface. TiO2
is well known to contain Ti3+, which can act as an electron trap for photogenerated
electrons.35 In aqueous media, such a mechanism occurs where the electrons are trapped at
the surface defect sites (Ti3+). This mechanism has been demonstrated in other papers,
based on the identification of hydroxylated reaction intermediates.36-41 Experimental
evidence for surface defects has also been reported by EPR measurements, which are used
to detect hydroxide radicals.42-43
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Figure 6.2: Absorbance of TiO2 in a phosphate buffer (pH 12) under various applied
potentials
Figure 6.3 shows the absorbance measured at 780 nm as a function of applied bias for an
aqueous solution of 0.2 M KH2PO4 adjusted to pH 12. The flatband pseudo-potential is
obtained by fitting the data with two straight lines in the region of -0.2 V to -0.8 V and -0.8
V to -1.2 V and the point of intersection of the two straight lines gives the final potential.
In this case, the flatband pseudo-potential obtained is -0.832 ± 0.058 V vs. SCE at pH 12.
The experiment was repeated in another electrolyte solution containing 0.2 M LiClO4.
Figure 6.4 shows the absorbance spectra of 0.2 M LiClO4 adjusted to pH 2 by addition of
HClO4 and pH 12 by adding NaOH. By changing the pH of the solution, a shift in flatband
pseudo-potential is observed. The flatband pseudo-potential measured in 0.2 M LiClO4 is 0.221 ± 0.066 V vs. SCE in pH 2 and -0.821 ± 0.063 V vs. SCE in pH 12. The value
obtained in this thesis is close to the one obtained by Nogami and co-workers.44 Similar
behaviour of the pH dependence of the flatband potential has been reported by Grätzel and
co-workers.20 They report that semiconductors have a Nernstian behaviour at the interface
due to the interaction of the oxides of the semiconductor with protons in the electrolyte; an
acid – base equilibrium is thus established at the interface.45
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A change in pH produces a change in the potential difference within the Helmholtz layer of
2.3RT/F or 59 mV/pH. The slope obtained in this thesis (not shown) is 55 mV/pH.

Figure 6.3: Absorbance of TiO2 film as function of applied potential at 780 nm

Figure 6.4: Absorbance of TiO2 electrode at different pH in 0.2 M LiClO4 solution at
780 nm
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The same measurements were repeated using capacitance measurements (Figure 6.5) and
were found to be the same within experimental error; the flatband pseudo-potentials
measured were -0.241 ± 0.018 V vs. SCE and -0.831 ± 0.062 V vs. SCE at pH 2 and pH 12
respectively, with a slope of 59 mV/pH.

Figure 6.5: Mott-Schottky plots of TiO2 in 0.2 M LiClO4 at pH 2 and pH 12 in the
dark
From the above observations, it can be concluded that the Mott-Schottky and UV
spectroscopy measurements can both be used to determine the flatband pseudo-potential of
TiO2 in aqueous media. In both methods, the experiment was repeated several times with
freshly prepared electrolytes and electrodes. In some cases, non linearity was observed,
which might be due to surface defects of the TiO2. After the measurement, visual
observation showed that the electrode appeared to have been burnt, with the electrolyte
turning yellow. Thus, these measurements were not included in calculation of the flatband
pseudo-potential.
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The Mott-Schottky plot was then fitted using the equations described in section 6.1.1.
Reasonable agreement is found for the basic solution, and a lower Vfb is found at pH 2, as
shown in Table 6.1.
Table 6.1: Summary of the data obtained from the Mott-Schottky plot and the fitted
potential using the method described in section 6.1.1.
Flatband pseudo-potential

Flatband potential*

V vs. SCE

V vs. SCE
(± 10 %)

pH 2

-0.241 ± 0.018

-0.198

pH 12

-0.831 ± 0.062

-0.780

*Flatband potential obtained by fitting the experimental data using equation 5.2 to 5.7.
6.4.2 Determination of Efb in non aqueous media using the Mott Schottky method
6.4.2.1 Neat ionic liquids
The electrochemistry of semiconductors has mainly been investigated in aqueous and
organic solvents. In the studies, the influence of an acid and base was demonstrated and,
depending on the type of organic solvents, some behave similar to water. In this section,
the behaviour of the flatband potential in ionic liquids was investigated. A wide range of
ionic liquids was studied to observe whether, by changing either the cation or anion, a shift
in flatband potential occurred.
Figures 6.6 and 6.7 show the results of the capacitance measurements, presented in the
format of the Mott-Schottky plot, on TiO2 films, showing the effect of the anion and cation
on the flatband pseudo-potential of the semiconductor. The positive slope of the C-2 vs. E
plots indicates the n-type semiconductivity of the film. Table 6.2 summarises the flatband
potentials obtained by fitting the Mott-Schottky equation to the data over the linear region
of the measurements, and in some cases, using the method described in reference 28 as a
comparison.28 In some cases, the very negative value of the flat band potential meant that
the measurements were terminated before Vfb was reached, to avoid damaging the
electrode or decomposition of the IL. In these cases, the Vfb is a short extrapolation of the
data.
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The UV-spectroscopy measurement was also used to determine the position of the flatband
potentials in the cases of C2mimBF4, C2mimNTf2 and C2mimSCN; the data is also
summarised in Table 6.2. (The absorbance plot and fitting are given in Appendix, section
A.4). Reasonable agreement between the two methods was obtained, with the results being
within two standard deviations of each other in most cases, except in the case of the BF4salt, where there was a slightly larger discrepancy.

Figure 6.6: Mott-Schottky plot showing the effect of various anions with the 1-ethyl-3methylimidazolium cation
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Table 6.2: Flatband potential in different ionic liquids (and from different supplier in
the cases noted); (mean and standard deviation of 6 films) and the flatband potential
obtained from fitting the experimental data using the method described in section
6.1.1.
Ionic liquids

Flatband pseudo-potential

Flatband potential

V vs. SCE (1 M LiCl)

V vs. SCE (1 M LiCl)

Supplier

(± 10 %)
C2mimNTf2

-0.579 ± 0.021

-0.539

Synthesised

-0.518

Merck (High

#

-0.550 ± 0.035
C2mimB(CN)4

-0.573 ± 0.081

purity)
C2mimFSI

-0.587 ± 0.012

-0.545

Daichi Kyoto
(High purity)

C2mimSCN

-0.856 ± 0.012

-0.700

Iolitec

-0.900 ± 0.025#
C2mimBF4

-0.378 ± 0.052

-0.250

Merck

C2mimBF4

-0.437 ± 0.007

-0.351

Merck (High

-0.500 ± 0.012#

purity for
electronic
purpose)

C2mimBF4

-0.278 ± 0.033

-0.250

Iolitec

C2mim N(CN)2

-0.909 ± 0.009

-0.800

Iolitec

C3mpyrNTf2

-0.443 ± 0.048

-0.380

Synthesised

C3mpyrFSI

-0.505 ± 0.007

-0.410

Daichi Kyoto

S222NTf2

-0.511 ± 0.056

-0.400

Merck

MOEMPIP NTf2

-0.627 ± 0.030

-0.500

Merck

C4mimBF4

-0.602 ± 0.036

-0.545

Merck

C2mimDEP

-0.724 ± 0.029

-0.650

Synthesised

P222(101)NTf2

-0.402 ± 0.018

-0.400

Nippon
Chemical

P222(201)NTf2

-0.404 ± 0.016

-0.350

Nippon
Chemical

#: Flatband potential value obtained from UV-spectroscopy method.
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Depending on the type of anion and purity of the ionic liquid, a shift in Vfb occurred. A
decrease in slope is also observed for NTf2-, N(CN)2-, SCN-, B(CN)4- and BF4-; this is
likely a reflection of the dependence of the capacitance measurements determined in this
way (i.e. at a single fixed frequency) on the conductivity of the IL. The SCN -, N(CN)2-,
FSI- and DEP- ILs exhibit a bending character in the positive potential region between -0.2
V to 0.1 V; this may also be due to the influence of the conductivity. As observed in Figure
6.6 and Table 6.2, C2mimNTf2, C2mimFSI and C2mimB(CN)4 have similar flatband
potentials; -0.576 ± 0.021 V vs. SCE (1 M LiCl), -0.587 ± 0.012 V vs. SCE (1 M LiCl) and
-0.573 ± 0.081 V vs. SCE (1 M LiCl) respectively. These anions are usually considered to
be “neutral” in the Lewis acid/base sense, i.e. that they are very weakly basic. Compared to
the flatband potential measured in an aqueous medium at pH 7, which is -0.453 ± 0.011 V
vs. SCE, one can say that the ionic liquids are behaving in a similar way to H2O, but with a
slight shift in the basic direction, probably as a result of the charge on the anion.
C2mimBF4 purchased from two different chemical companies showed different flatband
potentials. The one purchased from Iolitec (> 98 % pure) gives a flatband potential of 0.278 ± 0.033 V vs. SCE (1 M LiCl) and the one from Merck gives a flatband potential of 0.378 ± 0.052 V vs. SCE (1 M LiCl) for the synthesis grade and -0.437 ± 0.007 V vs. SCE
(1 M LiCl) for the high purity grade (used for electronic purposes). One possible
explanation for such behaviour is the presence of impurities. Small amounts of water in
C2mimBF4 are known to form decomposition products such as hydrofluoric acid. There is a
possibility that the C2mimBF4 from Iolitec contains more acid, thus shifting the conduction
band positively as a result of adsorption of protons onto the surface of the TiO2, as already
demonstrated in acidic aqueous medium (-0.241 V vs. SCE at pH 2).
C2mimSCN, C2mimN(CN)2 and C2mimDEP have flatband pseudo-potentials of -0.856 ±
0.012 V vs. SCE (1 M LiCl), -0.909 ± 0.009 V vs. SCE (1 M LiCl) and -0.724 ± 0.029 V
vs. SCE (1 M LiCl) respectively. The flatband potential of these ionic liquids are quite
comparable to those obtained in aqueous media at pH 12 (-0.831 V vs. SCE). These ionic
liquids are considered to be somewhat “basic” in the Lewis and Brønsted senses due to
their electron donating ability and, as would be expected in this case, are shifting the
conduction band of the TiO2 to more negative potentials, presumably by charge donation to
the TiO2 surface layer.
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The above results show that the flatband potential of TiO2 semiconductor depends greatly
on the purity of the ionic liquid as well as on the choice of anion. This shift in Vfb is due to
a change of the state of charge of the surface of the film.
The experimental Mott-Schottky data was also fitted using the equations discussed in
section 6.1.1, and the data is tabulated in Table 6.2. A good agreement between the
flatband pseudo-potential and flatband potential can be found for the following ionic
liquids; C2mimNTf2, C2mimB(CN)4, C2mimFSI, C3mpyrNTf2, C2mimBF4 (Iolitec),
P222(101)NTf2, P222(201)NTf2, C4mimBF4 and C2mimDEP, whereas C2mimSCN, C2mimBF4
(Merck), S222NTf2, C2mpyrFSI, C2mimN(CN)2 and MOEMPIPNTf2 all show a large
difference between the flatband pseudo-potential value and the flatband potential.
The Albery flatband potential is uniformly less negative than the flatband pseudo-potential
values. This is expected as a result of the removal of the effect of the Helmholtz layer
capacitance and potential drop from the measurement. The shift is typically between 50 100 mV, with some being as great as 150 mV. The variation in the Helmholtz layer effect
is presumably due to the differences in the double structure and composition.
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Figure 6.7: Mott-Schottky plot showing the effect of different cations

Figure 6.7 shows the effect of substitution of cations, with a fixed anion, on the
measurement of the Vfb. There is a much less substantial change in Vfb with different
cations compared to the effect of changing the anion; the effect of the cation variations fall
in the range of - 400 mV to - 600 mV. Anions clearly have a greater effect on the position
of Vfb than the cations, due to their electron donating abilities.
Figure 6.8 shows the capacitance-potential behaviour of both undyed and dyed TiO2 films.
The dye used for this study is a dithienothiophene derivative dye, THD3 (structure is
shown in Chapter 7, Figure 7.3). The dyed films show a curvature in the potential region 0
V to -0.15 V and a linear region between -0.20 V to -0.45 V. The curvature may be due to
the presence of a monolayer of dye attached to the surface of the TiO2 electrodes
modifying the surface state of the semiconductor.
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Figure 6.8: Capacitance-voltage plot of dyed and undyed TiO2 films

Comparison of the flatband pseudo-potentials of the dyed and undyed TiO2 films in
different ionic liquids is presented in Table 6.3. A negative shift of 50 to 70 mV in flatband
pseudo-potential is observed in the P222(101)NTf2 and P222(201)NTf2 respectively due to the
presence of the dye. Zaban et al. have shown that when the ruthenium based dyes are
adsorbed onto an oxide surface, they became pH-dependent, due to an electrostatic effect
between the dye and the oxide surface.46 As explained earlier, the presence of adsorbed
species on the surface of the TiO2 can caused a drop in the potential of the double layer,
thus shifting the Vfb more negatively. Table 6.3 summarises the data obtained from Figure
6.8 and the fitting obtained from equation described in section 6.1.1 (Equation 5.2 to 5.7).
Quite good agreement is obtained between the two methods in this case.
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Table 6.3: Difference in flatband potentials on dyed and undyed TiO2 films.
Ionic liquids

Flatband pseudo-potential

Flatband potential

V vs. SCE (1 M LiCl)

V vs. SCE (1 M LiCl)
(± 10 %)

P222(101)NTf2

-0.402 ± 0.018

-0.402

P222(201)NTf2

-0.404 ± 0.016

-0.350

P222(101)NTf2-Dye coated TiO2

-0.450 ± 0.023

-0.435

P222(201)NTf2-Dye coated TiO2

-0.475 ± 0.006

-0.440

To conclude, changing the anion has a greater effect on the position of the TiO2 conduction
band edge than changes in the cation, as demonstrated by basic anions such as SCN-, DEPand N(CN)2-. These can easily access the surface of the semiconductor, thus negatively
charging the double layer and moving the conduction band edge upwards. Cations such as
S222+, P222(101) +, MEMPIP+ and C3mpyr+ do not have a pronounced effect on the position of
the flatband potential. This may be due to the lack of accessibility of these ions to the
surface of the TiO2. When the TiO2 is coated with a monolayer of dye, the Vfb is shifted
more negatively.
6.4.2.2 Effect on Vfb of the addition of water to C2mimNTf2
A measurement in acetonitrile was performed in order to observe the baseline effect on Vfb
when water is added to an electrolyte. The Vfb for a TiO2 electrode in anhydrous
acetonitrile containing 0.1 M TBAP and added water was determined by Mott-Schottky
capacitance measurement. The same measurement was also performed in neat ionic liquid
(C2mimNTf2) (Figure 6.9 and Table 6.4). The interesting feature in Figure 6.9 is the shift
of Vfb to more positive potential after addition of water to the MeCN, whereas in the ionic
liquid system, only a small shift in Vfb is observed. As demonstrated in Figure 6.9, the
Mott-Schottky measurement in anhydrous MeCN leads to more positive Vfb values when
compared to literature. The difference might be due to the frequency used to record the Vfb,
difference in the TiO2 electrodes (surface state defects or doping level), the presence of
residual amount water in the anhydrous MeCN (purchased from Sigma Aldrich), which
was used without further purification, or even in the supporting electrolyte (TBAP). Even
though the supporting electrolyte was dried for several days at 50 °C in vacuo, trace
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amounts of water might still be present. Karl Fischer analysis of the anhydrous MeCN
shows the presence of 200 ppm of water.
Nonetheless, the objective of the present experiment was to observe the effect of the
addition of water to an ionic liquid as compared to a standard electrolyte. The influence of
water on the Vfb is shown in Figure 6.9; in both systems the shift to less negative values is
presumably related to solvation effects. It has already been demonstrated that protons can
be adsorbed at the TiO2 electrode and are a determining factor on the position of the Vfb,
hence the dissociation of water to release protons may also contribute to this effect.

Figure 6.9: Variation of Vfb with water in MeCN and C2mimNTf2
Table 6.4 displays the data obtained from the capacitance measurements (Figure 6.9) and
the fitted data obtained by equations described by Albery and co-workers.28 There is
approximately a 50 mV to 100 mV difference between the flatband pseudo-potential and
the flatband potential obtained from a fit to the experimental curve using the equation
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described in section 6.1.1 (Equation 5.2 to 5.7). As already stated previously, the
difference might be related to the double layer structure and composition.
Table 6.4: Flatband potential of TiO2 electrodes in non-aqueous solvent and with
added water.
Water

% (Weight)

content

Flatband pseudo-potential Flatband potential
V vs. SCE (1 M LiCl)

(μL)

V vs. SCE (1 M LiCl)
(± 10 %)

0.1 M TBAP

0

0

-0.482 ± 0.052

-0.401

in

40

1

-0.411 ± 0.011

-0.375

anhydrous

70

1.7

-0.401 ± 0.008

-0.325

acetonitrile

100

2.5

-0.337 ± 0.012

-0.250

0

0

-0.579 ± 0.021

-0.540

C2mimNTf2

20

0.3

-0.576 ± 0.032

-0.540

(5 ml)

40

0.5

-0.575 ± 0.031

-0.540

60

0.8

-0.560 ± 0.021

-0.525

80

1.1

-0.553 ± 0.055

-0.501

100

1.3

-0.537 ± 0.043

-0.501

(200

ppm

water)

One would expect that the addition of water to an ionic liquid would have a similar effect
on the flatband potential as it does for the acetonitrile system. However, a smaller shift in
Vfb is observed in the case of ionic liquids; this may be due to the fact that the ionic liquid
is protecting the surface of the TiO2 and keeping the water away from the surface. The
water molecules might also be shielded in the ionic liquids.
6.4.2.3 Addition of bases and acids to ionic liquids
Addition of HNTf2 to “neutral” ionic liquids C2mimNTf2 and C2mimB(CN)4
A small amount of a very strong acid was added to C2mimNTf2 and C2mimB(CN)4,
producing a pronounced effect on the Vfb of the TiO2 electrode. Addition of as little as 1
mg (0.6 mM of HNTf2) produced a positive shift in ΔVfb of 0.311V; with larger addition of
acid leading to a greater shift. Repetition of a similar experiment with C2mimB(CN)4
yielded similar behaviour. The results of these experiments are summarised in Table 6.5,
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and the flatband potential values obtained from fitting the curve are also displayed.
Reasonable agreement between the two methods is obtained.
The presence of protons is changing the pH of these otherwise quite “neutral” electrolytes,
thus affecting the position of the conduction band edge. Thus, the presence of any acid
impurities in ionic liquids will affect the Vfb; hence care must be taken in purifying the
ionic liquids before use.
Table 6.5: Addition of HNTf2 to C2mimNTf2 and C2mimB(CN)4.
Mass of

%

Flatband pseudo-

Flatband potential

HNTf2

(weight)

potential

V vs. SCE (1 M LiCl)

V vs. SCE (1 M LiCl)

(± 10 %)

(mg)

C2mimNTf2

C2mimB(CN)4

0

0

-0.579±0.021

-0.539

1

0.01

-0.288±0.011

-0.201

2

0.03

-0.188±0.033

-0.111

5

0.07

+0.0068±0.0002

+0.0045

0

0

-0.573±0.081

-0.518

2

0.04

-0.144±0.043

-0.101

Smaller ions, such as H+or Ag+, can easily intercalate into the nanoporous network of the
TiO2, thus modifying the position of the conduction band edge in a similar way as Li+,
which will then affect the photovoltage.
Addition of N-methylbenzimidazole (NMB) to ionic liquids C2mimNTf2 and
C2mimB(CN)4
A well known base usually used in dye sensitised solar cells was added to the ionic liquid
to investigate its effect. As expected, addition of only 0.2 M NMB drastically changed the
Vfb, as shown in Table 6.6. The Vfb is shifted negatively by ~ 300 mV. Further addition of
NMB resulted in only a slightly larger shift in Vfb. Adsorption of NMB onto the surface of
TiO2 would increase the Vfb; the partial charge of the nitrogen atom in the NMB allows the
base to be adsorbed easily onto the Lewis acid sites of the TiO2 surface, thus negatively
shifting the conduction band edge of the TiO2.
Similar effects are observed in C3mpyrNTf2, where addition of 0.5 M NMB gave a
negative shift in the Vfb. The flatband potential is shifted negatively by ~ 200 mV.
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Table 6.6 shows the flatband pseudo-potential and flatband potential of the two ionic
liquids with NMB. Comparable results are obtained in both cases; the difference is only
around 50 mV to 80 mV.
Table 6.6: Addition of NMB to C2mimBF4.
Concentration of

Flatband pseudo-potential

Flatband potential

NMB

V vs. SCE (1 M LiCl)

V vs. SCE (1 M LiCl)
(± 10 %)

0

-0.278 ± 0.033

-0.250

C2mimBF4

0.2 M

-0.575 ± 0.028

-0.501

(Iolitec)

0.5 M

-0.581 ± 0.008

-0.520

0

-0.443 ± 0.048

-0.380

0.5 M

-0.658 ± 0.027

-0.585

C3mpyrNTf2

In summary, the presence of an acid contaminant from ionic liquids purchased from
suppliers can modify the Vfb of the semiconductor, as demonstrated by adding acid
impurities to C2mimNTf2 and C2mimB(CN)4. Adding a base to the acid contaminated
C2mimBF4 shifts the conduction band upward (negatively), perhaps due to the formation of
a complex of the NMB with the acid,47 suppressing its presence at the surface of the TiO2;
NMB is known to have a high donor ability and thus a stronger affinity with the TiO2
surface.
6.4.2.4 Addition of lithium iodide and then tert-butylpyridine to C3mpyrNTf2
Lithium iodide (LiI), guanidinium thiocyanate (GSCN), 4-tert-butylpyridine (TBP) and Nmethylbenzimidazole (NMB) are known to affect the position of the conduction band edge
of the TiO2. It has been demonstrated that the Li+ ion can intercalate easily into the Lewis
base sites of the TiO2 surface, shifting the energy of the TiO2 conduction band in the
positive direction.48-52 This positive shift allows a better injection of the electron into the
conduction band of the TiO2, thereby increases the electron injection efficiency, which
leads to higher photocurrent in the dye sensitised solar cells. Table 6.7 shows the effect of
addition of 0.1 M lithium iodide to C3mpyrNTf2, followed by the addition of 0.5 M TBP.
When 0.1 M lithium iodide was added to the C3mpyrNTf2, the conduction band was shifted
downward to more positive potentials, as expected.
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On the other hand, higher open circuit voltages are usually achieved by addition of
additives such as NMB53-55 and TBP.5, 56 When 0.5 M TBP was introduced into the ionic
liquid containing 0.1 M LiI, the Vfb of the nanostructured TiO2 was shifted more negative
by ~ 300 mV. The negative shift of the TiO2 Fermi level by adsorption of the additive is
attributed to the affinity of the additive with the surface of the TiO2 due to the presence of
the lone pair of electrons on the nitrogen atom. Fitting the Mott-Schottky plots with a
theoretical curve obtained from the equations described in the paper of Albery,28 gives
similar potential values, indicating that the Helmholtz layer only affects the Vfb to a small
extent in this case.
Table 6.7: Effect of Li+ and TBP in an ionic liquid on Vfb.
Concentration Concentration
of LiI

C3mpyrNTf2

of TBP

Flatband pseudo-

Flatband potential

potential

V vs. SCE (1 M LiCl)

V vs. SCE (1 M LiCl)

(± 10 %)

0M

0M

-0.443 ± 0.048

-0.380

0.1 M

0M

-0.221 ± 0.007

-0.200

0.1 M

0.5 M

-0.569 ± 0.031

-0.520

6.4.2.5 Base and Acid treatment of the TiO2 film
Several strategies that involve the surface treatment of the TiO2 surface have been used to
improve the open circuit voltage.57-58 A method involving the deposition of metal oxides
such as Al2O3,59 MgO60 and Nb2O5,61 to name a few, have been employed to increase the
photovoltage by slowing down the recombination reaction. However, the deposition of a
coating on TiO2 can be difficult and irreproducible if the same conditions are not used.
Thus another alternative to core-shell structures, the treatment of the TiO2 with either acid
or base prior to cell assembly, has been investigated.62-63 It is believed that treating the
TiO2 with a carboxylic acid or phosphinic acid causes these molecules to coordinate to the
Ti species at the TiO2 surface, leaving the hydrophobic end as a buffer between the TiO2
and the electrolyte.64 A higher photovoltage is thus observed due to the shielding of the
electrons in the TiO2 from oxidized species in the electrolyte, i.e. decreasing the back
reactions.
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Table 6.9 summarises the effect of treating the TiO2 electrode for 4 hours in an acid or base
bath. It also gives the potential values obtained from the extrapolation of the straight line to
C-2 = 0, yielding the flatband pseudo-potential by neglecting the effect of the double layer,
and by fitting the curve with equations 5.2 to 5.7 without the assumption that the double
layer is negligible. The use of the two methods yields comparable results and thus both
methods can be used to determine the position of the Vfb. A slight negative shift in
potential is observed for the acid treatment and a significant shift is observed for the base
treatment. FTIR measurements, which are not presented here, confirmed the presence of
the acid and base on the surface of the TiO2.
Table 6.9: Effect of acid and base treatment on the TiO2 electrodes.
Acid and base

Flatband pseudo-potential

Flatband potential

V vs. SCE (1 M LiCl)

V vs. SCE (1 M LiCl)
(± 10 %)

C3mpyrNTf2

No treatment

-0.443 ± 0.048

-0.380

Diisooctylphosphinic acid

-0.501 ± 0.021

-0.440

Propionic acid

-0.499 ± 0.018

-0.440

Triethylamine

-0.559 ± 0.017

-0.480

4-tert-butylpyridine

-0.861 ± 0.015

-0.765
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6.5 Conclusions
It is important to characterise the position of the conduction band edge in the
semiconductor electrodes and to understand the effect of impurities and additives on the
position of the flat band potential, Vfb. Here, the Mott-Schottky plots have been used to
determine the flatband potential values and when compared to UV-spectroscopy
measurements quite a good agreement between the two methods were obtained. The MottSchottky plots were also fitted with a method described by Albery and colleagues, where
no assumption concerning the double layer capacitance was made, and reasonable
agreement was obtained in some cases.
Such parameters are essential for designing the photoanode electrodes for dye sensitised
solar cells as these flatband positions established the maximum photovoltage attainable in
the electrolyte junction of the device. Small cations show high affinities for the TiO2
surface and thus have a strong influence on the conduction band of the TiO2 electrode. The
sign of the charge or dipole orientation of an adsorbent will determine the direction of the
movement of the conduction band edge of the semiconductor. For example, a negatively
charged surface (with TBP or NMB) will induced a potential drop across the Helmholtz
layer, causing the conduction band edge to shift towards more negative potentials, leading
to a higher photovoltage. In contrast, the presence of small cations, such as Li+ or H+, will
shift the flatband potential downward to more positive potentials. Several strategies are
available to protect the surface; treating the surface with either an acid or a base can lead to
an increase in Voc, as demonstrated in section 6.4.2.5. The presence of residual amounts of
water has a more drastic effect on the position of the flatband potential in an organic
solvent than in ionic liquids.
“Basic ionic liquids”, such as C2mimSCN and C2mimN(CN)2, shift the flatband potential
to more negative potentials compared to “neutral ionic liquids”, such as C2mimNTf2 and
C2mimB(CN)4. These “basic ionic liquids” behave similarly to TBP in the DSSC; in most
cases higher Voc and lower photocurrent densities are obtained, as will be demonstrated in
Chapter 7 and 8.
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Chapter 7

Ionic liquids in dithienothiophene based organic dye sensitised
solar cells

Chapter overview
This chapter discusses the use of new phosphonium ionic liquids as electrolytes for metalfree organic dye sensitised solar cells. The new metal-free dyes were synthesised by Dr.
Tae-Hyuk Kwon from the University of Melbourne. A section of the chapter will be
dedicated to their electrochemical and spectroscopic characterisation. The effect of film
thickness, dyeing time, solvent and addition of co-absorbent have also been investigated in
an attempt to further improve the performance of the devices. Intensity modulated
photovoltage and photocurrent (IMVS/IMPS) techniques were used in an attempt to
understand the behaviour of the ionic liquids with organic sensitisers. High energy
conversion efficiencies were obtained for the first time with the new phosphonium ionic
liquids with THD3 sensitisers showing the best performance.
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7.1 Introduction
Dye sensitised solar cells have been widely investigated as potential candidates for
renewable energy systems as a result of their attractive features, such as the use of
inexpensive materials and facile device fabrication. As explained previously in Chapter 2,
these devices are composed of a wide band gap TiO2 semiconductor deposited onto a TCO
substrate. The sensitiser most often consists of metal-complex dye, and the DSSC also
contains a redox couple (I3-/I- or Ferrocene/ Ferrocenium or Br3-/Br- or TMTU/TMFDS2+,
as discussed in Chapter 2, Figure 2.18) in an organic solvent, an ionic liquid, a polymer gel
or a plastic crystal. For the DSSCs to perform efficiently, the sensitisers should satisfy
three main conditions.1 The first criterion requires that the HOMO level of the dye is
positive enough, compared to the standard redox potential of the redox couple in the
electrolyte, to regenerate the dye effectively.2 The second condition is that the LUMO level
of the dye should be sufficiently negative, compared to the conduction band edge of the
semiconductor, that the injection of the electron in the semiconductor is uniform.3 Finally,
good light adsorption within the visible spectrum is necessary.4 In designing sensitisers,
these conditions should all be satisfied, in addition to good stability under long periods of
light exposure.
7.1.1 Sensitisers for DSSCs
7.1.1.1 Ruthenium based sensitisers
Ruthenium based complexes such as N3 or N719,5-6 black dye7 and Z907

6, 8

(Figure 7.1)

have been extensively investigated as dyes for DSSCs and a substantial solar energy
conversion efficiency of 11.1 % was recently obtained with the black dye.9 These dyes
attach to the surface of the TiO2 layer via a functional group, which can either be a
carboxylic acid group or phosphinic acid.10 Most ruthenium based sensitisers that exhibit
good performance contain a carboxylic moiety. A large variety of ruthenium based
sensitisers have previously been studied in order to improve the photovoltaic performance
and stability of DSSCs.11-17 Although Z907 gives very stable devices under continuous
light exposure, the molar extinction coefficient of this sensitiser is lower than the standard
N719 dye, thereby reducing the light harvesting efficiency. Thus, an alternative ruthenium
sensitiser (K19) has been developed which is not only very stable, but also has a high
molar extinction coefficient (Figure 7.1).16 The enhanced absorption observed is due to the
extended conjugated system of the ligand.
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Chen et al. have developed a ruthenium sensitiser with a carbazole antenna, which gave an
energy conversion efficiency of 9.6 % with an acetonitrile based electrolyte under AM 1.5.
They successfully demonstrated that under harsh conditions, the dye was quite stable and
maintained its performance over a long period of time.14 Ruthenium sensitisers are
currently the most popular and heavily investigated type of dye. However, even though
they meet the necessary requirement for high device performance, the major drawbacks
concerning these dyes are the high cost and the rarity of the ruthenium metal used. The
synthesis and purification of these ruthenium-based dyes also requires a long procedure to
obtain a pure compound, and further improvements of the purification technique are still
required. Thus, there is significant interest in the development of metal-free organic dyes
that do not require tedious synthesis procedures and extensive purification steps.
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Figure 7.1: Examples of Ruthenium based sensitisers for DSSCs
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7.1.1.2 Metal free Organic sensitisers
Organic dyes have many advantages over the ruthenium based sensitisers. Firstly, they
have higher molar extinction coefficients due to an intermolecular π-π* transition.18 Thus,
they are suitable for thin TiO2 films, which are required for solid state devices when mass
transport and insufficient pore filling limits the performance of the solar cells. Secondly,
they have various structures and can be easily modified by molecular engineering, i.e.
introduction of electron-withdrawing or electron-donating substituents to further improve
their optimal absorption spectra.19 These dyes are less expensive than ruthenium based
sensitisers, as they do not contain rare and noble metals, therefore it is possible to produce
them in very large quantities. Also, the preparation and purification of organic dyes is
easier than Ru-complexes. Many organic dyes have been synthesised and used in dye
sensitised solar cells; Figure 7.2 shows examples of organic dyes reported in the literature.
Great progress has been made in developing high performing devices using metal free
organic sensitisers during the past few years. A variety of coumarin,20-23 indoline,24-27
hemicyanines,28-32 cyanines,33-34 merocyanines35-37 and triphenylamine38-41 based organic
sensitisers have been recently developed and all of these sensitisers are quite efficient in
solar cells. For example, an efficiency of 5.1 % was achieved with hemicyanines on an
acid treated TiO2 substrate.32 A further improvement of the power conversion efficiency (η
= 6.3 %) was obtained by introducing a hydroxyl group on the hemicyanine dye.42 Cyanine
dyes are well known sensitisers in photography, and these dyes show good performance
under moderate light intensity (η = 7.62 %).43 Amongst all these sensitisers, the most
efficient metal-free organic dye to date was obtained using an indoline dye, with an
efficiency of 9.52 %.27 However, additional improvements of the organic sensitisers are
still required to increase the performance, if DSSCs are to be used for commercial
purposes. One method of improving the organic dyes is by extending their absorption
range in the near infrared region, thus increasing the number of photons absorbed, which
can result in higher photocurrent densities. Nevertheless, organic dyes have shown very
promising results so far, and have the potential to be very competitive.
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Figure 7.2: Examples of high performing organic dyes20, 27, 32, 35
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7.1.2 Aim
The aim of this study was to replace the organic solvents commonly used with organic
dyes with a room temperature ionic liquid, in this case phosphonium based ionic liquids
were used, and to characterise and compare the different dyes. The properties of the dyes
in solution, as well as directly adsorbed onto the TiO2 surface, were analysed using a range
of techniques. DFT calculations and Raman spectroscopy were performed by Dr. TaeHyuk Kwon in order to calculate the HOMO and LUMO levels of the dyes, to see whether
they fit the basic criteria, described in section 7.1.1, for a good organic sensitiser. The
performance of the dyes in ionic liquid electrolytes has been compared to their
performance with acetonitrile based electrolytes, and the dependence of the performance of
the solar cells on the film thickness, solvent and dye used is discussed. High solar-tocurrent conversion efficiencies were obtained using the phosphonium based electrolytes
with THD3 dye (see structure in Figure 7.3 (c)). This work demonstrates that phosphonium
ionic liquids can be used as electrolytes and, in some cases, can out-perform imidazolium
based electrolytes in DSSCs. This is the first time that such high solar-to-current energy
conversion efficiencies have been obtained with phosphonium based ionic liquids.

7.2 Experimental

In order to understand the properties and performance of the new dyes for use in DSSC, a
comparison was made of the dye in solution, directly attached to the surface of the TiO2
and in the solar cell device itself. Several methods were used to examine properties such as
the energy levels and redox potentials of the new dyes. Figure 7.3 shows the structure and
acronyms for these new dithienothiophene-based organic dyes. THD1 and THD8 are
structurally similar, except that there is no conjugated linker in THD8. THD2 and THD9
are also similar, except that in the case of THD9 the triphenylamine is directly connected
to the thiophene. The main studies were on THD1 and THD3 dyes, are these performed
best in the solar cells.
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Donor
Acceptor

Linker

(a) THD1

(b) THD2

(c) THD3

(d) THD8

(e) THD9
Figure 7.3: New organic dyes synthesised by Dr. Tae Hyuk Kwon; (a) THD1, (b)
THD2, (c) THD3, (d) THD8, (e) THD9
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7.2.1 UV-Vis
UV-Vis was used to compare the dyes in solution and adsorbed on the TiO2. Several
solvents were used for comparison; chloroform, ethanol, dichloromethane, chlorobenzene,
acetonitrile. In the case of the dye directly attached onto TiO2, a thin film of 2 μm was
used. The film was prepared by screen printing and dimensions of 7 mm x 7 mm were
used. These films were very transparent and UV-Vis measurements were made using an
integrating sphere. The integrating sphere was used to ensure that all the light was
collected.
Dye adsorption was measured over time in a simple set-up, as shown in Figure 7.4. 1 - 2
μm TiO2 transparent films were prepared by doctor blading on a microscope slide. The
films were sintered using a heat gun at 500 °C for 30 mins and used immediately after
cooling to 80 °C. The amount of dye molecules attached to the surface was then measured.
This measurement was done in different solvents; chloroform, chlorobenzene,
dichloromethane, dichloroethane and a 1:1 mixture of chloroform and ethanol.

Figure 7.4: Dye uptake equipment
The Beer Lambert equation can be used to calculate the molar extinction coefficient of the
sensitisers, as well as the amount of dye that is adsorbed onto the TiO2;
A = εlC

(Eq 7.1)

where A is the absorbance, ε is the molar extinction coefficient (M cm-1), l is the path
length of the cuvette (1 cm) and C is the concentration of the dye.
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7.2.2 Cyclic voltammetry
Cyclic voltammetry of the dye was performed in solution and on the TiO2 surface, in dry
dichloromethane, to determine the HOMO level. 0.1

M tetrabutylammonium

hexafluorophosphate was used as the supporting electrolyte, and the experiment was
performed in an argon-filled glove box. A three electrode set-up was used, consisting of
either platinum or the dyed TiO2 as the working electrode, a platinum wire as the counter
electrode and a non-aqueous calomel electrode (1 M LiCl in acetronitrile, purchased from
Radiometer analytical) as the reference electrode. Ferrocene/Ferrocenium was used as the
internal reference to calibrate the system.
7.2.3 Preparation of the dye sensitised solar cells
A brief description of the preparation of the solar cells is given here (see Chapter 4 for a
full description). 0.2 mM of the organic dye was dissolved in a mixture of solvents e.g.
chloroform:ethanol or dichloromethane:ethanol. A screen-printed TiO2 film of desired
thickness, and area of 0.16 cm2, was put in a heat gun for 30 min at 500 °C. Once the
electrodes were cooled down to ~80 °C, they were immersed in the dye solution overnight.
Platinised TCO glass was used as the counter electrode. The two electrodes were sealed
using a 25 μm Surlyn and the electrolyte was injected into a pre-drilled hole on the counter
electrode and the hole covered with a cover slide. The ionic liquid electrolytes were back
filled at 80 °C where all the electrolytes were homogenous.
7.2.4 Evaluation of DSSC performance
The solar cells were tested using simulated sunlight (AM 1.5, 1000 W m-2) provided by an
Oriel solar simulator with an AM 1.5 filter. Current-voltage characteristics were measured
using a Keithley 2400 SourceMeter. Cells were biased from high to low potential, with 10
mV steps and 400 ms settling time for ionic liquid electrolytes and 40 ms for the standard
electrolyte. Incident photo-to-charge carrier conversion efficiency (IPCE) measurements
were conducted with the cell held under short circuit conditions and illuminated by
monochromatic light. A Cornerstone 260 monochromator was used in conjunction with an
optical fibre, Keithley 2400 SourceMeter and 150 W Oriel Xe lamp. A full description is
given in Chapter 4.
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7.3 Results and discussion
7.3.1 UV spectroscopy
Figure 7.5 shows the UV-Vis spectra of the novel organic dyes, THD1, THD2, THD3,
THD8 and THD9, measured in dichloromethane solution. The absorption spectrum in the
visible range displays two prominent absorption peaks, attributed to the π-π*/charge
transfer (CT) transitions, for all the sensitisers. THD1 displays a strong visible band at 423
nm (ε = 30000 M-1 cm-1). THD2, which contains a methoxy group, show a slightly red
shifted absorption maxima compared to THD1 (490 nm, ε = 34500 M-1 cm-1). THD3,
which contains a carbazole moiety, exhibits similar spectral properties to THD2
(absorption maxima at 497 nm, ε = 30200 M-1 cm-1). The slight red-shift in the position of
the lower energy peak for THD3 is attributed to an increased donor capacity, which
slightly raises the level of the HOMO level. Such red-shifting in the absorption spectra
implies a more effective utilisation of the solar light. THD8 displays similar spectral
behaviour to THD1, with a maximum adsorption at 477 nm (ε = 34000 M-1 cm-1). THD9
exhibits similar spectral behaviour to THD2 (500 nm, ε = 29986 M -1 cm-1). The molar
extinction coefficients of these new organic dyes are larger than those of ruthenium
sensitisers; N3 has a molar extinction coefficient of 13000 M-1 cm-1.3 As a result of their
high molar extinction coefficients, these dyes should have good light harvesting ability and
therefore thinner films can be used without any loss in performance of the devices. This
may be a useful feature with an ionic liquid electrolyte, given the lower diffusivities in
these materials.

197

7. Ionic liquids in dithienothiophene based organic dye sensitised solar cells

Figure 7.5: UV-absorption of dyes; THD1, THD2, THD3, THD8 and THD9 in
dichloromethane
Absorption of sensitisers on TiO2
Figure 7.6 displays the absorption spectra of the sensitisers, THD1, THD2, THD3, THD8
and THD9 adsorbed onto a transparent TiO2 film, in EtOH-CH2Cl2 (50:50 by vol). When
the THD1, THD2, THD3, THD8 and THD9 dyes are attached to the semiconductor, a blue
shift of 21 nm, 57 nm, 51 nm, 31 nm and 49 nm respectively, is observed in comparison to
the dyes in solution, due to a strong interaction between the dye and the TiO2 surface.
Nazeeruddin et al.5 reported that a blue shift was also observed with black dye as the pH of
the solution increased. They concluded that the blue shift was due to the deprotonation of
the carboxylic acid when attached to the TiO2.5 Hara et al.44 also saw similar effects with
coumarin dyes and they attributed this blue shift to the formation of the H-aggregation. (H
stands for hypsochromic, i.e. blue shift). The blue shift observed in this case might be due
to the formation of H-aggregation of the dyes. Dyes are known to self-associate either in
solution or at a solid-liquid interface, due to the strong intermolecular van der Waals-like
attractive forces between the molecules, thus giving rise to either J-aggregation (J stand for
Jelly, named after the author,45 i.e. bathochromic shift (red shift)).46
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Figure 7.6: Absorption spectra of the dyes on TiO2
7.3.2 Determination of the redox potential of organic sensitisers
To understand the likelihood of electron transfer from the excited state of the dye molecule
into the conduction band of the TiO2 and the regeneration of the dye, the oxidation and
reduction potentials of THD1, THD2, THD3, THD8 and THD9, in DCM solution and on a
TiO2 surface, were measured using cyclic voltammetry.
The standard redox potentials of the sensitisers obtained from electrochemical analysis are
summarised in Table 7.1. The oxidation potential of the dyes (D+/D) was obtained from the
first oxidation potential Eox vs. NHE measured using cyclic voltammetry. The excited state
potential of the dye, E (D+/D*), was calculated using the equation:21
E (D+/D*) = E (D+/D) – E0-0

(Eq 7.2)

where E (D+/D) is the ground state oxidation potential of the sensitiser and E0-0 is the zerozero transition value, obtained from the intersection of the lowest energy absorption peak
from the UV spectra and the highest energy emission peak from the photoemission spectra,
as shown in Figure 7.7 for THD8.
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Figure 7.8 shows the typical cyclic voltammograms of the THD1, THD2, THD3, THD8
and THD9 dyes adsorbed onto the surface of the TiO2, recorded using 0.1 M
tetrabutylammonium hexafluorophosphate in dry dichloromethane. The dyes show
evidence of two reversible one electron transfer oxidation waves, at half potentials of 0.83
and 1.05 V vs. NHE for THD2, 0.96 and 1.29 V vs. NHE for THD3, 0.95 and 1.18 V vs.
NHE for THD9, 1.03 and 1.38 V vs. NHE for THD8 and finally 0.97 and 1.31 V vs. NHE
for THD1. The first oxidation potential is attributed to the removal of an electron from the
triphenylamine unit (NPh3) and the second quasi reversible one electron oxidation wave at
a higher potential may be from the oxidation of the thiophene group. The first redox
potential is 60 mV more positive for the THD2 dye on the TiO2 than in solution, 50 mV
more positive for THD3, 20 mV for THD9 and 30 mV for THD8. This increase may be
due to the interaction of the dye with the surface of the semiconductor. In either case, the
dyes show good electrochemical reversibility.

Figure 7.7: Adsorption and Emission spectra of THD8
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Table 7.1 summarises the data obtained from the absorption and emission spectra of the
sensitisers, as well as the redox potentials obtained by cyclic voltammetry in
dichloromethane. The amount of dye adsorbed (Γ) on a 2 μm film of dimension 7 mm x 7
mm is also shown in the table. The amount of dye absorbed on the TiO2 is quite similar in
all cases.
Table 7.1: Experimental data of dyes.
Dye

λmax

ε

λmax

Γ

(nm)

(M Cm )

(on TiO2)

molcm μm

(±1 nm)

(±0.01 %)

(±1 nm)

(±0.01 %)

-1

-1

-2

-1

Eox

E0-0

Eox-E0-0

(V vs.

(±0.01)

(V vs.

NHE)

NHE)

(±0.01)

(±0.01)

THD1

423

30000

402

2.23 x 10 15

0.98

2.27

-1.29

THD2

490

34500

433

2.15 x 10 15

0.77

2.10

-1.33

THD3

497

30200

446

2.25 x 10 15

0.91

2.11

-1.20

THD8

477

34000

446

2.16 x 10 15

1.06

2.11

-1.05

THD9

500

29986

451

2.14 x 10 15

0.93

2.00

-1.07

All of the dyes reported in Table 7.1 show more negatively excited state potentials than the
potential of N719 (-0.98 V/NHE)47 and the TiO2 conduction band edge. Thus, these dyes
have a sufficient driving force to inject electrons into the conduction band of the TiO2.
They can also be used with other types of semiconductors (e.g. ZnO) which have more
negative conduction bands than that of TiO2. Nevertheless, to date TiO2 shows the best
performance in DSSCs.
One other important key component in a DSSC is the redox couple. When designing a
sensitiser, it is essential to see whether the sensitiser will be regenerated efficiently by the
redox couple in the electrolyte. For this to occur the oxidation potential of the dyes should
be more positive than the redox potential of the mediator (I-/I3-) (E = 0.35 V/NHE).47 As
illustrated in Table 7.1, all of the dyes have more positive oxidation potential than the
redox couple, thus there is adequate driving force for the dye regeneration reaction to
compete efficiently with the recombination reaction of the dye radical and the injected
electron.48 The introduction of a carbazole unit or methoxy group on the triphenylamine
moiety slightly reduces the oxidation potential of the sensitisers, and where there is no
conjugated linker between the thiophene unit and the triphenylamine, an increase in
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oxidation potential is observed. Thus by modifying the donor unit, the energy level can be
modified.

Figure 7.8: Cyclic voltammetry of dye-loaded TiO2 films, using 0.1 M
tetrabutylammonium hexafluorophosphate in DCM, with a non aqueous calomel
reference electrode. The scan rate was 5 mV s-1
7.3.3 Electrolytes
An electrolyte is a system containing ions that acts as a medium between the photoanode
and cathode, and it can exist in a molten salt, solid or solution form. Electrolytes used in
solar cells are generally based on organic solvents containing a redox mediator. For long
term function, organic solvents are not suitable, as they easily evaporate and are quite air
and moisture sensitive. The most commonly used mediator is triiodide/iodide (I3-/I-). As
explained in Chapter 2, the iodide ions are used to regenerate the oxidized dye, which in
the process is converted back into the triiodide ions. The triiodide ions are reduced to the
iodide at the counter electrode, which is catalysed by platinum. The choice of electrolyte
for solar cell applications is crucial as it affects the overall performance of the device.
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7.3.3.1 Ionic liquid electrolytes
The objective of this study was to replace the organic solvents with ionic liquid
electrolytes. They have one major drawback, in that they are quite often viscous, which
reduces the mobility of the mediator in the system. In order to overcome this problem,
higher concentrations of the iodide and iodine are necessary. Addition of high
concentrations of iodine leads to the formation of polyiodides, such as triiodide. The
triiodide can interact with other iodine molecules to give larger polyiodides, which are
known to have good electrical conductivities. The conductivity mechanism then becomes a
relay mechanism, in which the charge carrier transfer is achieved without any mass
transfer.49
The ionic liquid electrolytes were prepared by combining dialkylimidazolium iodide,
iodine and other additives, such as lithium iodide, 4-tert-butylpyridine and Nmethylbenzimidazole, in the phosphonium ionic liquids. Compositions are listed in Table
7.2. All of the different electrolyte combinations, with the new phosphonium ionic liquids
(synthesised in Chapter 6), were applied to dye sensitised solar cells using the new organic
dyes, as well as with ruthenium dyes, in order to study their impact on the device
performance. A standard acetonitrile-based electrolyte was used as a control.
During the preparation of the ionic liquid electrolytes, in some cases, crystals of iodide and
triiodide salts of the ionic liquid were formed, which were analysed by X-ray
crystallography (Appendix, section A.5). The final liquidus point of each electrolyte was
determined visually; these are also listed in Table 7.2. Electrolytes were always warmed
above the liquidus temperature before samples were taken for diffusion coefficient and
conductivity measurements.
The standard molecular liquid electrolyte for the dithienothiophene organic sensitisers was
composed of 0.6 M C3dmimI, 0.03 M of GuanidiniumSCN, 0.05 M of I2, 0.03 M LiI and
0.5 M TBP.
The diffusion coefficient of the redox species in the ionic liquid systems was measured as
described in Chapter 3, section 3.2.4.4 using a three-electrode set up, with a Pt
microelectrode working electrode, a Pt wire counter electrode and a Ag or Pt wire
reference electrode. Data is summarised in Table 7.2.
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Table 7.2: The composition of the prepared ionic liquid and acetonitrile-valeronitrile
based electrolytes, as well as the diffusion coefficient of the triiodide ion.
Electrolyte

Composition (molar ratio)

IL

IL

C2mimI

C1mimI

D (I3-) C m2 s-1
I2

LiI

NMB#

P222(201) NTf2

14

12

12

1.67

1

4

2.5 x 10-7

P222(201) FSI

14

12

12

1.67

1

4

4.0 x 10-7

P222(101) NTf2#

14

12

12

1.67

1

4

4.1 x 10-7

P222(101) FSI#

14

12

12

1.67

1

4

5.2 x 10-7

P222(101) N(CN)2#

14

12

12

1.67

1

4

5.3 x 10-7

P1224NTf2#

14

12

12

1.67

1

4

2.2 x 10-7

P1224FSI

14

12

12

1.67

1

4

2.5 x 10-7

P1444N(CN)2

14

12

12

1.67

1

4

1.8 x 10-7

P1444NTf2*

12

12

12

1.67

1

4

1.2 x 10-7

P1444FSI*

12

12

12

1.67

1

4

1.5 x 10-7

C2mimNTf2

16

12

12

1.67

1

4

4.7 x 10-7

C2mimFSI

16

12

12

1.67

1

4

5.8 x 10-7

C3mpyrNTf2

16

12

12

1.67

1

4

4.4 x 10-7

C4mimI

GSCN@

I2

LiI

TBP*

0.6M

0.1M

0.03M

-

0.5M

C3dmimI

GSCN@

I2

LiI

TBP*

0.6M

0.03M

0.05M

0.03M

0.5M

Standard (N719)

Standard (THDn)

* measured at 40 °C,

@

4.7 x 10-6

4.3 x 10-6

Guanidinium thiocyanate, # indicates that at the temperature of

measurement the sample was partly crystalline. The electrolytes were homogenous at 70
°C.
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Viscosity and density of electrolytes as function of temperature
The viscosity and density of P222(101)NTf2, P222(201)NTf2, P222(201)FSI, P222(101)FSI,
P222(101)N(CN)2, P1224NTf2, P1224N(CN)2, P1224FSI and P1444N(CN)2 electrolytes, which
contain C2mimI, C1mimI, LiI, I2 and N-methylbenzimidazole, was measured as function of
temperature. The density and viscosity of a binary ionic liquid mixture, containing C4mimI
as the iodide source (with LiI, I2 and N-methylbenzimidazole) was also measured. The
electrolytes were dried under vacuum overnight at 50 °C and their viscosities were
measured from 25 °C to 90 °C, except for P222(101)NTf2, where the density and viscosity
was measured from 30 °C to 90 °C due to the formation of P222(101)I (crystallised out see
Appendix for crystal structure) at room temperature.
The electrolytes have higher viscosity and density compared to the neat ionic liquids,
which is expected as the electrolyte contains other components that can potentially increase
the density of the electrolyte, such as iodine atoms. The density and viscosity behaviour of
the electrolytes as a function of temperature are shown in Figure 7.9 and Figure 7.10
respectively. Of all the electrolytes studied, P1444N(CN)2 shows the lowest density, even
though it contains the same molar concentration of the different additives. Even neat
P1444N(CN)2 show lowest density, possibly due to steric hindrance from the butyl groups.
As the temperature increases, a decrease in density is observed for all ionic liquid
electrolytes, which is due to the lower ion packing density.50 In order to have a better
understanding of the density behaviour versus temperature of the ionic liquids electrolytes,
the molar volume of the electrolyte is calculated using the following equation:

(Eq 7.3)

where Vm is the molar volume, xi is the mole ratio and Mi is the molecular weight.51
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Figure 7.9: Density as function of temperature of ternary mixtures, Empty symbols
indicate that at the temperature of measurement the sample was partly crystalline.
All electrolytes were homogenous at 70 °C

Figure 7.10: Logarithmic plot of fluidity as function of the inverse of temperature,
Empty symbols indicate that at the temperature of measurement the sample was
partly crystalline. The electrolytes were homogenous at 70 °C
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Table 7.3 summarises the density, molar volume, molar concentration, molar conductivity
and viscosity of the electrolytes at room temperature.
Figure 7.10 shows the effect of temperature on the fluidity of the ionic liquid electrolytes
and similar Arrhenius-like trends are observed for the different systems with some
downward (VTF-like) curvature appearing at the lower temperatures as discussed in
Chapter 6.
Ionic conductivity of the electrolytes

Figure 7.11: The ionic conductivity of the electrolytes as function of inverse of
temperature, Empty symbols indicate that at the temperature of measurement the
sample was partly crystalline. The electrolytes were homogenous at 70 °C
The phosphonium based ionic liquids electrolytes show good ionic conductivity despite the
fact that their viscosities are quite high as shown in Figure 7.11. Figure 7.12 presents a
Walden plot of this data; all of the phosphonium ionic liquid electrolytes lie between the
ideal line and the 10 % ionisation line. Thus, they are considered to be good ionic liquids,
and there is a low degree of association between all the species present in the electrolytes.
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Figure 7.12: Walden plots of molar conductivity versus fluidity of phosphonium
based ionic liquid electrolytes. The straight line is the “ideal” Walden line for 1 M
KCl. Empty symbols indicate that at the temperature of measurement the sample was
partly crystalline. The electrolytes were homogenous at 70 °C
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Table 7.3: The physical properties of the electrolytes at 30 °C.
Electrolytes

ρ

Vm

σ

Λ

η

(gcm-3)

(cm3 mol-1)

(mS cm-1)

(molar conductivity)

(Poise)

(± 1)

(S cm2 mol-1)

(± 0.1)

(± 0.01)
P222(201)NTf2

1.49

192

1.51

0.289

1.12

P222(201)FSI

1.49

174

2.89

0.497

1.19

P222(101)NTf2

1.51

190

1.91

0.357

0.94

P222(101)FSI

1.50

170

1.41

0.236

0.82

P222(101)N(CN)2

1.40

158

2.31

0.364

0.81

P1224NTf2

1.49

191

2.36

0.444

0.99

P1444N(CN)2

1.31

181

1.98

0.447

1.15

Effect of temperature
Figure 7.13 displays the effect of temperature on the apparent diffusion coefficients of
triiodide. The diffusion coefficient of I3- increased as the temperature rises. This increase in
the mobility of the redox species is related to the increase in the limiting current and a drop
in the viscosity of the system with temperature. The transport of triiodide is also governed
by the Grotthuss bond exchange mechanism, thereby further increasing the mobility of the
triiodide, despite the fact that the electrolyte system is quite viscous.52

209

7. Ionic liquids in dithienothiophene based organic dye sensitised solar cells

Figure 7.13: The triiodide diffusion coefficient versus temperature. Empty symbols
indicate that at the temperature of measurement the sample was partly crystalline.
The electrolytes were homogenous at 70 °C
7.3.4 Current-Voltage measurements
7.3.4.1 Effect of solvents on the sensitization of electrodes using THD1 dye
It is possible that dyes dissolved in different solvents will show different behaviour as a
result of interactions between the sensitiser and the solvent. For this reason, an appropriate
solvent for the dyeing of the semiconductor is required to accomplish high solar-to-current
conversion efficiencies. To select the appropriate solvent for the new organic sensitisers
discussed above, the THD1 dye was dissolved in a variety of solvents, and then applied to
the TiO2 films, and the properties of the resultant DSSC measured. Figures 7.14 and 7.15
show the IPCE spectra and the IV characteristics of THD1-based dye sensitised solar cells
prepared using different dye baths. Table 7.4 summarises the photovoltaic data obtained
from the IV curves and the IPCE spectra. The IPCE data shows different behaviour
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depending on the solvents used for the sensitisation of TiO2 photoanode, and
correspondingly, a large difference in the conversion efficiency of the THD1-based DSSCs
is observed.

Figure 7.14: IPCE of THD1 prepared using different dye solvents
The worst cell performance was obtained using a dye mixture of THF and chloroform (η =
2.6 %), and the best power conversion efficiency was obtained using a mixture of
chloroform and ethanol (η = 7.3 %). A broad spectrum (330-650 nm) with IPCE values
more than 65 % was obtained from the mixture of chloroform and ethanol, whereas a
narrow IPCE spectrum with 45 % at 460 nm was produced using the mixture of THF and
chloroform. The IPCE shows a narrow spectrum in the case of the mixture of THF and
chloroform, and this correlates well with the IV characteristics, which show that the
photocurrent is quite low compared to the other solvents. Using a mixture of acetonitrile
and chloroform, or neat dichloromethane or neat dichloroethane, each display similar IPCE
behaviour, with a small shift to lower wavelength and therefore decrease the amount of
photons adsorbed in the region between 650 nm and 500 nm, giving rise to a loss in
photocurrent. The maximum IPCE is achieved at 440 nm for dichloromethane (63 %) and
at 465 nm for either dichloroethane or mixture of acetonitrile and chloroform: 58 % and 57
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% respectively. Even though the IPCE is similar for the DSSCs made using the dye
solutions

of

neat

chloroform,

neat

chlorobenzene,

chloroform:MeOH

and

chloroform:EtOH, one can see a small red shift for the chloroform:EtOH; more light is
harvested in this region, thus increasing the device performance.
Figure 7.15 shows the current-voltage characteristics of the dye sensitised solar cells using
THD1 sensitiser applied using different solvents, under standard AM 1.5 solar light
conditions. At full sunlight, THD1 from a mixture of chloroform and ethanol gives an Isc of
14.7 mA cm-2, a Voc of 698 mV, a ff of 0.70 and an η = 7.1 %. They all have similar fill
factors, except for the one containing dichloromethane, where the fill factor is only 0.63.
There are many factors that can affect the fill factor. One main factor is due to the series
and shunt resistance, having a great impact in the power output. As shown in Figure 7.15,
the IV curve of the THD1 device sensitised in dichloromethane shows high series
resistance and a low shunt resistance, compared to those prepared using other dyeing
solvents. This can arise due to a defect in the cell, a bad contact or high sheet resistance of
the counter electrode. The mixture of THF and chloroform also shows low Voc, which may
be due to an increase in series resistance or higher interfacial charge recombination
reactions.
The difference in device efficiency is mainly due to the low photocurrent compared to the
device prepared using the mixture of chloroform and ethanol as the dye solution. This may
be related to the amount of dye adsorbed on the surface of the TiO2, or dye aggregation and
this is discussed further in the next section.
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Figure 7.15: IV curves of DSSCs using the THD1 dye applied from different solvents
Table 7.4: IV parameters of DSSCs based on THD1, sensitised using different
solvents.
Solvent

Voc

Isc

(mV)

(mA cm-2)

ff

Η (%)

IPCE

Г

(%)

molecules

(λmax nm)

cm-2 μm-1

CHCl3 :THF

594 (± 1)

6.0 (±0.2)

0.72 (±0.01)

2.6 (± 0.1)

45 (440)

0.13 x 1014

CHCl3 : CH3CN

646 (± 1)

9.2 (± 0.2)

0.70 (± 0.02)

4.2 (± 0.1)

57 (465)

2.9 x 1015

CH2Cl2

679 (± 5)

9.2 (± 0.6)

0.63 (± 0.02)

4.0 (± 0.1)

63 (440)

2.2 x 1015

C2H4Cl2

683 (± 2)

9.3 (± 0.5)

0.72 (± 0.01)

4.6 (± 0.2)

59 (465)

3.5 x 1015

C6H5Cl

686 (± 2)

10 0 (± 0.1)

0.72 (± 0.01)

4.9 (± 0.3)

70 (465)

1.7 x 1015

CHCl3 : CH3OH

683 (± 2)

10.5 (± 0.2)

0.70 (± 0.01)

5.1 (± 0.2)

69 (450)

3.1 x 1015

CHCl3

696 (± 3)

10.0 (± 0.2)

0.75 (± 0.01)

5.2 (± 0.2)

70 (455)

1.8 x 1015

CHCl3 : C2H5OH

698 (± 1)

14.7 (± 0.2)

0.70 (± 0.01)

7.1 (± 0.1)

68 (445)

3.2 x 1015

Irradiation light AM 1.5 simulated solar light (100 mW cm-1) at room temperature:
working area is 0.16 cm2; standard electrolyte (Table 7.2).The concentration of the dye is
0.2 mM in the various solvents.
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UV spectroscopy measurements to study the behaviour of THD1 dye in different solvents
To understand the change in performance of the DSSCs prepared using different dye
solutions, the amount of dye adsorbed and the adsorption spectra of THD1 in solution and
on the surface of TiO2 was measured, and is shown in Figures 7.16 and 7.17. The amount
of dye adsorbed was estimated by desorbing the dye into a basic solution and measuring
the absorption of the resultant solution.
In dichloromethane, dichloroethane and chloroform, THD1 displays similar absorption
spectra (Figure 7.16), but a slight blue shift is observed in chlorobenzene. A significant
hypsochromic shift (blue shift) occurred in the chloroform/ethanol, methanol/chloroform,
acetonitrile/chloroform and tetrahydrofuran/chloroform mixtures, which may be due to the
increase in polarity of the solvent. Another possibility is that the dye is capable of forming
hydrogen bonding with the ethanol or methanol solvent, or the fact that the dye is capable
of self-dimerisation through the carboxylic groups. Further, dye containing a conjugated
linker can be quite sensitive to the presence of moisture and oxygen, which can cause
degradation of the dye over time. Yang et al.53 have also observed a blue shift depending
on the solvent used, and they attributed the effect to the strong interaction of the dye
molecule with the polar solvent, thus weakening the O-H bond of the carboxylic acid, and
as a consequence, reducing the electron-withdrawing ability of the carboxylic group. For a
device to have high conversion efficiency, absorption in the red is preferable, which is not
the case for the THD1 sensitiser in some solvents.
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Figure 7.16: Absorption spectra of THD1 in different solvents

Figure 7.17: Absorption spectra of THD1 adsorbed onto TiO2 from different solutions
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The amount of dye adsorbed on the TiO2 is summarised in Table 7.4. From the results, we
can conclude that the decrease in photocurrent of the THD1 based solar cells made using
the various solvents can be related to the amount of dye adsorbed on the TiO2. A decrease
in the amount of dye adsorbed leads to a decrease in photocurrent, as shown in the case of
THF:chloroform, where there is the least amount of dye adsorbed and the photocurrent
generated from the device is the lowest, at 5.9 mA cm-2. In this solvent mixture, the dye is
not able to bind properly to the surface of the TiO2. Visual inspection of the film also
showed that the film did not look as well dyed as the others, which show a greater intensity
in colour.
Films from the mixture of chloroform and ethanol show a broader absorption compared to
the others, which can lead to an increase in the IPCE spectrum as observed in Figure 7.14.
In the case of dichloroethane, chloroform and chlorobenzene solvents, no such behaviour is
observed. Even though they give DSSCs with similar IPCEs for the devices using
chloroform:ethanol, with similar amounts of dye adsorbed, the device performance is quite
poor. Thus the amount of dye adsorbed is not the only factor that can influence the
photocurrent; charge injection and charge collection are also important in determining the
overall performance of the DSSCs. The presence of unattached dyes on the surface can
also lead to a decrease in the performance of the devices.
The effect of dye solvent on the performance of the DSSC is quite complex. There are
several factors, other than the amount of dye adsorbed on the surface of the semiconductor,
that can affect the performance of the solar cells. For instance, the binding mode of the dye
onto the surface of the TiO2, which is connected to the injection process, can differ
between the various solvent systems. The way in which the dyes are attached or aligned
onto the surface of the TiO2, also play an important role in the device efficiency. Wang and
co-workers54 have shown that there are three ways that coumarin dyes can be fixed onto
the TiO2 surface. The carboxylic acid group can coordinate to the titanium via a unidentate
mode, chelating mode or bridging mode.55 Further characterisation is underway to verify
the binding mode of the dyes reported here in the different solvents, and thus to get a better
understanding of the performance of the dye in relation to the solvents used.
From the current observations, one can suggest that the mixture of chloroform and ethanol
is the best co-solvent for the sensitisation of the Titania with the THD1 dye, as it gives the
best device performance. Nevertheless, one should keep in mind that for other organic dyes
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this mixture might not work. For instance, porphyrin dyes will not be as efficient in this
mixture due to presence of residual acid in chloroform. Thus, the choice of solvent depends
strongly on the sensitisers. Furthermore, optimisation of the dye solution is being
undertaken to try to achieve further improvements.
7.3.4.2 The effect of chenodeoxycholic acid and film thickness using standard
electrolyte
In this section, the effect of adding different amounts of co-adsorbent and changing the
film thicknesses were investigated. According to previous studies, an improvement in the
performance of the solar cells, via an increase in both photocurrent and open circuit
voltage, was observed with addition of chenodeoxycholic acid (DCA) in the dye solution. 56
The addition of co-adsorbent is known to suppress the dark current and also prevent dye
aggregation.
Figure 7.18 displays the photocurrent density-photovoltage of the best performing devices
using standard acetonitrile-valeronitrile electrolytes (see Table 7.2 for the composition).
Table 7.5 summarises the photovoltaic data for the solar cells based on THD1, THD2 and
THD3 dyes, with and without co-adsorbent, different thicknesses of Titania film, with and
without scattering layer, under full sunlight. As observed from Table 7.5, THD2 shows low
conversion efficiency (η = 5.5 %) without any co-adsorbent, with a film thickness of 6
microns. Addition of 10 mM chenodeoxycholic acid results in an increase in both Voc and
Isc for all three dyes (highlighted in red). A decrease in the UV-Vis adsorption spectra of
the THD1, THD2 and THD3 is observed in presence of co-adsorbent (see Figure 7.18).
Even though there is a decrease in the amount of dye adsorbed on the TiO 2, the Isc is still
higher, as shown in Table 7.5. The main reason for such behaviour is a decrease in dye
aggregation, and thus more efficient electron injection into the conduction band of the
TiO2. Organic dyes are known to easily aggregate; from observation of the dye solution,
when the TiO2 is immersed in the dye bath, some of the dyes precipitate into the solution,
whereas in the presence of chenodeoxycholic acid (DCA), no such behaviour was
observed. The increase in Voc is attributed to the shift in the conduction band edge of the
TiO2, as demonstrated in Chapter 5, where treating the surface with an acid showed an
upward movement of the band edge towards more negative potentials.
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Chenodeoxycholic acid might also be present at the surface of the Titania, forming a
protecting layer, thus reducing the recombination reaction between the injected electrons
and the triiodide. There is no direct evidence for such behaviour, but Wang et al. have
studied the effect of chenodeoxycholic acid with a coumarin dye and they have used FTIR
measurements to demonstrate that the chenodeoxycholic acid is present on the surface of
the TiO2.20
Table 7.5: Data extracted from IV curves.
Dyes

Film –
thickness
(μm)

Concentration Voc
of co(mV)
adsorbent
(mM)
0
700

TH-D1

6

TH-D1

6+6 (sl)

10

TH-D1

12+6 (sl)

TH-D2

Isc
(mA cm-2)

η
(%)

ff

11.0

0.73

5.61

686

11.3

0.77

5.94

10

710

14.4

0.70

7.17

6

0

695

11.4

0.69

5.46

TH-D2

6+6 (sl)

10

705

12.1

0.72

6.16

TH-D2

12+6 (sl)

10

704

13.0

0.71

6.48

TH-D3

6

0

720

13.0

0.69

6.37

TH-D3

6+6 (sl)

0

716

12.7

0.71

6.49

TH-D3

6+6 (sl)

2

718

13.4

0.73

7.02

TH-D3

6+6 (sl)

10

729

13.2

0.73

7.01
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Figure 7.18: IV curves of THD1, THD2 and THD3 DSSCs using a 12 μm transparent
film and a 6 μm scattering layer (sl) for THD1 and THD2 and a 6 μm transparent
film with a 6 μm scattering layer for THD3
Figure 7.19 displays the IPCE, as a function of wavelength, for the best performing devices
using the three sensitisers THD1, THD2 and THD3. Figure 7.19 also compares the IPCE
of THD3 with and without the addition of 10 mM chenodeoxycholic acid. THD1 and
THD2 show similar IPCE spectra, with the maximum IPCE of 67 % occurring at a
wavelength of 500 nm for both dyes. THD1 and THD2 are more red shifted compared to
THD3, thus they are able to absorb more photons in this region, generating higher current
densities. The maximum IPCE is obtained with the THD3 sensitiser. The maximum IPCE
for THD3 in the presence of chenodeoxycholic acid is at 450 nm and is 74 %; without any
co-adsorbent. The maximum IPCE is reached at a wavelength of 455 nm and is 72 %.
According to the literature, the characteristic value for unity electron injection is 85 % and
the 15 % loss is mainly due to the loss of light by reflection and absorption of the TCO
glass.20 The IPCE values obtained for the three dyes is lower than 85 %, meaning that
electron injection, light harvesting and electron-collecting efficiency are not in unity.20
Additional improvements are therefore required to optimise these dyes.
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Optimisation of the electrolytes can lead to an enhancement in the device performance,
while additional absorption in the infrared region can augment the photocurrent density.

Figure 7.19: IPCE of THD1, THD2, THD3, with and without any co-adsorbent
Figure 7.20 shows the UV-Vis absorption spectra of THD3, THD2 and THD1, on the TiO2
surface, with and without DCA. The dye adsorption is decreased upon addition of 10 mM
chenodeoxycholic acid. The drop in dye adsorption shows that there is competition
between the co-adsorbent and the dye molecules for adsorption onto the TiO2 surface. The
amount of dye attached to the surface of the TiO2 is 2.2 x 1015 molecules cm-1 μm-1 without
co-adsorbent, and with co-adsorbent is 1.8 x 1015 molecules cm-1 μm-1.
For the THD3 sensitiser, there is almost no difference between the maximum absorption
wavelength on the TiO2 in the presence and absence of chenodeoxycholic acid, even
though a decrease in absorption is observed in the UV-Vis absorption spectra of THD3 on
the TiO2 film (Figure 7.20). Similar behaviour was observed by Jiang and co-workers,57
where they also observed no shift in the maximum spectra of their triphenylamine
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sensitiser in the presence of a co-adsorbent, where they attributed this behaviour to several
possibilities, with one of them being that the “agglomerates” formed might be different to
the well known H or J aggregates, and thus not detectable in the absorption spectra.

Figure 7.20: Absorption spectra of THD3 in the presence of a co-adsorbent
To summarise, THD1 shows the best performance compared to THD2 and THD3 in
standard acetonitrile-valeronitrile based electrolytes. The addition of chenodeoxycholic
acid gives an increase in Voc and Isc, thus increasing the conversion efficiency of the
devices. The presence of a scattering layer without any chenodeoxycholic acid gives a
slight improvement in the performance of the dye. The increase in Voc in the presence of
DCA is probably due to the negative shift in the electrochemical potential of the TiO2.
Also, the presence of the acid protects the surface from oxidised species present in the
electrolyte, thus decreasing the recombination reactions.
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7.3.4.3 Photovoltaic performance of DSSCs utilising phosphonium ionic liquids
The main limiting factor in the use of ionic liquids in DSSCs is the slow diffusion of the
redox species in the ionic liquid, which limits their potential use, due to generation of low
current densities, leading to a lower overall efficiency. In order to resolve this problem, a
thin semiconductor film is required to reach high conversion efficiencies. In order to
compensate for the low adsorption of dye for such thin films, a higher molecular extinction
coefficient dye is necessary, hence the interest in using thiophene derivative organic dyes
with the phosphonium ionic liquids. Phosphonium ionic liquids were investigated as they
are known to be more thermally stable than the aliphatic ammonium based ionic liquids.
Even though the phosphonium ionic liquids synthesised have slightly higher viscosity than
the imidazolium based ionic liquids, they have good ionic conductivity and the viscosity
can be tuned by adding additives such as lithium iodide (LiI), 1-methylbenzimidazole
(NMB) or nanoparticles. THD1, THD2 and THD3 dyes, which have a molar extinction
coefficient of more than 30,000 M-1 cm-1, were studied for the first time with the newly
synthesised phosphonium ionic liquids. The effect of the thickness of the nanocrystalline
Titania films on the photovoltaic performance of the molten salts was studied. Changing
the particle size of the transparent layer was also investigated, to see whether any
improvement could be obtained due to better permeation of the electrolyte into the
nanoporous network of the photoanode. Ruthenium dye based DSSCs were also
investigated, for comparison with the performance of the new organic dyes with the
phosphonium ionic liquids.
7.3.4.3.1 Phosphonium ionic liquid electrolytes with Z907 and N719
In this section, we demonstrate the use of some new phosphonium ionic liquids as
described in Chapter 6, with iodine, N-methylbenzimidazole, lithium iodide, 1-ethyl-3imidazolium iodide and 1,1-dimethylimidazolium iodide, as the ionic liquids or soft solid
electrolytes in the dye sensitised solar cells. A standard acetonitrile (ACN) based
electrolyte was used as a control for comparison with the ionic liquid electrolytes. Two
ruthenium based sensitisers were investigated; Z907 and N719. Z907 sensitisers are known
to perform well with ionic liquid electrolytes in the presence of a co-adsorbent. These
sensitisers were used as a reference and compared to the organic sensitisers.
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Figures 7.21 and 7.22 illustrate the photocurrent density - voltage curves of the DSSCs
using Z907 and N719 dyes and a variety of phosphonium ionic liquid electrolytes,
compared to a standard ACN electrolyte. The efficiency of the Z907 and N719 devices
with the standard electrolyte is 6.8 % and 8.1 % respectively. This is somewhat lower
compared to the best literature value, probably due to the difference in the technique used
to deposit the film, the use of different paste and the substrate itself.9 The best performance
was obtained using the mixture containing P222(101)NTf2/C2mimI/C1mimI/LiI/I2/NMB
(molar ratio 14:12:12:1:1.67:4) with the Z907 dye, giving an Isc of 10.6 mA cm-2, a Voc of
672 mV, a fill factor of 0.75 and an efficiency 5.3 % with the Z907 dye. The
P222(101)N(CN)2/C2mimI/C1mimI/LiI/I2/NMB (molar ratio 14:12:12:1:1.67:4) electrolyte
gave the best performance for the N719 dye, giving an Isc of 9.4 mA cm-2, a Voc of 734 mV,
a fill factor of 0.77 and an efficiency of 5.5 %.

Figure 7.21: IV curves of Z907-based DSSCs using various phosphonium ionic liquid
electrolytes, and a control experiment using a standard molecular liquid electrolyte
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Figure 7.22: I-V characteristic of DSSCs N719, with a variety of phosphonium ionic
liquid electrolytes and a control experiment using the standard acetonitrile based
electrolyte (composition given in Table 7.2)
The results obtained from the ionic liquid electrolytes and the ACN electrolytes are
presented in Table 7.6. For the series of ionic liquid electrolytes investigated with the Z907
dye, the P222(101)NTf2 electrolyte showed the best efficiency as it has better ionic
conductivity and better diffusion of the triiodide ion, thus resulting in a higher photocurrent
density. P1444NTf2 shows poor performance compared to the other phosphonium ionic
liquids systems with the same phosphonium cation. P1444NTf2 is a solid at room
temperature (see Chapter 5), with a solid-solid phase transition at -68 °C and a melt at 52
°C. However, addition of I2, LiI, NMB and the iodide salts to the P1444NTf2 gives a soft
solid electrolyte that is completely liquid at 60 °C. Thus all the devices were back-filled at
60 °C to make sure that the ionic liquids permeated well through the layers of the dyed
TiO2 films. Visual observation after filling the device with the soft solid electrolyte showed
solidification of the electrolyte. For the P1444NTf2 electrolyte system, a longer settling time
was necessary (~1 s) during measurement of the IV curves for the system to equilibrate
due to mass transport limitations. A loss in photocurrent density (6.3 mA cm-2) occurred,
which limits the performance of the device compared to the other ionic liquid electrolyte
systems, which give a higher photocurrent density (~10 mA cm-2). If we compare the best
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performing device in the ionic liquid systems (P222(101)NTf2) with the ACN standard
electrolyte and the Z907 dye, the major loss is in the photovoltage, where a drop of around
90 mV is observed. The decreased in Voc can be partially rationalized in terms of the
Nernstian shift in the redox potential of the I3-/I- couple that leads to a reduced built-in
potential of the solar cell.58 The redox potential of a couple is given by the following
Nernst equation:
(Eq 7.4)
where Eredox is the redox potential of the I3-/I- couple, Eo is the standard potential, R is the
gas constant (8.314 J K−1 mol−1), T is the absolute temperature (298 K), F is the Faraday
constant (96500 C), [I3-] is the concentration of the triiodide and [I-] is the concentration of
the iodide.58
The difference in potential ΔE = (ERedox IL – ERedox ACN) calculated from equation 7.4 is 40
mV.
Another possibility for the loss in Voc is the movement of the flatband potential as shown
in equation 7.5, where Voc depends not only of the redox potential, but also on the position
of the flatband potential, when in direct contact with the electrolyte. A shift in the dark
current is also observed when [I3-] is increased, because of a higher charge recombination
rate and thus causing a loss in Voc.
The photovoltage of a dye sensitised solar cell is given by the following equation:
Voc = │Vfb – Vred│

(Eq 7.5)

where Vred is the standard reduction potential of a redox couple, Voc is the open circuit
photovoltage and Vfb is the flatband potential of the TiO2.
Figure 7.22 depicts the photovoltaic characteristics of N719 devices with a variety of
phosphonium ionic liquids. The best performance is obtained with P222(101)N(CN)2 based
electrolyte systems, with the device achieving a power conversion efficiency of 5.5 %.
Similar performances were obtained with P1224NTf2 and P1444NTf2. The poor performance
in these ionic liquids may be due to the formation of P1224I crystals in the P1224NTf2, which
solidify the electrolyte over time, and P1444NTf2 is a solid at room temperature.
Nevertheless, the performance of the devices is comparable to those we obtained using an
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imidazolium based electrolyte (Chapter 8) with a ruthenium dye. This is the first time that
such high performances have been obtained with phosphonium based ionic liquids.
Table 7.6: Data obtained from DSSCs with Z907 and N719 dye, with a variety of
phosphonium ionic liquid electrolytes and a control experiment using the standard
acetonitrile based electrolyte (Figure 7.21 and Figure 7.22).
Dye

Z907

N719

Electrolyte

Voc
(mV)

Isc
(mA/cm2)

ff

η
(%)

ACN*

761 ± 2

11.9 ± 0.1

0.75 ± 0.01

6.8 ± 0.1

P222(101)NTf2

673 ± 3

10.6 ± 0.1

0.75 ± 0.01

5.3 ± 0.2

P222(201)NTf2

655 ± 2

10.2 ± 0.3

0.72 ± 0.03

4.8 ± 0.2

P1444NTf2

662 ± 4

6.3 ± 0.2

0.78 ± 0.01

3.3 ± 0.2

P1224NTf2

657 ± 2

9.2 ± 0.1

0.76 ± 0.01

4.6 ± 0.1

P1224FSI

653 ± 3

10.1 ± 0.1

0.74 ± 0.02

4.9 ± 0.1

ACN*

778 ± 3

14.2 ± 0.1

0.74 ± 0.02

8.1 ± 0.2

P222(201)NTf2

697 ± 8

9.3 ± 0.2

0.75 ± 0.01

4.8 ± 0.2

P222(101)NTf2

708 ± 1

8.3 ± 0.1

0.77 ± 0.02

4.5 ± 0.2

P1444NTf2

649 ± 4

8.2 ± 0.3

0.77 ± 0.01

4.1 ± 0.3

P1224NTf2

665 ± 2

8.3 ± 0.5

0.74 ± 0.04

4.4 ± 0.2

P222(201)FSI

720 ± 1

9.3 ± 0.4

0.78 ± 0.01

5.2 ± 0.4

P222(101)FSI

718 ± 1

9.7 ± 0.1

0.77 ± 0.01

5.3 ± 0.2

P1224FSI

676 ± 3

9.2 ± 0.3

0.78 ± 0.01

4.8 ± 0.1

P222(101)N(CN)2

734 ± 5

9.4 ± 0.2

0.77 ± 0.01

5.5 ± 0.2

P1444N(CN)2

698 ± 2

9.3 ± 0.1

0.77 ± 0.01

5.0 ± 0.1

*standard electrolyte for ruthenium chromophore.
Figure 7.23 shows the IPCE spectra of N719 in selected ionic liquid electrolytes. The
incident-photon-to-current conversion efficiency spectrum reveals that the maximum
efficiency is 54 % at 535 nm for P222(201)NTf2, with an Isc calculated from the IPCE of 7.62
mA cm-2, much lower than the Isc from the IV curves. The IPCE for P1224NTf2 is 62.8 %
and Isc obtained from the integration of the IPCE is 10.3 mA cm-2. The IPCE of P222(201)FSI
is 61.7 %, with a calculated Isc of 9.80 mA cm-2, which correlates well with the Isc obtained
from the IV plot. The IPCE of P222(101)FSI is 56.5 %, with a calculated Isc of 8.53 mA cm-2,
and P222(101)N(CN)2 is 56 % with a calculated Isc of 8.43 mA cm-2.
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Figure 7.23: The IPCE of solar cells with various ionic liquids and N719 dye

Variation of light intensity
The effect of varying the light intensity on the overall conversion efficiency of the DSSCs
containing the ionic liquid electrolytes was studied. The aim of this investigation is to
determine the light intensity at which the device efficiency will be at its maximum.
Photoelectrochemical measurements were performed at different percentages of sun
intensity, from 10 % to 100 % sun, under AM 1.5 solar spectrum with both ruthenium
sensitisers. At only 15 % simulated light intensity, the solar cells containing P 222(201)NTf2,
P222(101)NTf2, P1224NTf2 P1444NTf2 and P1224FSI electrolyte mixtures gave an overall
conversion efficiency of 5.6 %, 6.0 % , 4.6 % 3.8 % and 5.2 % respectively, with the Z907
dye.
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Figure 7.24 (a) shows the effect of light intensity on the photocurrent density of the ionic
liquid/Z907 DSSCs. At 100 % sun, the saturation current has not yet been reached; higher
sun intensities were required for such behaviour to occur, but this is beyond the limitations
of the equipment. However, a gradual upward shift in photocurrent is observed in the series
as the light intensity goes up. The DSSC with P1444NTf2 starts to show a saturation of the
photocurrent density at 100 % sun intensity, due to mass transport limitations caused by
the high viscosity of the electrolyte system.
Generally, an improvement in Isc and Voc is usually observed upon an increase in light
intensity. There is no linear increase in Voc and fill factor, as the light intensity increases as
shown in Figure 7.24 (b) and (c). In contrast, the Isc shows a linear increase over all sun
intensity ranges for all of the ionic liquids except for P1444NTf2, which starts to reach its
limiting value at 100 % sun as shown in Figure 7.24 (a).

(a)
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(b)

(c)
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(d)
Figure 7.24: Variation of (a) photocurrent density, (b) photovoltage, (c) fill factor and
(d) efficiency, obtained from IV measurements, as a function of light intensity, with
the Z907 dye
As the sun intensity increases, the photocurrent density also rises steadily. Figure 7.24 (b)
shows the variation of photovoltage with light intensity; no great effect is observed, with
the Voc depending mostly on the electrolyte system. Figure 7.24 (c) shows the variation of
fill factor as a function of sun intensity, where a small variation is observed in all
electrolyte systems. Figure 7.26 (d) shows the variation of efficiency as a function of
relative light intensity. The maximum efficiency is reached in most cases at ~15 % sun
intensity, and then there is a slight drop in performance as the sun intensity rises; this
seems to be due to changes in fill factor as photocurrent increases. This is the first time that
such high efficiencies are obtained with phosphonium ionic liquid electrolytes using a
ruthenium based sensitiser. Further improvements may yet be obtained by acid treatment,
or by improving the composition of the electrolyte.
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Figure 7.25 illustrates the photovoltaic characteristics of the solar cells using a lower
viscous electrolyte system, made using 10 μl of water, tetraglyme or valeronitrile in 1ml of
P1444N(CN)2, to see whether any gain in device performance can be obtained. A slight
decrease in photocurrent density for all three devices containing the electrolyte with
additional solvent is observed. On the other hand, a significant increase in Voc of 150 mV
is observed using the electrolyte containing tetraglyme and valeronitrile, and an increase of
99 mV with the addition of water. At low sun intensities a high fill factor is also obtained.

Figure 7.25: The effect of additives in P1444N(CN)2 electrolytes with N719 dye

The effect of adding solvent to ionic liquid electrolytes has been studied by Papageorgiou
et al.59 where they reported an increase in photocurrent density, on addition of 5 wt%
acetonitrile to an ionic liquid electrolyte, due to a decrease in the viscosity of the ionic
liquid. In contrast, Lui et al.60 and Mikoshiba et al.61 reported that on water addition, the
photocurrent density decreased due to dissolution of the dye from the TiO2 surface. The
same effect is observed in the systems studied here (Figure 7.25); on adding water, a drop
in Isc is observed.
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It is possible that this is a result of dye desorption even though this could not be visually
observed. Nazeeruddin et al.5 also observed a decrease in photocurrent due to poor
injection efficiency of the dye upon addition of water. Cyclic voltammetry of the
electrolyte containing water showed lower catalytic activity for the reduction of I3- to I- at a
Pt electrode, and therefore it is possible that the regeneration of I- is limiting the
performance of the device. Figure 7.26 displays the voltammogram of the P1444N(CN)2
based ionic liquid electrolyte, with the addition of tetraglyme and valeronitrile, using a
symmetrical cell.

Figure 7.26: Characteristic cyclic voltammograms for the symmetrical cells, with a
separation of 25 μm and surface area 0.33 cm2, filled with different ionic liquid
electrolytes, at a scan rate of 5 mV s-1
The diffusion coefficients obtained from these CVs, of I3- in P1444N(CN)2, P1444N(CN)2tetraglyme and P1444N(CN)2-valeronitrile are 1.5 x 10-7 cm2 s-1, 1.9 x 10-7 cm2 s-1 and 1.0 x
10-7 cm2 s-1 respectively. A decrease in the transport properties of I3- in the ionic liquid
containing valeronitrile is observed, which corresponds to the changes in current density of
the solar cells (Figure 7.24).
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On the other hand, an increase in diffusion coefficient is observed for the tetraglyme
mixture, which does not seem to correlate with the IV curves. It is possible, as discussed
further below, that the main effect of adding the diluent in this IL, is causing a shift in the
flat band potential, hence explaining the increasing in Voc, at the expense of some charge
injection efficiency.
Figure 7.27 displays the effect of light intensity on fill factor, Voc and power conversion
efficiency of devices with neat ionic liquid electrolytes and addition of solvents in the ionic
liquid electrolyte. They performed well at low light intensities, and the highest efficiency is
achieved at 15 % sun intensity.

(a)
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(b)

(c)
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(d)
Figure 7.27: Effect of light intensity on Isc, ff, Voc and η for devices with neat ionic
liquid electrolytes, with the addition of solvents in the ionic liquid electrolyte, using
the N719 dye
One interesting feature of these devices is the high fill factor, which is related to the high
Voc obtained in the presence of additives. As demonstrated by De Vos,62 Voc influences the
ff as shown in equation 7.6 and 7.7 where voc is the dimensionless open circuit voltage
(

).

(Eq 7.6)

(Eq 7.7)
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Figure 7.28: Approximation for the function FF (Voc)

The De Vos equation 7.6 above fits well with the fill factor and Voc for the devices
containing the additional solvent (Figure 7.27 (b) and (c)).Thus the high fill factor is not
necessarily due to mass transport limitations in the case of the ionic liquid containing
tetraglyme, where the diffusion of I3- is much better than in the neat ionic liquid. Figure
7.28 demonstrates the theoretical fill factor as a function of Voc. The Voc can be raised by
movement of the conduction band edge, as demonstrated in Chapter 5, by the presence of
the additives. As observed in Figure 7.27 (b), such behaviour did not occur in the DSSCs
studied here. Therefore, the high Voc might be due to a drop in the recombination rate of
the back reaction, as evident by the increase in the onset potential in the dark current curve.
The presence of additives might also form a protecting layer on the surface of TiO 2, thus
blocking the reaction of the I3- with the electrons in the conduction band, as demonstrated
by Liu and co-workers.60 The short circuit current density in all the electrolyte systems are
similar in the region of low light intensity, and differs slightly at 68 % and 100 % sun
intensity.
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In summary, we have demonstrated that the efficiency of the DSSCs can be improved by
adding solvents to the ionic liquid electrolytes. The high performance is mainly due to an
increase in Voc rather than the photocurrent density. Addition of valeronitrile actually
elevates the viscosity of the electrolyte system, as demonstrated by the low diffusion of the
I3-.
7.3.4.3.2 The P222(201 )NTf2 electrolyte with the THD3 sensitiser in DSSCs
Preliminary studies on use of the new phosphonium ionic liquids with the THD3 sensitiser
in dye sensitised solar cells were performed. The effect of varying the film thickness was
investigated, as well as the addition of chenodeoxycholic acid, and the performance of the
device at elevated temperatures was examined. For this study, the electrolyte containing
the following

components:

P222(201)NTf2/C2mimI/C1mimI/LiI/I2/NMB (molar

ratio

14:12:12:1:1.67:4) was used.
Effect of film thickness on the device performance of THD3-dyed solar cells
Figure 7.29 depicts the photocurrent-voltage curves of DSSCs based on the electrolyte
P222(201)NTf2/C2mimI/C1mimI/LiI/I2/NMB, with various film thicknesses, at 15 % sun
intensity. In order to compare the effect of film thickness, all of the other parameters of the
measurement were kept constant. It is noted that the photocurrent density increases from 4
mA cm-2 to 6 mA cm-2 with an increase in film thickness from 0.8 μm to 2 μm, and a drop
in photocurrent density to 5 mA cm-2 is observed with a 6 μm thick film. The drop in
photocurrent with a 6 μm film may be due to mass transport limitations or poor permeation
of the electrolyte through the TiO2 network. The diffusion coefficient of triiodide measured
in P222(101)NTf2 and C2mimNTf2 is 2.5 x 10-7 cm2 s-1 and 4.8 x 10-7 cm2 s-1 respectively.
Thus, the transport properties of the redox species in the TiO2 network will have a huge
impact on the photocurrent generated from the device. The photocurrent also depends on
the amount of dye adsorbed on the TiO2 film, but the main effect is the viscosity of the
electrolyte system.
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.

Figure 7.29: IV curves demonstrating the effect of changing film thickness using
THD3 as the sensitiser
On the other hand, the Voc decreases as the film thickness was increased over the same
range, from 648 mV to 606 mV. A drop in fill factor is also observed, from 0.77 to 0.76 as
the film thickness increases. The performance of the devices show similar trends in the
photocurrent density, where an increase is observed from 4 % to 6 %, and then drops down
to 5 % with a thicker film. The optimal performance with the 2 μm film is mainly due to
the augmentation of the Isc. The increasing photocurrent density up to 2 μm is attributed to
an increase in the amount of dye adsorbed on the TiO2 surface with the increased film
thickness. Beyond this thickness, even though more dye will be present, photocurrent
decreases due to increased recombination, mass transport limitations, especially at the
innermost layer. In contrast to photocurrent density, there is a drop in Voc with increased
surface area, due to increases in the charge recombination reaction, as shown in Figure
7.31, where a shift in the onset potential of the dark current to lower potential is observed
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as the film thickness increases.63-64 Thus, it can be concluded that a 2 μm transparent film
is required for this device to perform most efficiently. Since the organic dye has a high
molar extinction coefficient, the use of a thin film is preferable. Figure 7.30 summarises
the basic parameters (Isc, Voc, ff and efficiency) of the DSSCs as a function of film
thickness.

Figure 7.30: The effect of film thickness used in THD3-dye sensitised solar cells with
P222(201)NTf2 electrolyte
The effect of temperature on dye sensitised solar cells using THD3 as the sensitiser
Here, we looked at the effect of increasing the temperature to 55 °C, for DSSCs with the
phosphonium ionic liquid and the organic dye, to see whether any benefit could be
obtained from increasing the temperature.
Figure 7.31 displays the I-V characteristics of a DSSC at room temperature and at 55 °C,
under 1 sun illumination, with P222(201)NTf2 based electrolytes. At elevated temperatures, an
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increase in photocurrent density and efficiency are observed, which might be due to an
increase in mobility of the triiodide ions in the electrolyte. The diffusion coefficient of I3- is
7.15 x 10-7 cm2 s-1 at 55 °C. On the other hand, a decrease in fill factor and Voc is
commonly observed at high temperature. According to Nazeeruddin et al., the decrease in
Voc with temperature is due to an increase in the charge recombination reaction at the
photoanode and an increase in the dark current in the cell.5 Usami et al. have also
demonstrated the temperature dependence of the Voc;65 as the temperature increases the
band gap of the semiconductor decreases, probably due to a shift in the conduction band
edge. The Voc is given by the following equation:65
(Eq 7.8)
where ERedox is the redox potential of I3-/I-, EC is the potential of the conduction band of the
semiconductor, kB is the Boltzmann constant, T is the temperature, e is the elementary
charge, Ne is the effective density of states , n is the density of states, γ is a characteristic
constant of the TiO2 tailing states.

Figure 7.31: The effect of temperature on device performance with THD3 as
sensitiser using P222(201)NTf2 based electrolytes with a 2 μm film at 25 °C and at 55 °C
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Table 7.8: Summary of the photovoltaic data obtained from Figure 7.31.
Temperature

25 °C

55 °C

Voc (mV)

686 (± 5)

612 (± 3)

Isc (mA cm-2)

7.8 (± 0.5)

12.9 (± 0.8)

0.76 (± 0.01)

0.70 (± 0.02)

4.1 (± 0.5)

5.6 (± 0.3)

ff
η (%)

The same experiment was carried out using a more viscous phosphonium ionic liquid
electrolytes based on P1444N(CN)2. At room temperature, the performance of the devices
with THD3-dye shows very poor performance, as shown in Table 7.9. On increasing the
temperature from room temperature to 50 °C, a significant increase in the photocurrent
density is observed; the Isc increased from 5.5 mA cm-2 to 10.5 mA cm-2, whereas the Voc
dropped by 26 mV. The overall performance of the device increased from 2.8 % to 4.9 %
under full light intensity, as a result of the increase in current density. A further increase in
temperature leads to a moderate rise in Isc, but at temperatures > 65 °C a drop in Isc is
observed, as the dominant factor is due to the rise in the recombination processes. Further
investigation should be undertaken to fully understand the impact of temperature on device
performance; long term testing is required to observe the influence of temperature on the
solar cells and to see whether any degradation of the dye occurs over long periods.

Table 7.9: Photovoltaic data of THD3-DSSCs in combination with P1444N(CN)2
electrolyte.
Temperature

25 °C

50 °C

60 °C

65 °C

Voc (mV)

646 (± 8)

620 (± 5)

600 (± 2)

588 (± 3)

552 (± 5)

Isc (mA cm-2)

5.5 (± 0.8)

10.5 (± 0.5)

11.4 (± 0.4)

11.5 (± 0.5)

11.2 (± 0.2)

ff

0.78 (± 0.01)

0.75 (± 0.02)

0.70 (± 0.01)

0.69 (± 0.01)

0.69 (± 0.01)

η (%)

2.8 (± 0.6)

4.9 (± 0.2)

4.8 (± 0.1)

4.7 (± 0.2)

4.3 (± 0.1)
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Effect of chenodeoxycholic acid on THD3 dye
The behaviour of the DSSCs with ionic liquids upon use of chenodeoxycholic acid ( DCA)
coabsorbent is similar to that of the standard acetonitrile based electrolyte DSSCs; an
increase in both Isc and Voc is observed. The Voc increases from 686 mV to 693 mV in the
presence of the co-adsorbent. An even more significant increase in photocurrent is
observed, with an increase from 7.8 mA cm-2 to 9.6 mA cm-2. The performance of the
device depends greatly on Isc, thus an increase in device efficiency is also observed with
co-adsorbent (Figure 7.32). The increase in photocurrent is probably due to a decrease in
dye aggregation, thus lowering the recombination rate. As explained in Chapter 6, on
treating the film with an acid, a more negative flatband potential of the TiO2 was observed
with an ionic liquid electrolyte.

Figure 7.32: The effect of co-adsorbent on the performance of the DSSCs using THD3
as sensitiser
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7.3.4.3.3 Different phosphonium ionic liquid electrolytes in DSSCs with various
organic sensitisers
The effect of changing the alkyl chain on the phosphonium cation and varying the anions
were investigated with the following sensitisers: THD1, THD2, THD3, THD8 and THD9.
The device performance was evaluated using different ionic liquids at varying light
intensities. An increase in the thickness of the scattering layer, while keeping the
transparent layer constant, was also investigated to see whether more light could be
harvested with a thicker scattering layer film. In this study, a 2 μm transparent film
thickness was used throughout the study unless otherwise stated. 10 mM co-adsorbent was
added to all dye baths. The effect of changing the particle size of the transparent layer was
also investigated. In some cases, the cells were tested at elevated temperatures, depending
on the viscosity of the electrolytes.
Use of different size of TiO2 particles in P222(101)NTf2 electrolyte with THDn (n=1-3)
sensitisers
The most commonly used and efficient TiO2 film is composed of interconnected networks
of 20 nm particles. This type of particle size is known to give a large surface area, which is
suitable for efficient dye adsorption, good light adsorption and charge formation.3,

66-67

There are benefits and drawback in the use of smaller or larger nanoparticles. As stated by
Chou and co-workers,68 the benefit of using 20 nm particles is the availability of a larger
active surface area and a greater number of connections between the TiO2 nanoparticles
permitting the adsorption of a larger amount of dye, which will boost the photocurrent
delivered by the device. In the case of bigger particles, a larger contact between TiO 2
nanoparticles is obtained, and thus the dye can easily access the surface of the TiO2 and
organise itself better onto the surface.68 The use of larger particles also allows for better
mobility of the triiodide in the TiO2 network. However, using a film with larger particles
also gives rise to a small surface area, and thus the amount of dye adsorbed on the surface
is reduced, which can greatly affect the performance of the device.69-70 The disadvantage of
using smaller particles is the increase in grain boundary effects, which can produce higher
electron trapping.70-71
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Figure 7.33 describes the IV characteristics of THD1, THD2 and THD3 using two
different Titania particles sizes, 20 nm and 30 nm, with an electrolyte composing of
P222(101)NTf2/C2mimI/C1mimI/LiI/I2/NMB (molar ratio 14:12:12:1:1.67:4). This electrolyte
was chosen because it has good ionic conductivity and is relatively fluid, thus allowing
good mobility of the triiodide through the porous structure of the TiO2 film. The large
particle size gives higher current density with all dyes, and an increase in the overall
conversion efficiency is observed in all cases. The THD2 sensitiser gave the highest Isc, at
12 mA cm-2 at full sun intensity.

Figure 7.33: The performance of DSSCs with THD1, THD2 and THD3 sensitisers
using different size particles, with a P222(101)NTf2 electrolyte
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Figure 7.34 (a) illustrates the variation of Isc as a function of light intensity for the devices
with different particle sizes. As the light intensity increases, a gradual increase in
photocurrent can be observed, and at 100 % sun saturation, Isc has not yet occurred. The
effect of light intensity is more obvious on Voc, and a change in Voc among the dyes is also
observed. Figure 7.34 (b) shows the variation of the Voc as the sun intensity is increased.
Initially there is a sharp increase in Voc, and it rises more gradually above 40 % sun. Figure
7.34 (c) displays the effect of light intensity on the fill factor of the device. Figure 7.34 (d)
shows the device efficiency as a function of light intensity. A similar trend in efficiency is
observed with either the smaller or larger particles, reaching a maximum performance at 15
% sun.
This trend is also observed with the different dyes, with THD1 showing the best
performance (η = 6.1 % at 15 % sun with a film consisting of nanostructured particles of
18 nm) over the range of sun intensities. Note that this high efficiency was obtained with
the phosphonium ionic liquids without any addition of organic solvents. At 1 sun, the
device performance for the THD1, THD2 and THD3 sensitisers, with the 18 nm particles
sized TiO2 film, are 5.5 %, 4.6 % and 4.9 % respectively.
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(a)

(b)
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(c)

(d)
Figure 7.34: The variation of (a) current density, (b) photovoltage, (c) fill factor and
(d) efficiency as function of light intensity for the DSSCs with different particle sizes
and a P222(101)NTf2 electrolyte
247

7. Ionic liquids in dithienothiophene based organic dye sensitised solar cells

In summary, the use of smaller particles sizes gives better overall conversion efficiencies,
except at low light intensity, even though the current density is much lower in some cases.
In the case of larger particles, a low Voc is obtained compared to smaller particles.
7.3.4.3.4 Effect of scattering layer on the performance of DSSCs with organic
sensitisers
The effect of increasing the thickness of the scattering layer was also investigated, with the
THD3 sensitiser, in ionic liquids with slightly different viscosities. This was to determine
if an improvement in photocurrent could be observed with thicker scattering layers, and
also see whether the viscosity of the electrolyte plays an important role in the device
performance.

The

two

electrolytes

used

were

P222(101)NTf2/C2mimI/C1mimI/LiI/I2/NMB

and

P222(101)FSI/C2mimI/C1mimI/LiI/I2/NMB (molar ratio 14:12:12:1:1.67:4 for both). The only
difference between the phosphonium ionic liquids is the anion; the FSI anion normally
imparts more fluidity to the ionic liquid than the NTf2. A 2 μm transparent high surface
area Titania film and an additional scattering layer of TiO2 paste of 400 nm particle size,
varied from 2 μm to 8 μm thick, were used for the study.
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Figure 7.35: The effect of increasing the scattering layer thickness on device
performance using THD3 sensitiser and a P222(101)FSI electrolyte
Figure 7.35 shows the photovoltaic characteristics of THD3-dye sensitised solar cells using
P222(101)FSI as an electrolyte with different thicknesses of scattering layer. The DSSC
performance depends significantly on the scattering layer thickness; the photocurrent goes
up gradually, as we increase the scattering layer thickness from 2 μm to 6 μm, but
decreases after this point, with any further thickness increase. One possible reason for such
a drop in Isc is the fact that the dye uptake is lower. The amount of dye adsorbed on the
TiO2 dropped from 1.4 x 1016 dye molecules cm-2 μm-1 to 0.9 x 1016 dye molecules cm-2
μm-1. However, if this was the reason for the lower current, then it would be expected that
the devices with the P222(101)NTf2 electrolyte would exhibit similar behaviour, but this is
not the case. Instead, the best performance with the P222(101)NTf2 electrolyte was obtained
with the 8 μm thick scattering layer. Another hypothesis is that the master plate was
damaged, in a way not visible to the eye, or that the applied blocking layer before printing
the films was too thick, thus increasing the resistivity of the films.
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With a 2 μm and 4 μm scattering film thicknesses, the Voc remains the same, while the use
of a thicker scattering layer gives an increased in Voc.
Figure 7.36 depicts the IV characteristics of the THD3-dye sensitised solar cells with the
P222(101)NTf2 ionic liquid electrolyte and different scattering layer thicknesses. A sudden
increase in the photocurrent is observed going from a 2 μm to 4 μm thick scattering layer,
followed by a more gradual increase in Isc upon increasing the thickness to 8 μm. Thus,
increasing the scattering layer greatly enhances the light harvesting capability. In this
particular electrolyte, the best performance is obtained with the thicker scattering film.

Figure 7.36: The IV curves of the DSSCs with the THD3 dye and the P222(101)NTf2
electrolyte, with different thicknesses of scattering layer

Table 7.10 summarises the parameters obtained from the two IV curves. An efficiency of 6
% is obtained using the P222(101)FSI electrolyte with a scattering film thickness of 6 - 8 μm,
whereas with P222(101)NTf2, the devices performed better with a 6 μm film.
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Table 7.10: Data obtained from Figure 7.35 and Figure 7.36 (THD3 sensitiser).
Electrolyte

P222(101)FSI

Film

2μm + 2 μm 2μm + 4 μm 2μm + 6 μm 2μm + 8 μm

thickness

(sl)

(sl)

(sl)

(sl)

703 (± 2)

697 (± 3)

706 (± 2)

708 (± 3)

Voc (mV)
-2

/C2mimI

Isc (mA cm )

9.5 (± 0.5)

10.8 (± 0.2)

11.7 (± 0.3)

9.9 (± 0.2)

/C1mimI/LiI

ff

0.77 (± 0.01)

0.74 (± 0.01)

0.73 (± 0.02)

0.73 (± 0.02)

/I2 /NMB

η (%)

5.1 (±0.1)

5.5 (± 0.2)

6.0 (± 0.2)

5.1 (±0 1)

P222(101)NTf2

Voc (mV)

689 (± 3)

700 (± 1)

695 (± 2)

684 (± 1)

-2

/C2mimI

Isc (mA cm )

7.5 (± 0.5)

11 (± 0.2)

11.1 (± 0.1)

11.4 (± 0.1)

/C1mimI/LiI

ff

0.76 (± 0.01)

0.68 (±0.02)

0.73 (±0.01)

0.74 (± 0.01)

/I2 /NMB

η (%)

4.0 (± 0.2)

5.1 (± 0.2)

5.6 (± 0.1)

5.7 (± 0.1)

7.3.4.3.5 The effect of different ionic liquid anions and cations on device
performance
In section 7.3.3, the properties of the electrolytes used were evaluated in term of
conductivity, viscosity and density, as defined by the Walden plot, and the diffusivity of
the redox couples. Here, the influence of the physical properties of the electrolytes was
further investigated in terms of the photovoltaic performance of the dye sensitised solar
cells with the THD3, THD1 and THD8 sensitisers. THD2 and THD9 were also
investigated but the performance of the devices with these dyes was poor compared to the
THD3, THD1 and THD8 devices. The poor performance can be related to the HOMO and
LUMO level of these two dyes. The regeneration of the dye by the iodide may also not be
very efficient, thus lowering the performance of the dyes. Therefore the studies were
mainly focussed on THD3, THD1 and THD8.
Figure 7.37, 7.39 and 7.40 present the IV characteristics, under full sunlight and in the
dark, of the devices with THD3, THD8 and THD1 respectively. Detailed cell parameters
are listed in Table 7.11 for THD8, and Table 7.12 for THD1. The best performance was
obtained with P222(101)FSI and the THD3 sensitiser. The photocurrent density, open circuit
voltage and fill factor are 11.7 mA cm-2, 706 mV, 0.72 respectively, yielding an overall
efficiency of 5.92 %. P222(101)FSI, P222(201)FSI, P222(101)N(CN)2, P222(101)NTf2 and
P222(201)NTf2 give comparable photocurrent densities, which is probably related to the
comparable transport properties of the redox couple in the electrolyte systems. The change
in overall performance is mainly due to the difference in the Voc and fill factor with the
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above electrolytes. Under lower sun intensity, the power conversions are even higher, up to
6.1 %, partly because of a higher fill factor.

Figure 7.37: The effect of different electrolyte systems on the THD3 devices

(a)
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(b)

(c)
Figure 7.38: Variation of (a) Voc, (b) Isc and (c) efficiency as a function of light
intensity
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Figure 7.39 illustrates the photovoltaic characteristic of THD8 sensitised devices with a
range of phosphonium ionic liquid electrolytes. As shown in Table 7.11, some of the ionic
liquids give better performances than others. For example, as described earlier in section
7.3.5 3.1, P1444NTf2 forms a soft solid electrolyte, and therefore the poor achievement of
the device is mainly due to a very low photocurrent density; 7.9 mA cm-2.

Figure 7.39: The effect of different electrolytes in THD8 sensitised devices
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Table 7.11: Photovoltaic parameters extracted from Figure 7.39.
Electrolyte
Dye
Voc
Isc
ff
-2
(mV)
(mA cm )
P1444N(CN)2
684 ± 9
10.6 ± 0.4
0.71 ± 0.01

THD8

η
(%)
5.1 ± 0.2

P1224NTf2

685 ± 3

9.1 ± 0.1

0.73 ± 0.02

4.6 ± 0.1

P1444NTf2

621 ± 4

7.9 ± 0.5

0.75 ± 0.01

3.7 ± 0.3

P222(101)NTf2

694 ± 2

9.2 ± 0.2

0.73 ± 0.02

4.7 ± 0.4

P222(201)NTf2

710 ± 2

8.8 ± 0.2

0.77 ± 0.01

4.8 ± 0.5

P222(201)FSI

704 ± 1

10.2 ± 0.3

0.74 ± 0.01

5.3 ± 0.1

P222(101)FSI

669 ± 2

11 ± 0.1

0.72 ± 0.02

5.3 ± 0.2

P1224FSI

673 ± 3

9.6 ± 0.2

0.72 ± 0.01

4.6 ± 0.3

Figure 7.40 displays the photovoltaic characteristic of THD1-dye sensitised solar cells with
a selection of phosphonium ionic liquid electrolytes. The best achievement of the device is
attained with the P222(101)FSI electrolyte, followed closely by P222(201)FSI. The photovoltaic
parameters of the devices with the different electrolytes under full sunlight are given in
Table 7.12. They all show comparable Voc, except for P222(101)N(CN)2 and P1224N(CN)2,
which is likely to be a result of movement of the conduction band edge of the TiO2 to more
negative potentials, attributed to the N(CN)2 anion having more “basic” properties than the
FSI and NTf2 anions (Chapter 6). The movement of the flatband potential will not only
influence the Voc, but also the charge injection and electron collection efficiency of the
device and, as a consequence, will have a negative effect on the photocurrent density.
Thus, even though the mobility of the redox couple is to some extent better than in the
other ionic liquid electrolyte, the photocurrent density delivered by the device is lower
compared to the best performing device in P222(101)FSI. It is important to note that the
presence of additives such as LiI and NMB also control the position of the flatband
potential, and therefore it is important to choose the electrolyte compositions accordingly
to the nature of the ionic liquid used. However, in this study, for the sake of comparison,
the composition of the electrolyte systems was kept constant and these devices all show
comparable performance.
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Figure 7.40: The dffect of different electrolyte systems on THD1 sensitised devices
As observe in Table 7.12, the imidazolium based electrolytes show similar performance as
the phosphonium based electrolytes. It is the first time that such good performance is
obtained with a phosphonium ionic liquid combined with an organic sensitisers. The
electron lifetime and transit time of the phosphonium based electrolytes are given in
Appendix, section A.6.
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Table 7.12: Summarised data extracted from Figure 7.40
Electrolyte
Dye
Voc
Isc
(mV)
(mA cm-2)
P222(101)FSI
657 ± 2
11.9 ± 0.2

THD1

0.72 ± 0.02

η
(%)
5.7 ± 0.3

ff

P222(201)FSI

683 ± 1

11.3 ± 0.3

0.73 ± 0.01

5.6 ± 0.2

P1224FSI

658 ± 3

10.4 ± 0.2

0.77 ± 0.01

5.2 ± 0.1

C2mimFSI

658 ± 5

8.5 ± 0.1

0.77 ± 0.01

4.4 ± 0.2

P222(101)NTf2

679 ± 3

11.0 ± 0.1

0.74 ± 0.01

5.5 ± 0.1

P222(201)NTf2

650 ± 8

12.1 ± 0.3

0.68 ± 0.05

5.3 ± 0.2

P1224NTf2

685 ± 2

10.4 ± 0.1

0.66 ± 0.04

4.6 ± 0.3

P222(101)N(CN)2

710 ± 8

9.7 ± 0.5

0.75 ± 0.02

5.3 ± 0.1

P1224N(CN)2

720 ± 2

9.3 ± 0.2

0.76 ± 0.01

5.2 ± 0.1

C2mimN(CN)2

730 ± 2

10.1 ± 0.3

0.77 ± 0.01

5.7 ± 0.2

To summarise, these observations with phosphonium ILs and organic dyes, it appears that
the optimum combination in this work is the use of 18 nm particles size TiO2 paste which
gives better overall devices performance, which is turn relates to a better fill factor. We
also demonstrate that the used of a scattering layer on top of the transparent layer gives
better current densities, which might be related to more efficient light capturing. All the
different phosphonium based electrolytes display good performance with all the three dyes
(THD1, THD3 and THD8) with P222(101)FSI giving the best performance.

257

7. Ionic liquids in dithienothiophene based organic dye sensitised solar cells

7.4 Conclusions
We have demonstrated that phosphonium ionic liquids can perform as well as imidazolium
based ionic liquids, depending on the sensitisers used. Even though the phosphonium ionic
liquids exhibit higher viscosity, they still show good behaviour with thinner TiO2 films.
The use of a thin transparent TiO2 film with additional layers of 6 μm or 8 μm scattering
layer definitely improves the device performance. The use of thin films is favourable as
diffusion of the redox species is not hindered to the same extent as that of thicker TiO2
films, and the high molecular extinction coefficient of the organic sensitisers studied
means that no real loss in current density is observed with the thicker films. Addition of
co-adsorbents has also demonstrated a beneficial effect on the overall power conversion
efficiency. Insertion of the co-adsorbent into empty sites of the TiO2, which the dye cannot
access, provides additional protection of the surface, and thus decreases the back electron
transfer from the conduction band of the TiO2 to the triiodide in the electrolyte. When the
temperature of the device is increased, an increase photocurrent density occurred and at the
same time a drop in Voc was observed, leading to an increase in the overall efficiency of
the device. However, higher temperatures lead to a decrease in both Isc and Voc, probably
due to higher rate of recombination processes.
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Chapter 8
Ionic liquids for porphyrin dye sensitised solar cells

Chapter overview

In this chapter we describe the use of a variety of ionic liquid electrolytes with porphyrin
sensitisers and compare these to the standard ruthenium based sensitisers. During the past
few years, imidazolium ionic liquids have been tested with different ruthenium based dyes
and, more recently, with many organic sensitisers, giving good efficiencies. In this chapter,
the use of imidazolium ionic liquids with porphyrin dyes is described, as well as other nonimidazolium based ionic liquids.
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8.1 Introduction
8.1.1 Porphyrin chromophores for dye sensitised solar cells
Porphyrin sensitisers have attracted the attention of many researchers due to their major
role as light harvesting pigments in the photosynthesis process.1 The first application of
porphyrin sensitisers in photoelectrochemical cells was demonstrated by Kalyanasundaram
et al.2 They used a (tetrakis(4-carboxyphenyl)porphyrinato) Zinc, abbreviated ZnTPPC, to
sensitise the TiO2 and showed that dye adsorption was quite efficient and the colour was
intense after only 1 hr. Although quite low IPCEs were obtained in that first study, it
nevertheless triggered the interest of many researchers in designing new organic dyes with
the porphyrin structures for use in DSSCs. In 2005, Campbell et al. reported a conversion
efficiency of 5.2 %, with an Isc of 13.5 mA cm-2, a Voc of 566 mV and an IPCE >70 %, in a
standard acetonitrile based electrolyte with a porphyrin dye abbreviated as Zn-3 (see
Figure 8.1).3 Further improvements have since been obtained by careful design of the zinc
porphyrin sensitiser.4 By introducing a malonic acid anchoring group, and different aryl
groups as the electron donor, they have been able to further increase the device
performance. The efficiency went up to 7.1 % with a methyl substituent on the aryl groups;
the dye named GD2. The main interesting features of porphyrin sensitisers, apart from the
fact that they can be used to mimic nature, are that the Soret and Q-band have large molar
extinction coefficients. The Soret band has an extinction coefficient of 105 M-1 cm-1 in the
region of 400-500 nm, and the Q-band has an extinction coefficient of 104 M-1 cm-1 in the
range of 600-800 nm, which are much higher than for ruthenium complexes.
Since the development of high performing devices based on porphyrin sensitisers,
numerous publications on porphryin sensitisers in DSSCs have appeared. 5-7 For instance,
Xiang et al. developed a porphyrin sensitiser containing a thiophene bridge, which gave a
conversion efficiency of 6.5 %.8 Recently, Lu et al. reported a 6.7 % efficiency with a
push-pull zinc porphyrin chromophore (YD12).5 The same dye was further enhanced to 11
% by applying a scattering layer on top of the transparent TiO2 layer, with standard
molecular liquid electrolytes.9 This is the first time that such a high performance has been
obtained with an organic sensitiser.
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8.2 Aim
The aim of this work was to study the use of ionic liquids based on imidazolium,
ammonium and phosphonium cations with porphyrin sensitisers. The porphyrin sensitisers
(P159, P135, GD2, GD3 and EM41) were obtained from Professor David Officer’s group
at the University of Wollongong.
In comparing the efficiencies of devices discussed here, it is important to note that the best
performance obtained with ruthenium sensitisers in our lab is 9 % using molecular liquid
based electrolytes, compared to 12 % in Grätzel’s lab at EPFL, and 5.5 % with ionic
liquids based electrolyte compared to 8.2 % in EPFL. The difference in efficiency might be
related to factors such as the TiO2 paste, the method used to deposit the TiO2 film, the
solvent used for the dye, the dye itself (with different batches of dye, different efficiency
was obtained) or any number of mundane factors. Therefore the performance of the
porphyrin sensitisers will be compared to the best performing device obtained with
Ruthenium sensitisers fabricated in our lab.
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Figure 8.1: The structure of some porphyrin dyes
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8.3 Experimental
A description of the methods used to analyse the ionic liquids has already been provided in
Chapter 3 and the synthesis of the P1224NTf2 is described in Chapter 6. Full descriptions of
the equipment and cell assembly are given in Chapters 3 and 4.
8.3.1 Transient adsorption spectroscopy
Transient absorption spectroscopy was performed using the ns pulses of a Lab 170 –
MOPO as the pump laser and CW Xe lamp modulated by bandpass / cutoff filters as the
probe. 100 k points were recorded with full 500 MHz bandwidth, 512 averages per
measurements and further mathematical averages using the custom-built labview filter.
The repetition rate was 10 Hz except in one measurement, where 1 Hz was used – no
difference in the recombination rate was observed. All samples were sealed with a
microscope cover glass and illuminated from the FTO side unless otherwise noted as
backside illumination.
8.3.2 Ionic liquids
Below is a list of the different ionic liquids studied in porphyrin dye sensitised solar cells.
Some ionic liquids were purchased from commercial suppliers and other ionic liquids were
synthesised.
1-ethyl-3-methylimidazolium

tetracyanoborate

(C2mimB(CN)4),

1-ethyl-3-

methylimidazolium thiocyanate (C2mimSCN) and 1-butyl-3-methylimidazolium iodide
(C4mimI) were purchased from Merck, used as received and handled in a nitrogen filled
glove box. Triethyl(2-methoxyethyl)phosphonium bis(trifluoromethanesulfonyl)amide
(P222(201)NTf2) and triethyl(methoxymethyl) phosphonium bis(trifluoromethanesulfonyl)
amide (P222(101)NTf2) were obtained from Nippon Chemical. These were also handled only
in the glove box. Diethyl-isobutylmethylphosphonium bis(trifluoromethanesulfonyl) amide
(P1224NTf2), 1-ethyl-3-methylimidazolium iodide (C2mimI), 1,3- dimethylimidazolium
iodide

(C1mimI),

1-propyl-3-methylimidazolium

iodide

methylimidazolium

bis(trifluoromethanesulfonyl)amide

methylimidazolium

dicyanamide

(C2mimN(CN)2)

and

(C3mimI),

1-ethyl-3-

(C2mimNTf2),

1-ethyl-3-

hexyl(triethyl)ammonium

bis(trifluoromethanesulfonyl) amide (N2226NTf2) were synthesised by the literature
method.10
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1-ethyl-3-methylimidazolium iodide (C2mimI)
1

H NMR (d6-DMSO, 300 MHz) δ 1.2 - 1.6 ppm (t, 3H), 4.2 - 4.3 ppm (q, 2H), 7.4 - 7.5

ppm (m, 2H), 4.8 ppm (s 3H), 8.7 ppm (s 1H).
MS (ESI): ES+ m/z 110.8 (C6H11N2+), ES- m/z, 126.9 (I-).

1,3-dimethylimidazolium iodide (C1mimI)
1

H NMR (d6-DMSO, 300 MHz) δ 3.7 ppm (s, 3H), 4.3 ppm (s, 3H), 7.4 - 7.5 ppm (m, 2H),

8.7 ppm (s, 1H).
MS (ESI): ES+ m/z 97.08 (C5H9N2+), ES- m/z, 126.9 (I-).

1-propyl-3-methylimidazolium iodide (C3mimI)
1

H NMR (d6-DMSO, 300 MHz) δ 0.8 - 0.9 ppm (t, 3H), 4.1 - 4.2 ppm (t, 2H), 3.8 - 3.9

ppm (s, 3H), 7.7 - 7.8 ppm (m, 2H), 9.1 ppm (s, 1H).
MS (ESI): ES+ m/z 125.1 (C7H13N2+), ES- m/z, 126.9 (I-).

1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide (C2mimNTf2)
1

H NMR (d6-DMSO, 300 MHz) δ 1.3 - 1.4 ppm (t, 3H), 4.1 - 4.2 ppm (q, 2H), 7.7 - 7.8

ppm (m, 2H), 3.8 ppm (s 3H), 9.1 ppm (s 1H).
MS (ESI): ES+ m/z 110.7 (C6H11N2+), ES- m/z, 280 (NTf2-).
Water content (Karl Fischer): 160 ppm.

1-ethyl-3-methylimidazolium dicyanamide (C2mimN(CN)2)
1

H NMR (d6-DMSO, 300 MHz) δ 1.3 - 1.4 ppm (t, 3H), 4.1 - 4.2 ppm (q, 2H), 7.7 - 7.8

ppm (m, 2H), 3.8 ppm (s 3H), 9.1 ppm (s 1H).
MS (ESI): ES+ m/z 110.7 (C6H11N2+), ES- m/z, 66 (N(CN)2-).
Water content (Karl Fischer): 260 ppm.

Hexyl(triethyl)ammonium bis(trifluoro-methanesulfonyl) amide (N2226NTf2)
1

H NMR (d6-DMSO, 300 MHz) δ 0.8 - 0.9 ppm (t, 3H), 1.1 - 1.2 ppm (t, 3H), 1.3 - 1.4

ppm (m, 2H), 1.6 - 1.7 ppm (m, 2H), 3.1 - 3.2 ppm (m, 2H), 3.3 - 3.4 ppm (m, 2H).
MS (ESI): ES+ m/z 186 (C12H28N2+), ES- m/z, 280 (NTf2-).
Water content (Karl Fischer): 190 ppm.
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8.3.3 Preparation of electrolytes
Preparation of standard electrolyte for porphyrin sensitisers
The

standard

acetonitrile-valeronitrile

based

electrolyte

was

composed

of

an

acetonitrile:valeronitrile mixture (75:25 vol %), iodine (0.03 M), 4-tert-butylpyridine
(TBP) (0.5 M), 1-butyl-3-methylimidazolium iodide (0.6 M) and lithium iodide (0.1 M).
The effect of an additive other than TBP was also investigated in the acetonitrile based
electrolyte. N-methylbenzimidazole (NMB) was used as an additive in the ionic liquid
systems because of its low vapour pressure compared to TBP, which is beneficial for long
term stability.

Preparation of binary and ternary ionic liquid electrolytes
According to the literature, binary mixtures, as well as more complex multi-component
eutectic mixtures, work well with ruthenium-based DSSCs.11 Thus, these ionic liquids
were studied for the first time with porphyrin DSSCs. The general composition of the ionic
liquid electrolytes was C1mimI/C2mimI/IL/LiI/I2/NMB (12: 12: 16: 1: 1.67: 4 by mol) with
different types of IL as the third component. The following ILs were used in this study:
C2mimB(CN)4, P1224NTf2, P222(101)NTf2, P222(201)NTf2, N1123NTf2, N2226NTf2, C2mimNTf2,
C2mimN(CN)2, C2mimBF4 and C2mimSCN, each chosen because of their stability and
fluidity.
The binary ionic liquid electrolyte was composed of 35 vol % imidazolium or
pyrrolidinium based ionic liquids, 65 vol % C3mimI, 0.1 M of lithium iodide, 0.5 M tertbutylpyridine and 0.2 M iodine.
The electrolytes were injected through a pre-drilled hole in the counter electrode by
vacuum backfilling, while the DSSC was sitting on a hot plate, and then the holes were
sealed with a 25 μm Surlyn sheet and a microscope coverslip.

Preparation of dye solution
Five porphyrin dyes were investigated in this study. 0.2 M dye was dissolved in dry
ethanol. As a comparison, N719 was used; 0.5 M N719 was dissolved in a mixture of tertbutanol: acetonitrile.

269

8. Ionic liquids for porphyrin dye sensitised solar cells

8.4 Results and discussion
8.4.1 Physical and chemical properties of ionic liquids
Density, viscosity and electrical conductivity of the neat ionic liquids
For comparison, the physical properties of the imidazolium and phosphonium ILs, as
measured in this work, are summarized in Table 8.1. C2mimN(CN)2 had the highest
conductivity and N1123NTf2 the lowest. The introduction of the ether side chain
significantly decreased the viscosity of the phosphonium ionic liquids and thus
P222(201)NTf2 was of comparable viscosity to the well known C2mimNTf2.12 However, the
‘‘cyano’’ (i.e. the SCN, N(CN)2, C(CN)313 and B(CN)4) ILs of the C2mim cation retained
the lowest viscosity.

Table 8.1: The physical properties of the pure ionic liquids at 25 °C.
Density (g cm-3)
± 0.01
1.04

Viscosity (mPa s)
± 0.1
21

Conductivity (mS cm-1)
±1
16.1

C2mimBF4

1.28

38

17.5

C2mimNTf2

1.51

33

10.3

C2mimN(CN)2

1.09

19

20.2

C2mimSCN

1.11

21

22.2

N1123NTf2

1.41

101

2.30

N2226NTf214

1.27

167

0.67

P1224NTf2

1.40

71

2.60

P222(201)NTf2

1.39

44

4.40

P222(101)NTf2

1.42

35

3.58

Pure ionic liquids
C2mimB(CN)4

The ionic conductivity of the ionic liquid electrolytes
Figure 8.2 displays the plots of ionic conductivity of the electrolytes as a function of
temperature. Of the electrolytes studied, the imidazolium series showed the best ionic
conductivity and the N2226NTf2 electrolyte exhibits the lowest. This is probably due to the
high viscosity of the neat ionic liquid, as shown in Table 8.1. C2mimNTf2 displays the
lowest ionic conductivity in the family of C2mim based electrolytes. Within the
phosphonium series, the electrolytes all show similar ionic conductivity.

270

8. Ionic liquids for porphyrin dye sensitised solar cells

In all cases, as the temperature increases, the ionic conductivity of the electrolyte system
also increases, as a result of a decrease in the viscosity of the system, which produces a
higher degree of freedom for the ionic species.

Figure 8.2: Ionic conductivity of ionic liquid based electrolytes as function of inverse
of temperature

Diffusion coefficients of triiodide in different ionic liquid electrolyte systems
Several methods are available to measure the diffusion coefficient of iodide and triiodide,
such as cyclic voltammetry and chronoamperomentry, using a three electrode set up with a
microelectrode as working electrode, or electrochemical impedance spectroscopy and
polarisation measurements using a two electrode set up, usually composed of two pieces of
platinised FTO glass. In this section, cyclic voltammetry on a symmetrical cell was used.
Some ionic liquid electrolytes were also analysed using the former method for comparison.
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The diffusion coefficient of the redox mediators gives an indication of the mobility of the
electroactive species, to determine if this can be correlated to the performance of the dye
sensitised solar cells.
Figure 8.3 shows the cyclic voltammetry of a variety of electrolyte systems using
symmetrical cells, and Table 8.2 summarises the data. The imidazolium series shows quite
similar behaviour, except for the C2mimBF4 system that shows lower current density,
which might be related to the viscosity of the ionic liquid.
Within the phosphonium family, P222(101)NTf2 shows the highest current density and
P1224NTf2 the lowest, which also might be related to the viscosity of the ionic liquids;
P1224NTf2 is a solid at 25 °C and melts at 30 °C (see Chapter 5, Figure 5.5).

Figure 8.3: CV of the different ionic liquids containing I- (2.5 M) and I3- (0.125 M) at
room temperature using a symmetrical cell at a scan rate of 5 mV s-1
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The diffusion coefficients of I3- were determined using the following equation:
(Eq 8.1)
where Jlim is the limiting current density (mA cm-2), n is the number of electrons
transferred (n = 2) F is the Faraday constant (96500 C), C is the concentration of the I3(mol cm-3) and D is the diffusion coefficient of I3- (cm2 s-1).15
Table 8.2: The diffusion coefficients of I- and I3-, determined using two different
methods.
Electrolyte

Symmetrical cell (± 8 %)
-

2 -1

D (I ) cm s

D

(I3-)

2 -1

cm s

Microelectrode (± 5 %)
D (I-) cm2 s-1

D (I3-) cm2 s-1

5.4 x 10-6

4.8 x 10-6

5.9 x 10-6

4.7 x 10-6

C2mimB(CN)4

2.9 x 10-7

5.2 x 10-7

3.1 x 10-7

4.7 x 10-7

C2mimNTf2

2.8 x 10-7

5.1 x 10-7

2.9 x 10-7

4.7 x 10-7

C2mimI/C1mimI/

3.5 x 10-7

5.6 x 10-7

-

-

C2mimSCN

2.1 x 10-7

5.1 x 10-7

2.6 x 10-7

4.9 x 10-7

C2mimBF4

2.0 x 10-7

5.2 x 10-7

2.3 x 10-7

4.6 x 10-7

C2mimN(CN)2

2.4 x 10-7

5.4 x 10-7

2.6 x 10-7

4.9 x 10-7

P222(101)NTf2

1.5 x 10-7

4.5 x 10-7

2.1 x 10-7

4.1 x 10-7

P222(201)NTf2

1.9 x 10-7

2.8 x 10-7

2.0 x 10-7

2.5 x 10-7

P1224NTf2

1.8 x 10-7

2.5 x 10-7

1.9 x 10-7

2.2 x 10-7

N2226NTf2

1.5 x 10-7

1.7 x 10-7

1.7 x 10-7

1.8 x 10-7

N1123NTf2

1.7 x 10-7

1.9 x 10-7

1.6 x 10-7

1.5 x 10-7

Acetonitrilevaleronitrile

allylimidazolium iodide

The diffusion coefficient of I3- using the two different experiment set ups are quite
comparable within error. The mobility of I3- is 10 times faster in acetonitrile than in the
ionic liquids, which is expected as a result of the viscosity and solvation properties of the
ionic liquids. Nevertheless, the transport property of I3- is quite high in the ionic liquid
systems, which might be due to the high content of iodine in the electrolyte, or according
to Wachter et al.,16 the high diffusion of I3- can be related to the high ionic strength of the
ionic liquids which facilitates the transport of I2.
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As previously reported,16-18 the transport mechanism of I3- is achieved by the Grotthuss
exchange mechanism, which occurs as a result of the high concentration of the iodine,
which gives rise to formation of polyiodides, thus enabling the rapid exchange of bonding
electrons and therefore increasing the apparent movement of the triiodide species.
To further support this hypothesis, the Stokes-Einstein equation is used to calculate the
diffusion coefficient of the triiodide.
(Eq 8.2)
where D is the diffusion coefficient, kB is the Boltzman constant (1.3807 x 10-23 J K-1), T is
the temperature (K), r is the hydrodynamic radius for triiodide (~ 2.1 Å) and η is the
viscosity of the electrolyte.
Using this equation, the diffusion coefficient of the triiodide in P222(101)NTf2 is only
expected to be 1.2 x 10-7 cm2 s-1 which is lower than the measured diffusion coefficient by
a factor of about 4 times. Another example is P222(201)NTf2 whose diffusion coefficient is
0.7 x 10-7 cm2 s-1; also a factor of about 4. This confirms that there is a mechanism
operative that is not taken into consideration by the Stokes-Equation.

8.4.2 Photovoltaic characterisation
The performance of six porphyrin sensitisers was investigated using standard molecular
liquid electrolyte, and this is used to compare the performance of the devices with ionic
liquids. For each dye, four devices were fabricated and constructed on the same day.
8.4.2.1 Different porphyrin sensitisers
Figure 8.4 shows the performance of P159, GD3, GD2, P135, EM41 and P403 under full
light intensity, and Table 8.3 summarises the photovoltaic parameters. The structure of the
porphyrin sensitisers are shown in Figure 8.1.
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Figure 8.4: IV curves for different porphyrin sensitiser DSSCs using a standard
acetonitrile-valeronitrile based electrolyte, under full sunlight (AM 1.5) or in the dark

The results obtained from the IV curves of the DSSC based on P403 are 7.12 mA cm-2, 582
mV and 0.72 for Isc, Voc and fill factor respectively. These give an overall performance of
2.96 %. The low Voc may be due to an increase in the back reaction process, as observed
by the dark current which is shifted to lower potential. The structure of the P403 sensitiser
can also have an effect on the performance of the devices. As shown in Figure 8.1, P403
contains two binding groups attached to the benzene ring, a carboxylic acid and a nitrile
group. It is possible that the dyes are loosely attached to the surface of the TiO 2, or that
they aggregate, leading to a lower current density. If the dye is not properly attached to the
semiconductor, this will lower the charge injection efficiency, which will have an effect on
the current density delivered.19
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DSSCs based on EM 41 generates an Isc of 10 mA cm-2, a Voc of 598 mV and a fill factor
of 0.64, yielding an overall conversion efficiency of 3.81 %. Even though the sensitiser has
a good dye coverage, 6.5 x 1015 molecules cm-1 μm-1 which is similar to the best
performing dye P159, the performance is poor. This is mainly due to the low Voc, which
may be due to a high recombination rate between the TiO2 and the electrolyte, arising from
a different structure/shape of the adsorbed dye molecule. A low performance is also
observed with P135. The Isc, Voc and ff generated by the device containing P135 are 8.9
mA cm-2, 654 mV and 0.74 respectively, resulting in an overall performance of 4.3 %. The
main limitation of P135 is the low current density, which is due to dissolution of the dye
when the molecular liquid electrolyte is injected into the device. Visual observation of the
device shows that the electrolyte turned green within 5 mins. The dissolution of the dye
may be due to poor binding between the dye and the semiconductor. GD2, GD3 and P159
show quite good performance compared to the P403, EM41 and P135. P159 gives the best
device performance, with an Isc of 12.7 mA cm-2, a Voc of 692 mV and a fill factor of 0.69,
yielding an overall performance of 6.0 % under 1 sun. The high performance may be due
to the presence of the long alkyl chains on the peripheral benzene ring, providing a
shielding effect from the back electron transfer from the TiO2, as indicated by the dark
current.
Table 8.3: Photovoltaic parameters for the DSSCs with the porphyrin dyes.
Dyes

Voc (mV)

Isc (mA/cm2)

ff

η (%)

P159

693 (± 2)

12.7 (± 0.2)

0.69(± 0.01)

6.0 (± 0.1)

GD3

645 (± 3)

12.1 (± 0.1)

0.69(± 0.02)

5.4 (± 0.2)

GD2

657 (± 2)

11.5 (± 0.2)

0.71(± 0.01)

5.4 (± 0.1)

P135

654 (± 3)

8.9 (± 0.1)

0.74(± 0.01)

4.3 (± 0.1)

EM41

598 (± 2)

10.0 (± 0.1)

0.64(± 0.02)

3.8 (± 0.2)

P403

582 (± 5)

7.1 (± 0.2)

0.72(± 0.01)

3.0 (± 0.1)

8.4.2.2 The effect of adding chenodeoxycholic acid and increasing the
concentration of 4-tert-butylpyridine in GD2-based DSSCs
To study the effect of chenodeoxycholic acid and the concentration of TBP, a 12 μm
transparent TiO2 film, on top of which an additional scattering layer was screen printed,
was used. The films were dyed for two hours. The electrolyte use for the investigation of
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the effect of chenodeoxycholic acid was composed of 0.1 M LiI, 0.05 M I2, 0.6 M C3mimI
and 0.5 M TBP in the standard acetonitrile-valeronitrile mixture.
Addition of different concentrations of chenodeoxycholic acid (DCA)
The effect of chenodeoxycholic acid (DCA) was investigated with the GD2 porphyrin
sensitiser. 0.02 mM, 0.2 mM and 2 mM of DCA was dissolved in a 0.2 mM GD2 dye
solution (UV-Vis spectrum is shown in Appendix, section A.7). As already discussed in
Chapter 7, a co-adsorbent is used to reduce dye aggregation and thereby increase the
photovoltaic performance of the device. Figure 8.5 compares the IV characteristics of
devices, made using the GD2 sensitiser, with various dye/DCA ratios. The corresponding
photovoltaic data is summarised in Table 8.4.

Figure 8.5: IV curves of GD2-dye sensitised solar cells using standard acetonitrilevaleronitrile based electrolyte, and the effect of increasing the concentration of
chenodeoxycholic acid, under AM 1.5 sunlight
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Table 8.4: Photovoltaic parameters of GD2 sensitised solar cells with varying
concentrations of DCA at full sunlight (AM 1.5) and active area of 0.16 cm2.
Dye:DCA

Voc (mV)

Isc (mA cm-2)

ff

η (%)

0.2 mM: 0

654 (± 2)

11.8 (± 0.2)

0.68 (± 0.01)

5.3 (±0.05)

0.2 mM: 0.02 mM

635 (± 1)

12.4 (± 0.1)

0.71 (± 0.02)

5.6 (± 0.04)

0.2 mM: 0.2 mM

657 (± 2)

13.5 (± 0.3)

0.70 (± 0.01)

6.2 (± 0.02)

0.2 mM: 2 mM

634 (± 3)

13.4 (± 0.1)

0.64 (± 0.01)

5.4 (± 0.02)

The results indicate that the presence of DCA, together with the dye at an optimum ratio,
adsorbed on the surface of TiO2, helps to prevent the formation of dye aggregates and
thereby yields an increase in both Voc and Isc in some cases, thus an improvement in
efficiency is observed. The best cell performance is obtained in the presence of equivalent
amounts of dye and co-adsorbent, yielding an Isc, Voc, ff and η of 13.5 mA cm-2, 657 mV,
0.70 and 6.2 % respectively. UV spectroscopy of the dye adsorbed on the surface of TiO2,
with different DCA ratios, was also measured and showed that the DCA occupies not only
the available space on the TiO2 surface, but also there is direct competition between the
dye and the DCA to go onto the surface of the TiO2; there is a decrease in dye absorption
as the concentration of DCA increases. The cell with no DCA shows a lower Isc value (11.8
mA cm-2), and therefore a lower device performance, than those with the co-adsorbent.
With the highest concentration of DCA, a drop in device performance is observed, with the
cell reaching only 5.4 %, which is comparable to the device without DCA. This drop in
device performance is mainly due to a decreased fill factor, as well as lower Voc. The low
fill factor is due to the high photoshunt (in other words, shunt resistance) that may be due
to presence of impurities or crystal damage in the TiO2.20
The influence of 4-tert-butylpyridine on the performance of the DSSCs
The open circuit voltage is one of the parameters that can influence the overall conversion
efficiency of the device. This is the potential between the Fermi level of the TiO2 under
illumination and the potential of the redox couple in the electrolyte. There are two main
processes that can influence the Voc; the back reaction process between the TiO2 and the
redox couple in the electrolyte, and a band edge shift of the TiO2. It is well known that one
way to suppress the back reaction is to use a pyridine derivative.
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Huang et al. demonstrated that treating the film with pyridine derivatives, such as poly(2vinylpyridine) and 2-vinylpyridine, can significantly increase the Voc, and the overall
performance of the device.21 Thus, the effect of TBP was investigated with GD2 dye.
In this study, a series of molecular liquid-based electrolytes with different amounts of TBP
were investigated. Table 8.5 shows the effects of increasing the concentration of TBP in
the standard electrolyte on the performance of the GD2-sensitised solar cells under 100 %
sun intensity. Figure 8.6 shows the current voltage characteristics of the devices.

Figure 8.6: IV curves of GD2-DSSCs and the effect of increasing the concentration of
TBP in the molecular liquid-based electrolyte system
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When the concentration of TBP is gradually increased, a clear enhancement in Voc from
569 to 701 mV is observed, whereas the tendency for Isc is the opposite; varying from 12.4
to 8.7 mA cm-2 at 100 % sun intensity. As demonstrated in Chapter 6, addition of a base
results in a shift in the conduction band of the TiO2 to more negative potentials, which may
affect electron injection and collection efficiency, reducing the current density. With high
concentrations of TBP, dissolution of the sensitiser was visually observed.
TBP is known to have a good affinity with the TiO2 surface; it is possible that at high
concentrations, the TBP is displacing the dye from the surface, resulting in a decreased
amount of dye and therefore a drop in current density. A slight rise in fill factor is also
noted. The increase in Voc and fill factor is probably because the TBP forms a blocking
layer on the surface of the TiO2, reducing the dark current reaction at the semiconductorelectrolyte junction. As the I3- is relatively small, there is a possibility that the ion can go
through the dye layer. Another possibility is that there is some surface of the TiO2 not
completely covered with the dye, which is exposed to the electrolyte at low concentrations
of TBP, leading to a decrease in Voc and fill factor.22 The addition of TBP is intended to
reduce the rate of reduction of the triiodide, as is observed in the dark current curves in
Figure 8.6. Even though the Voc and ff are much better at 1 M TBP, the reduction in current
density is quite substantial, and this has more effect on the overall performance of the
device. Table 8.5 summarises the photovoltaic parameters extracted from Figure 8.6.
Table 8.5: IV data on the effect of increasing the concentration of TBP.
Voc (mV)

Isc (mA cm-2)

ff

η (%)

0.05 M

569 (± 3)

12.4 (± 0.5)

0.64 (± 0.03)

4.5 (± 0.2)

0.2 M

632 (± 2)

12.3 (± 0.1)

0.65 (± 0.02)

5.0 (± 0.1)

0.5 M

654 (± 3)

11.8 (± 0.2)

0.68 (± 0.01)

5.3 (± 0.3)

1M

701 (± 2)

8.7 (± 0.1)

0.69 (± 0.02)

4.2 (± 0.3)

Concentration of TBP
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8.4.2.3 Ionic liquids electrolytes with Porphyrin sensitisers
8.4.2.3.1 Binary ionic liquids with the P159 sensitiser
Figure 8.7 illustrates the performance of DSSCs utilising binary mixtures of ILs with the
P159 sensitiser, as a function of light intensity.

(a)

(b)
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(c)

(d)
Figure 8.7: (a) Voc, (b) fill factor, (c) Isc and (d) efficiency as a function of sun intensity
of P159-dye sensitised solar cells with binary ionic liquid mixtures

282

8. Ionic liquids for porphyrin dye sensitised solar cells

In the series of binary mixtures investigated with P159, C2mimBF4, C2mimSCN and
C2mimN(CN)2 show the worst performance in the solar devices; similar to those obtained
with GD2 sensitisers. The short circuit current density, the Voc and the fill factor with
C2mimBF4 electrolyte is 5.0 mA cm-2, 628 mV and 0.79 respectively, yielding an
efficiency of 2.5 % as shown in Figure 8.7 at 100 % sun intensity. In the case of
C2mimSCN, the Isc is 3.7 mA cm-2, Voc is 715 mV, the fill factor is 0.78 and the η is 2.1 %.
C2mimN(CN)2 also has similar photovoltaic characteristics as C2mimSCN with an Isc of
3.9 mA cm-2, a Voc of 719 mV, a fill factor of 0.78 and an overall performance of 2.2 %.
C2mimN(CN)2 and C2mimSCN show lower current densities and higher open circuit
voltages, which might be due to the negative shift in the conduction band edge of the
semiconductor when it is in contact with a more basic ionic liquid, as discussed in Chapter
6. This shift in conduction band has a negative effect on the photocurrent current density,
due to the inefficient charge injection and collection efficiency.
APCE (absorbed photon-to-current-conversion efficiency) measures the number of
electrons collected in the external circuit per number of absorbed photons. The APCE was
measured using the ionic liquid electrolyte (C2mimSCN) and using the standard porphyrin
liquid electrolyte. In the case of the molecular liquid electrolyte, the APCE value was 70
%, and in the case of the C2mimSCN the APCE was only 40 %. This suggests that the low
performance of the device with the IL is due to inefficient charge injection and charge
collection. Another possibility is the interaction of these ionic liquids with the porphyrin
sensitisers; discoloration of the dyed films (turning from green to dark red in appearance)
was observed when C2mimN(CN)2 and C2mimSCN were used. Free base porphyrin
sensitisers (i.e. without the metal centre) are usually dark red. However, UV spectroscopy
on the discoloured films showed that the zinc was still retained in the core structure of the
P159 and therefore further surface analysis of the discoloured film is required to
understand this colour change.
The best conversion efficiency was achieved with C2mimB(CN)4 electrolytes. This
electrolyte gives an Isc of 7.8 mA cm-2, a Voc of 670 mV, a fill factor of 0.76 and an
efficiency of 4 %. In the NTf2 series, P222(101) yield slightly better conversion efficiency
than C2mimNTf2 and P222(201)NTf2.
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Table 8.6 summarises the photovoltaic parameters of the devices using different binary
ionic liquids with P159-senstised solar cells.
Table 8.6: Summary of IV parameters obtained from Figure 8.7.
Voc (mV)

Isc (mA cm-2)

ff

η (%)

C2mimB(CN)4

670 (± 7)

7.8 (± 0.2)

0.76 (± 0.01)

4.0 (± 0.1)

P222(101)NTf2

618 (± 8)

7.7 (± 0.1)

0.73 (± 0.02)

3.4 (± 0.2)

C2mimNTf2

636 (± 5)

7.0 (± 0.1)

0.73 (± 0.01)

3.3 (± 0.1)

P222(201)NTf2

624 (± 3)

6.6 (± 0.2)

0.73 (± 0.02)

3.0 (± 0.1)

C2mimBF4

628 (± 4)

5.0 (± 0.2)

0.79 (± 0.01)

2.5 (± 0.2)

C2mimN(CN)2

719 (± 5)

4.0 (± 0.1)

0.78 (± 0.01)

2.2 (± 0.2)

C2mimSCN

716 (± 5)

3.7 (± 0.2)

0.78 (± 0.01)

2.1 (± 0.1)

IL

8.4.2.3.2 Ternary ionic liquids mixtures with porphyrin sensitisers GD2,
GD3 and P159
We demonstrated in the above section that the use of binary mixtures shows only moderate
performance with the porphyrin dyes. Here we investigate the use of ternary ionic liquid
mixtures, which have been shown to work very well in Ruthenium-based dye sensitised
solar cells. Figure 8.8 displays the IV characteristics of DSSCs using GD2, GD3 and P159,
in this case using the C1mimI/C2mimI/C2mimB(CN)4/LiI/I2/NMB electrolyte. The best
performance was obtained with P159. At 1 sun illumination, the Voc, Isc, and the ff are 637
mV, 10.5 mA cm-2 and 0.71 respectively, yielding an efficiency of 4.7 %.
After light soaking for an hour, the performance of the device slightly increased, yielding
an efficiency of 4.9 % with an increase in Isc to 11.9 mA cm-2.
Similar open circuit voltages were observed for all dyes as expected, as they have similar
electronic configuration, but a much higher short circuit current density was observed for
P159. The poorer performance of GD2 and GD3 could be due to the interaction of I3- with
the porphyrin increasing the recombination of I3- with the TiO2, as previously
demonstrated by Mozer et al.23 In contrast to GD2 and GD3, P159 has long hydrophobic
alkyl chains on the peripheral benzene rings, providing a barrier layer for back electron
transfer from the TiO2, as proposed for amphiphilic ruthenium sensitisers.24
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Figure 8.8: IV curves of DSSCs with different porphyrin dyes GD2, GD3 and P159
using an ionic liquid electrolyte (C2mimI/C1mimI/C2mimB(CN)4/LiI/I2/NMB) under
simulated sunlight AM 1.5
Different Ternary electrolytes with P159 DSSCs
Figure 8.9 shows the different parameters of the solar cells, as a function of light intensity,
with various ionic liquid electrolytes and P159 as the sensitisers. The light intensity was
varied from 5 % to 100 % sun intensity under AM 1.5. As shown in Figure 8.9 (a), the
short circuit current density, Isc, went up linearly with incident light intensity up to 100 %
sun, with all of the different electrolyte systems. This indicates that the Isc is not limited by
diffusion of triiodide or iodide ions in the TiO2 network. This trend of increase in Isc with
light intensity is related to the mobility of electrons in the TiO2, which can be explained by
the trapping and detrapping model proposed by Durrant et al.25 They reported that when
the light intensity is increased, the deep traps are filled with the injected electrons, and thus
do not hinder the transport of electrons at high sun intensity. As a result, when the light
intensity is increased, the detrapping of electrons from shallow traps is much quicker,
giving rise to higher electron diffusions in the TiO2 and hence higher Isc.
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(a)

(b)
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(c)

(d)
Figure 8.9: (a) Isc, (b) fill factor, (c) Voc and (d) efficiency as a function of light
intensity for various ionic liquid electrolytes with the P159 sensitiser
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Figure 8.9 (b) shows the dependence of fill factor with light intensity. In all cases, the fill
factor of the DSSCs remain relatively constant, except with C2mimB(CN)4 and
P222(101)NTf2. The decrease in fill factor with increasing light intensity may be due to the
ohmic losses in the device.
Figure 8.9 (c) displays the dependence of open circuit voltage as a function of light
intensity. In all cases the Voc of the devices increased linearly until 15 % sun intensity and
reached a plateau between 38 % and 100 % sun intensity. C2mimBF4 shows the lowest Voc
over all intensity ranges. As demonstrated in Chapter 6, this could be due to the shift in the
conduction band edge of the TiO2 in contact with the electrolyte. C2mimBF4 is known to
hydrolyse quite easily resulting in the formation of HF, which will shift the conduction
band edge upwards to a more positive potential and hence lower the Voc.
Figure 8.9 (d) shows the effect of light intensity on the performance of the devices. In all
electrolyte systems, the best performance is achieved at low sun intensity. The best
performance is obtained with the ionic liquid electrolyte containing C2mimB(CN)4 at 68 %
sun, yielding a performance of 5.2 %. The worst performance is obtained with C2mimBF4,
followed closely by C2mimSCN.
Table 8.7 summarises the influence of different ionic liquids in the mixture with the P159,
compared to the data for the C2mimB(CN)4 cell described previously. Even though
C2mimSCN and C2mimN(CN)2 show similar viscosity and ionic conductivity as
C2mimB(CN)4 (refer to Table 8.1), they show relatively poor performance in the DSSCs.
Fredin et al. reported that C2mimSCN gave the best efficiency in monolithic Ru-based
DSSCs due to the formation of pseudo halides such as I2SCN-, which may lower the
concentration of triioidide.26 This is not observed in our case. One possible explanation is
that the thiocyanate might interact with the porphyrin dye. As shown in Table 8.7, the
performance of the DSSCs is not highly correlated with the physical properties of the ionic
liquids. C2mimSCN and C2mimN(CN)2 are highly hygroscopic and distinctly basic
compared to C2mimB(CN)4, hence there might be some interaction with the dye in these
cases. The best of the IL cells (C2mimB(CN)4) compares quite favourably with the
standard acetonitrile electrolyte (Table 8.7, bottom), the IL only lowering the efficiency by
about 1 % as a result of the higher viscosity of these systems.
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The decrease in device performance is mainly a result of the lower Isc, which is due to the
slow diffusion of the triiodide. Higher concentrations of the iodide source and iodine are
needed to avoid the mass transport limitation of the Isc, but higher concentrations of iodine
also increases the dark current, resulting in a lower Voc and lower efficiency.
In the lower half of Table 8.7 are the results for the DSSCs, sensitised with P159, for a
number of other ionic liquids containing quaternary ammonium and phosphonium cations.
Phosphonium ionic liquids are usually based on relatively large cations and therefore they
tend to have high viscosities. As demonstrated in Chapter 7 and here, the use of
phosphonium ionic liquids based on small cations show quite good performance. These
phosphonium ionic liquids are used as they are generally thought to be more stable than the
corresponding imidazolium-based ionic liquids. An efficiency of 3.9 % was achieved at 1
sun using P222(101)NTf2. The other variants are slightly lower in efficiency, but with further
optimisation of the electrolyte, it should be possible to further enhance the performance of
the device. C2mimNTf2 remains the highest efficiency member of this NTf2 anion family
when used with P159.
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Table 8.7: The photovoltaic characteristics of DSSCs sensitised with porphyrin P159
using different ILs in the electrolyte C1mimI/C2mimI/IL/LiI/I2/NMB, after light
soaking for 30 mins.
Voc (mV)

Isc (mA cm-2)

ff

η (%)

C2mimB(CN)4

624 (± 5)

11.9 (± 0.2)

0.66 (± 0.02)

4.9 (± 0.1)

C2mimNTf2

647 (± 2)

8.3 (± 0.6)

0.78 (± 0.01)

4.2 (± 0.1)

C1mimI/C2mimI/

661 (± 5)

5.3 (± 0.8)

0.78 (± 0.01)

2.7 (± 0.3)

C2mimSCN

649 (± 4)

5.3 (± 0.4)

0.78 (± 0.01)

2.7 (± 0.2)

C2mimBF4

613 (± 3)

5.8 (± 0.1)

0.74 (± 0.01)

2.6 (± 0.1)

C2mimN(CN)2

652 (± 10)

6.9 (± 0.3)

0.73 (± 0.04)

3.2 (± 0.2)

P222(101)NTf2

631 (± 4)

8.9 (± 0.3)

0.70 (± 0.03)

3.9 (± 0.2)

P222(201)NTf2

649 (± 5)

7.4 (± 0.5)

0.74 (± 0.02)

3.6 (± 0.1)

P1224NTf2

664 (± 6)

7.0 (± 0.3)

0.76 (± 0.01)

3.5 (± 0.1)

N2226NTf2

636 (± 7)

7.9 (± 0.2)

0.75 (± 0.03)

3.8 (± 0.1)

N1123NTf2

644 (± 4)

7.8 (± 0.1)

0.78 (± 0.01)

3.9 (± 0.1)

IL

Allylimidazolium
iodide

Standard acetonitrile-valeronitrile
electrolyte
Standard

698 (±7)

12.3 (± 0.1)

0.69 (± 0.05)

6.0 (± 0.1)

(Porphyrin)

8.4.2.3.3 Transient light absorption spectroscopy of DSSCs with the P159 dye
To further understand the difference between the electrolyte systems with P159, transient
light absorption spectroscopy was performed. For this study, two ionic liquids were used,
the best performing electrolyte C2mimB(CN)4, and the worst performing electrolyte
C2mimSCN. This measurements were performed in collaboration with Dr. Attila Mozer at
the University of Wollongong.
The first experiment focused on measuring the dye+ reduction rates using the P159 dye.
For this experiment, the C2mimI/C1mimI/C2mimB(CN)4/LiI/I2/NMB electrolyte was used.
The aim of the experiment was to determine whether the pore filling with the electrolyte
was complete or incomplete.
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Virtually no change was observed by varying the TiO2 film thicknesses from 1.9 m (S1),
4.9 m (S2), 7.6 m (S3), 9.4 m (S4) to 15.9 m (S5) as shown in Figure 8.10. The
different signal magnitude is quite possibly related to the different absorbance at the pump
wavelength of 605 nm with increasing thickness, but the decays were similar. One would
expect slower or incomplete regeneration in thicker samples if the electrolyte did not
permeate all the way to the FTO interface (that is where the majority of the dyes are
excited in thicker films).

Figure 8.10: Transient absorption decay of P159 sensitisers with C2mimI/C1mimI/
C2mimB(CN)4/LiI/I2/NMB electrolyte with different film thicknesses, S1 (□), S2 (□),
S3 (□), S4 (□), S5 (□)

291

8. Ionic liquids for porphyrin dye sensitised solar cells

We checked the pump light intensity dependence and back and front illumination, and
again no major difference was observed, as shown in Figure 8.11.

Figure 8.11: Transient absorption decay of P159 sensitisers with the C2mimI/
C1mimI/C2mimB(CN)4/LiI/I2/NMB electrolyte with front and back illumination, S5C2mimB(CN)4-low light intensity (▲), S5-C2mimB(CN)4-back illumination (□), S5C2mimB(CN)4-full light intensity (●), S5-C2mimB(CN)4-front illumination (■)
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Dye+ regeneration yield can be estimated at the time indicated by the dashed line in Fig.
8.12; the dye+ recombination with TiO2 electrons (Figure 8.12 (black)) is negligible when
the reduction of dye+ by I- is complete (Figure 8.12 (red)).

Figure 8.12: Transient absorption decay of P159 sensitisers, S3-C2mimB(CN)4-LiClO4
( ), S3-C2mimB(CN)4 (○)
The dye+ signal was checked at 1 Hz and 10 Hz repetition rate, and no difference was
observed, which confirms that dye+ + e- (TiO2) recombination is completed within 0.1 s
(no build-up of e- between pulses).
The same experiment was repeated with a C2mimSCN based electrolyte and similar trends
were observed.
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With some level of confidence, it can therefore be concluded that the dye+ regeneration /
dye+ + e- (TiO2) recombination is not the reason behind the differences in using the various
ionic liquids. The possible reasons for that may be due to:
(i)

The recombination process (e-(TiO2) + I3-) i.e. the injection efficiency of the
dyes into the CB of the TiO2. The dye* excited state lifetime depends to some
extent on the electrolyte. For example, it is shorter in the presence of
LiI/I2/acetonitrile, TBP electrolyte. If the injection is not too fast, the shortening
of the excited state lifetime would influence the injection yield.

(ii)

As already stated, the shift in conduction band edge in the presence of the
various electrolytes might influence the overall performance of the devices.

Further studies such as SLIM-PCV and electron density measurements on thin films would
clearly indicate whether the conduction band is shifted in various electrolytes, and also
whether the recombination rate is different in different electrolyte systems. The
measurements described here were performed on thick films and were not conclusive.
Thus the experiments in the future on thin films could produce a better understanding of
the effect of the different electrolytes on porphyrin dye sensitised solar cells.

8.5 Conclusions
In summary, porphyrin dye sensitised solar cells containing electrolytes based on mixtures
of ionic liquids were fabricated. The influence of different anions and cations were
investigated. The highest efficiency was recorded for cells containing the C2mimB(CN)4
ionic liquid in a ternary mixture, with a power conversion efficiency of 5.2 % at 68 % light
intensity with the P159 dye. The relatively high efficiency and promising results for the
phosphonium and ammonium ionic liquids indicates the possible practical use of these
electrolytes with the porphyrin dyes. In the porphyrin dye series, P159 behaves the best,
probably due to the presence of the long hydrophobic alkyl chains that protect the surface
of the TiO2 from the electrolytes.
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Chapter 9

Solid state materials in dye sensitised solar cells

Chapter overview
Here we described the use of a new class of material, known as organic ionic plastic
crystals (OIPCs), as solid state electrolytes for dye sensitised solar cells using ruthenium
based sensitisers. This is the first time that such materials have been used in DSSCs,
despite the fact that they have been heavily studied as electrolytes for fuel cells and lithium
batteries. Another class of material with similar properties to OIPCs are molecular plastic
crystals; succinonitrile is one such example of this class of material and this was studied
with both zinc porphyrin dyes (Chapter 6) and with the novel metal free organic sensitisers
described in Chapter 7. Succinonitrile has previously been used as a solid state electrolyte
in ruthenium based dye sensitised solar cells, yielding an efficiency of more than 6.5 %
under moderate light intensity.1 Thus, we were interested in investigating use of this
molecular plastic material with zinc porphyrin and dithienothiophene-based sensitisers.
The performance of the solar cells were evaluated under different light intensities, and the
addition of silica nanoparticles, which are known to increase the performance of the
devices, was also studied. Interesting performance was achieved using these solid state
electrolytes, with either ruthenium based sensitisers or organic sensitisers, indicating that
organic ionic plastic crystals have the potential to be used as solid state electrolytes in solar
cells.
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9.1 Introduction
9.1.1 Organic ionic plastic crystals
Organic ionic plastic crystals are a new class of material closely related to the family of
aprotic ionic liquids.2 They are typically based on the same family of cations and anions as
ionic liquids. One of the main criteria to identify a molecular plastic crystals is the entropy
of fusion, ΔSf which should be less than 20 J mol-1 K-1, which is known as the
Timmermans’criteria,3 and this criteria can often (but not always) also be applied to
organic ionic plastic crystals.

Another typical behaviour of organic ionic plastic crystals is a solid-solid phase transition
below the melting point and waxiness or plasticity, in the highest temperature solid phase.4
The plastic properties often derive from the fact that one or more species within the crystal
lattice can undergo some kind of rotational motion. The existence of rotational motions in
the crystalline phase, below the melting point, raises the entropy of the solid state closer to
the liquid, thus producing a small entropy of fusion compared to fully ordered crystals.5

Organic ionic plastic crystals have all the physical properties of molecular plastic crystals,
but also have an extended range of thermal stability, and are generally chemically inert as
they are a solid state version of their ionic analogues. Because the thermodynamic state of
the plastic crystal phase is close to that of the liquid state, these materials often exhibit
solid-state diffusion of one or both ions and high ionic conductivity can be observed.6
Hence, they can be used as solid state electrolytes, thus solving the problem of electrolyte
leakage from DSSCs. The imidazolium cation is not likely to form plastic crystals, as it has
a tendency to melt rather than forming a stable rotator phase, which is one of the origins of
plastic crystal behaviour.

Figure 9.1 shows some examples of known organic ionic plastic crystals. Many salts of the
pyrrolidinium cation are plastic crystals. Shorter alkyl chains on the pyrrolidinium ring are
likely to produce plastic crystal phases due to minimal steric hindrance to rotation. 7 The
pyrrolidinium series are the most studied OIPCs in the literature as a result of their high
ionic conductivity in the neat state. Upon doping, the ionic conductivity is further
improved, thus it is possible to modify the properties of the materials by adding
“impurities” such as lithium salts or nanoparticles.
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One of the most studied OIPCs in the group is N-ethyl-N-methyl pyrrolidinium
bis(trifluoromethanesulfonyl)amide (C2mpyrNTf2). For example, Howlett and co-workers
have demonstrated the high stability of the C2mpyrNTf2 in lithium batteries over a range of
applied potentials and currents.8-9 No decomposition product of the electrolyte was
detected, even under harsh conditions.
Other pyrrolidinium OIPCs studied are the BF4- and PF6- series; these materials also
exhibit good ionic conductivity and a range of solid-solid phase transitions before melting,
but with a shorter alkyl chain, these materials decompose before melting. The high melting
point of these materials limits their potential use as solid state electrolytes for solar cells.
Nevertheless, by adding different components, it is still possible to lower the melting point.

Tetraethylammonium dicyanamide displays the whole spectrum of behaviours associated
with plastic crystal and rotator phases.10 As stated by Pringle et al., this OIPC exhibits
highly conductive plastic crystal phase domains and the lowest entropy of fusion, thus
making it very attractive as a potential solid state electrolyte.6

Some recently discovered materials that show multiple solid-solid phase transitions are the
trialkylsulfonium series11 and the tetraalkylphosphonium series; in Chapter 5 we
demonstrated that some asymmetric phosphonium ionic liquids exhibit a range of solidsolid phase changes over a large temperature range.

Plastic crystals have previously been studied in fuel cells and lithium batteries, and they
performed quite well in these applications, hence the interest in this work in applying
OIPCs to dye sensitised solar cells.
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Figure 9.1: Examples of organic ionic plastic crystals
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9.2 Types of solid state electrolyte already studied in DSSCs
In the previous chapters, we discussed the use of ionic liquids as electrolytes for dye
sensitised solar cells using zinc porphyrin dyes and thiophene derivative sensitisers. We
have demonstrated that these dyes show quite interesting performance with phosphonium
and imidazolium-based ionic liquids. Here we report the use of different solid materials as
solid state electrolytes. A brief summary of the solid state materials previously studied as
electrolytes for DSSCs is given in the following sections.

9.2.1 Molecular plastic crystals

Molecular plastic crystals have the same properties as organic ionic plastic crystals, but
they are composed of neutral molecules. These materials were identified many decades ago
and were classified by Timmermans, in his 1961 review of plastic crystals.3 Figure 9.2
shows some examples of plastic crystals studied in the literature.

Figure 9.2: Examples of molecular plastic crystals
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Of the molecular plastic crystals shown in Figure 9.2, succinonitrile is the most studied for
batteries and solar cells due to its ability to dissolve a number of salts, its low melting point
and interesting properties upon doping, as demonstrated by Long and co-workers.12 The
addition of lithium salts greatly increases the ionic conductivity of this material, making it
a good candidate for a solid state electrolyte for electrochemical devices.12 Due to its
neutrality, it acts as a good matrix for any type of salts and succinonitrile is still under
investigation in various fields.13-14 Pentaglycerine has also been studied as a potential
electrolyte for batteries due to its good ionic conductivity and an increase in ionic
conductivity upon doping.15 Unfortunately, pentaglycerine decomposes before melting,
which limits its use. The main application of pentaerythritol is in the paint and varnish
industry, where it is used to produce resins, lubricant and explosives. Pentaerythritol also
exhibits plastic behaviour. However, the high melting point and the difficulty in mixing
this material with iodide salts and 1-methylbenzimidazole restrict its use as a solid state
electrolyte for DSSCs. Derivatives of pentaerythritol are known to have a lower melting
point and in some cases they exhibit multiple solid-solid phase transitions.16

9.2.2 Inorganic P-type semiconductors
The first solid state DSSCs was fabricated by Tennakone et al. in 1988.17 They used an
inorganic p-type semiconductor (P-CuSCN) with an n-type SnO2 sensitised with
Rhodamine B dye. However, at that time only a poor efficiency was obtained. A recent
improvement in device performance using a modified method to prepare CuSCN was
obtained by Premalal et al.18 They successfully increased the device energy conversion
efficiency from 2.4 % to 3.4 %. Other inorganic p-type semiconductors, such as CuI and
CuBr, were also investigated and an efficiency of more than 2 % was measured for a solid
state DSSC based on CuI.19 At that time, this was the highest recorded efficiency for a
solid state DSSC. Later, Meng and co-workers further improved the performance of the
device to 3.8 % by using a molten salt capped CuI.20 However, the problem with such
inorganic p-type semiconductors is that they are not stable for a long period of time. Many
attempts to improve the stability of the cells with this class of material have been reported
by various research groups.21-22 For example, Taguchi and co-workers,21 as well as Kumara
and co-workers,22 coated the TiO2 layer with MgO, and have shown that the device was
improved in both performance and stability.
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However, although they improved the deposition method without causing any damaged to
the dye, and were able to regenerate the dye efficiently, the performance of such devices
were still quite low compared to those using liquid electrolytes. Given the poor
performance of the devices using inorganic p-type semiconductors as solid state
electrolytes, other alternatives need to be looked at, for example, organic hole conducting
materials or polymers.

9.2.3 Organic p-type semiconductors
The other type of hole transporting material (HTM) available is the organic p-type
semiconductors. These materials are widely available and they are easy to fabricate. The
most common and highly performing hole conducting molecule so far is spiro-OMeTAD.
The first use of spiro-OMeTAD was in 1998,23 where an efficiency of 0.74 % was
achieved, which was further improved to 5.1 % in 2009.24 One major challenge to
overcome with this type of material is the filling of the pores of the semiconductor, and to
make sure that there is good contact between the HTM and the dye coated TiO2 film. A
further issue that needs to be addressed is the use of solvents, for example, chlorobenzene
or acetonitrile. Solvents are required to dissolve and deposit the HTMs onto the dye coated
TiO2 film. There is a possibility that some of the solvents infiltrate into the pores of the
TiO2, which can lead to inefficient filling of the HTM into the TiO2 network. HTMs are
known to have high melting temperatures, but recently Fredin and co-workers

25-26

developed a new method where the hole conductor is melted onto the dye-coated TiO2.
This method requires HTMs with a lower melting point, as higher temperatures (> 125 °C)
are known to degrade the dye, thus leading to poor conversion efficiency of the solid state
device.25 Electrochemically deposited PEDOT as the hole conductor have also been used at
the HTM in dye sensitised solar cells using a ruthenium dye, giving an Isc of 2.3 mA cm-2
and an efficiency of 0.53 %.27 Polyaniline is the most studied conducting polymer and is
used in many applications; for instance as membranes or as the anode in fuel cells,28 as
counter electrodes and as the hole conducting material in DSSCs.29-30 Using this material
as the solid state electrolyte, the best conversion efficiency ever achieved was 1.2 %.30
Figure 9.3 shows the structures of some well known HTMs utilised in solid state dye
sensitised solar cells (SSDSSCs).
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Figure 9.3: Hole conducting materials used in SSDSSCs
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9.2.4 Solid polymer electrolytes and polymer gel electrolytes

Another interesting class of solid state materials are polymers. Polymer electrolytes have
been heavily used in lithium batteries,31 supercapacitors,32 actuators33 and more recently, in
DSSCs.34 They can also be used in lithium ion batteries,35 giving an increase in the ionic
conductivity of the electrolyte when LiNTf2 is present and as an enhancement for
electrochemical stability. DSSCs combined with the polymer electrolytes have shown
much progress to date. Li and co-workers have shown that by varying the amounts of
poly(vinylpyridine-co-acrylonitrile) added to an electrolyte containing ethylene carbonate,
propylene carbonate, KI and I2, to form a polymer electrolyte for DSSCs, an improvement
in efficiency from 6.2 % to 6.7 % was achieved.36 In 2007, Lan et al. reported the use of a
mixture of poly(ethylene glycol) and poly (acrylic acid), which was used as a matrix to
prepare the polymer gel electrolyte.37 As mentioned above, polymer electrolytes are
prepared by adding the polymer to a liquid based electrolyte and stirring it until it forms a
gel. However, there is a possibility that some of the liquid electrolyte is still trapped in the
gel network, and during the operation of the solar cells, slow evaporation of the volatile
components occurs, thus reducing the stability of the device. By building the hybrid
matrix, Lan and co-workers wanted to address this problem and at the same time improve
the power conversion efficiency. They were able to demonstrate a conversion efficiency of
6.3 % and assumed that the large amount of liquid electrolyte absorbed to form the gel
electrolyte was not going to affect the long term stability of the device.37 Recently, an
iodine-free solid state electrolyte for DSSCs reaching a performance of 5.8 % was
demonstrated by Lee et al.38 They reported that the addition of a small amount of iodine
had a rather negative effect on the photovoltaic performance of the device.

One concern that is often raised with solid electrolytes is the low ionic conductivity.
However, Cha et al. recently reported that poor ionic conductivity in polymer based
electrolytes is not the only factor that limits the performance of the DSSCs; other factors
such as electron recombination may also be the cause of poor performance of the devices.39
They demonstrated that the solid electrolytes with higher ionic conductivity actually did
not give the best performance, indicating that ionic conductivity might not be the only
factor determining the performance of the device.
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Quasi solid state electrolytes based on mixing an ionic liquid with a polymer have also
proved quite efficient.40 Fan and colleagues demonstrated that a DSSC with an optimised
polymer gel electrolyte, composed of polyvinylpyrrolidone at 35 wt% and C4mimI of 0.9
M, gives an efficiency of 5.41 % under 1 sun.40 They also reported that the DSSCs
fabricated with the gel electrolytes showed better long term stability than the liquid
electrolytes. Figure 9.4 shows some of the polymers used in DSSCs as quasi solid state
electrolytes. Even though polymer electrolytes are quite interesting and showed high
conversion efficiency, they still contain a volatile component, which can limit the long
term stability of the device. Nevertheless, they have the potential to replace the acetonitrile
based electrolytes.

Figure 9.4: Polymers used as solid state electrolytes in DSSC

9.3 Experimental
Thermal analysis, conductivity measurement and EIS experimental procedures have
previously been discussed in Chapters 3 and 5.
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9.3.1 Synthesis of organic ionic plastic crystals
The organic plastic crystals were synthesised according to the literature procedure.41
Briefly, N-methylpyrrolidine, iodomethane, bromoethane and 1-bromopropane were
purchased from Aldrich. N-methylpyrrolidine was distilled over KOH before use. The
tetrafluoroborate, hexafluorophosphate, dicyanamide and thiocyanate salts were prepared
by a two-step process. The first step is the formation of the halides salts, followed by the
metathesis

with

silver

tetrafluoroborate,

potassium

hexafluorophosphate,

silver

dicyanamide or silver thiocyanate.
N,N-dimethylpyrrolidinium tetrafluoroborate (C1mpyrBF4)
1

H NMR δ (d6-DMSO, 300 MHz) ppm 2.0 - 2.2 (m, 2H), 3.1 (s, 3H), 3.4 - 3.5 (m, 2H). MS

(ESI): ES+ m/z 100.1 (C6H14 N+), ES- m/z, 86.7 (BF4-).

N-ethyl-N-methylpyrrolidinium tetrafluoroborate (C2mpyrBF4)
1

H NMR δ (d6-DMSO, 300 MHz) ppm 2.0 - 2.2 (m, 2H), 3.0 (s, 3H), 3.2 - 3.3 (m, 2H),

3.4-3.5 (m, 2H).
MS (ESI): ES+ m/z 114.1 (C7H17 N+), ES- m/z, 86.7 (BF4-).
N,N-dimethylpyrrolidinium dicyanamide (C1mpyrN(CN)2)
1

H NMR δ (d6-DMSO, 300 MHz) ppm 2.0 - 2.2 (m, 2H), 3.1 (s, 3H), 3.4 - 3.5 (m, 2H). MS

(ESI): ES+ m/z 100.1 (C6H14 N+), ES- m/z, 66 (N(CN)2-).

N,N,N,N-tetraethylammonium dicyanamide (N2222N(CN)2)
1

H NMR δ (d6-DMSO, 300 MHz) ppm 1.4 - 1.5 (m, 3H), 3.3 - 3.5. (q, 2H).

MS (ESI): ES+ m/z 130 (C6H14 N+), ES- m/z, 86.7 (BF4-).

N-ethyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)amide (C2mpyrNTf2)
1

H NMR δ (d6-DMSO, 300 MHz) ppm 1.2 - 1.3 (m, 3H), 2.0 - 2.1. (m, 2H)., 2.9 (s, 3H),

3.2 - 3.5 (m, 2H).
MS (ESI): ES+ m/z 113.9 (C7H16 N+), ES- m/z, 280 (NTf2-).
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9.4 Results and discussion
9.4.1 Molecular plastic crystals: Succinonitrile
Succinonitrile is a well known molecular plastic crystal that exhibits a distinct solid-solid
phase transition from -38 ºC and melts at 58 ºC, as shown in Figure 9.5. According to
Wulff and co-workers, phase II is an ordered phase with a monoclinic structure and phase I
is highly disordered and exists in a body-centred cubic structure.42-43 The disorder is due to
the onset of rotation about the principal axis passing through the C-C bond.42,

44

Succinonitrile as a solid state electrolyte in dye sensitised solar cells was investigated by
Wang et al.1 A power conversion efficiency of ~5 % was achieved at full sun in a
ruthenium based dye sensitised solar cell.1
Dai et al. have shown high mobility of the iodide-triiodide redox couple in this molecular
plastic crystal.45 They investigated the thermal behaviour of the plastic material with
different iodide salts and varying compositions to investigate if any change in the solidsolid phase transition occurred and found that, depending on the symmetry of the cations
of the iodide salts used, changes in the transition temperature occurred in some cases. They
also observed quite complex behaviour of this plastic material upon addition of the iodide
salts and iodine. Nevertheless, high diffusivity of the I3- and I- was observed in the plastic
crystal, hence our interest in investigating this molecular plastic crystal as a solid state
electrolyte with organic sensitisers, as described previously in Chapter 7 and 8. For
porphyrin sensitisers, spiro-OMeTAD is the only solid state material that has been
investigated so far, and an efficiency of 3.7 % was achieved at full sun intensity.46-47
In the quest to improve the mobility of I3- and I- in heavily viscous, gel polymer or solid
electrolytes, several strategies have been employed, such as adding an ionic liquid, a small
amount of solvent or nanoparticles, which improve, to a certain extent, the transport
properties of the redox species, and therefore give an enhancement in device
performance.48-49 Hence, the effect of adding nanoparticles to neat succinonitrile and the
plastic electrolyte mixtures was investigated to see whether any improvement in the
mobility of the redox species took place.
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9.4.1.1 Thermal analysis
Addition of nanoparticles to neat succinonitrile
Figure 9.5 exhibits a typical thermal trace for neat succinonitrile and shows the effect of
doping the material with different amounts of silica nanoparticles. The neat succinonitrile
shows a solid-solid phase transition at -39 °C and a melt at 57 °C, with an entropy of
fusion of 9.4 J mol-1 K-1 (Table 9.1), and the solid-solid phase change (II to I) is moderately
affected by the addition of SiO2. There is no linear trend in the change in onset temperature
of the solid-solid transition with increasing SiO2 content. With a 2 wt% of SiO2, the
entropy of fusion of the solid-solid phase transition is 26 J mol-1 K-1 compared to 23 J mol1

K-1 for the pure material. With a further increase in the content of SiO2 to 5 wt%, the

entropy of fusion of the II to I phase transition is 23 J mol-1 K-1, which is closer to that of
the neat succinonitrile. The material with 10 wt% of SiO2 shows a broader solid-solid
transition and melt. With the higher content of filler, the melt peak is tilted and the onset
temperature is shifted to lower temperatures, while retaining a similar entropy of fusion to
the neat succinonitrile. Visual observation during the preparation of the sample with high
silica content showed difficulty in stirring the mixture, even at temperatures > 100 °C, as
the sample was quite viscous.

Figure 9.5: DSC traces of neat succinonitrile and with added SiO2 nanoparticles (7
nm)
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Table 9.1: Thermal parameters obtained from Figure 9.5.
II-I

I-melt

Onset Ts-s (°C)

ΔS (Jmol K )

Onset Tm (°C)

ΔS (Jmol-1K-1)

±2

± 0.01

±2

± 0.01

Succinonitrile

-35

23

57

9.5

Succinonitrile+2wt% SiO2

-37

26

57

11

Succinonitrile+5wt% SiO2

-35

23

57

10

Succinonitrile+10wt%SiO2

-32

21

53

9.7

Compound

-1

-1

In general, it can be concluded that there is no significant change in the thermal behaviour
of succinontirile upon the addition of SiO2, thus the material maintains its crystallinity.
Further studies are required to investigate the morphology of the mixed compounds to have
a full idea of what might be occurring (for example, the influence on the ionic
conductivity, the grain boundary) when fillers are added to the neat succinonitrile.

Addition of additives to neat succinonitrile
Figure 9.6 displays the thermal behaviour of succinonitrile in presence of additives such as
C4mpyrI (0.4 M), LiI (0.1 M) , I2 (0.1 M) and NMB (0.2 M).

Figure 9.6: DSC traces of neat succinonitrile and with C4mpyrI, LiI, I2, NMB and
SiO2
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As demonstrated by the thermal trace, the solid-solid phase transformation temperature is
not affected by addition of C4mpyrI, I2, LiI and NMB. In contrast, a decrease in the onset
temperature of the melt is observed, as well as a broadening of the peak. The entropy of
fusion of the mixed compound is slightly smaller than for the neat succinonitrile. For
example, in the presence of only iodine and C4mpyrI, the entropy of fusion of the solidsolid phase transition is 21 J mol-1 K-1, whereas for the neat succinonitrile this is 23 J mol-1
K-1. However, this change is sufficiently small, that one can say that the physical properties
of the succinonitrile remained relatively unchanged in presence of “impurities”.
Table 9.2: Thermal data obtained from Figure 9.6.
II-I

I-melt

Onset Ts-s (°C)

ΔS (Jmol K )

Onset Tm (°C)

ΔS (Jmol-1K-1)

±2

± 0.01

±2

± 0.01

Succinonitrile

-35

23

57

9.5

Succinonitrile + C4mpyrI

-39

21

40

5.1

-39

21

37

5.0

Compound

-1

-1

+ I2
Succinonitrile + C4mpyrI
+ I2 + LiI + NMB

9.4.1.2 Ionic Conductivity
Figure 9.7 shows the ionic conductivity of neat succinonitrile and in presence of additives
and SiO2, over the temperature range of -65 °C and 65 °C. In the neat system, the ionic
conductivity of the succinonitrile is quite low, whereas on addition of C4mpyrI and I2, a
significant increase in ionic conductivity is observed. One should keep in mind that in
theory, neat succinonitrile should not have a measurable ionic conductivity, as it is a
neutral species.15 The measured conductivity might be due to the presence of residual
impurities that are difficult to remove by purification alone. Nevertheless, the conductivity
goes up from 7.9 x 10-6 S cm-1 to approximately 3.3 x 10-3 S cm-1 at room temperature in
the presence of C4mpyrI and I2, which is the result of an increase in the concentration of
ions such as I- and I3-. These ions are quite mobile and thus will contribute to the overall
conductivity of the systems. The ionic conductivity in the presence of the additional
components is 2 x 10-3 S cm-1 at room temperature. SiO2 does not seem to significantly
augment the ionic conductivity (4.2 x 10-3 S cm-1 at room temperature).
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Figure 9.7: Logarithmic plot of ionic conductivity versus the inverse of temperature
for succinonitrile containing additives such as C4mpyr, LiI, I2 NMB and SiO2
9.4.1.3 Electrochemical measurements
Diffusion coefficient of iodide and triiodide
In order to study the diffusion coefficient of iodide and triiodide in succinonitrile, three
different plastic crystal based electrolyte systems were prepared. Electrolyte S1 was
composed of 0.5 M C4mpyrI and 0.1 M iodine in pure succinonitrile, which is the same
composition as reported by Wang et al.1 Electrolyte S2 was made up of 0.4 M C4mpyrI,
0.1 M lithium iodide. 0.1 M iodine and 0.2 M N-methylbenzimidazole dissolved in neat
succinonitrile. Electrolyte S3 was the same as electrolyte S2, but with 5 wt% of SiO2
nanoparticles used (7 nm). The electrolyte S4 is the same as electrolyte S2, but with 10
wt% SiO2. The electrolytes were mixed at 70 ºC to make sure that all additives were
properly dissolved. At room temperature, the electrolytes S1, S2 and S3 were all waxy
solids. As a comparison, the diffusion in an ionic liquid containing 0.5 M C4mimI and 0.1
M I2 in C2mimNTf2 was measured. Table 9.3 displays the diffusion coefficients of I- and I3in the solid electrolyte compared to an ionic liquid electrolyte.
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Table 9.3: The diffusion coeffficient (D) of I3- and I- in the solid electrolytes and in an
ionic liquid electrolyte.
Electrolytes
D (I3- /cm2 s-1) (± 8 %)
D (I- /cm2 s-1) (± 8%)
S1

2.2 x 10-6

3.7 x 10-6

S2

2.5 x 10-6

3.8 x 10-6

S3

2.4 x 10-6

3.6 x 10-6

S4

2.0 x 10-6

2.9 x 10-6

C2mimNTf2

4.7 x 10-7

3.1 x 10-7

Surprisingly, the diffusion coefficient of iodide and tri-iodide, summarised in Table 9.3,
are much higher than in the ionic liquid based electrolyte. In fact, the diffusion of the redox
species in the ionic liquid is 10 times slower than in the solid plastic crystal electrolyte.
Every et al.50 has shown that mobility of ions can be much higher in the solid state than in
the liquid state, due to the presence of defects in the long range ordered crystalline lattice.
Another possible reason for the higher diffusivity of the redox species is the formation of
polyiodides, which can facilitate the diffusion of the iodide via a Grotthuss type
mechanism.51 No significant change in the mobility of the redox species on addition of
lithium iodide and N-methylbenzimidazole was observed, while addition of 5 wt% of silica
gave a slight decrease in mobility of the triiodide. Addition of 10 wt% SiO2 to the plastic
crystal electrolyte containing lithium iodide and N-methylbenzimidazole further decreased
the mobility of the triiodide, to 2.0 x 10-6 cm2 s-1. This may be the result of a blocking
effect at the grain boundary, due to the presence of SiO2, thus hindering the movement of
the redox species.5
EIS measurements were also used to understand the behaviour of the electrolyte at the
counter electrode. Li et al.52 have previously studied the effect of nanoparticles in a
mixture of ethylcarbonate and propylene carbonate, and an increase in the diffusivity of triiodide and a decrease in the charge resistance at the Pt/electrolyte interface was observed.
However, such a trend was not observed in this case; the charge transfer resistance at the
Pt/electrolyte interface was measured using a symmetrical cells and all three solid
electrolyte mixtures showed similar charge transfer resistance, as shown in Figure 9.8.
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Figure 9.8: The EIS spectra of the solid electrolytes

9.4.1.4 Photovoltaic measurements
Ruthenium based DSSCs in different electrolytes
Electrolytes S1, S2, S3 and S4 were investigated in ruthenium based (N719) DSSCs.
Electrolyte S4 was composed of 0.4 M C4mpyrI, 0.1 M Lithium iodide, 0.1 M iodine, 0.2
M N-methylbenzimidazole and 10 wt% of SiO2 dissolved in neat succinonitrile. This
experiment was done as a basis for comparison, where porphyrin sensitisers were used
instead.
Figure 9.9 shows the IV characteristics of the DSSCs, utilising the different electrolytes, at
100 % sun intensity and room temperature. The Isc, Voc, ff and η are presented in Table 9.4.
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Figure 9.9: IV curves for DSSCs based on electrolytes S1, S2, S3 and S4

The solar cell with electrolyte S1 gives an Isc of 7.3 mA cm-2, a Voc of 724 mV and a ff of
0.77. The efficiency of the device is only 4.1 %, which is lower than previously reported
by Wang and co-workers. This is probably due to differences such as the film, the dye and
the paste. Electrolyte S1 was used as a control to compare the performance of this
electrolyte with the porphyrin-DSSCs.
The device containing the electrolyte S2 gives an Isc of 8 mA cm-2, a Voc of 796 mV, a ff of
0.75 and an overall efficiency of 5 %. On adding 5 wt% of SiO2 to the electrolyte (S3), an
enhancement in the Isc is observed (11 mA cm-2), giving a device performance of 5.5 %.
The increase in efficiency is mainly due to an increase in current, which may be related to
better electron injection and charge collection efficiency. The slight drop in Voc may be
due to the increased in dark current reaction, as shown by the dark current curve in Figure
9.9. Further addition of SiO2 (S4) leads to a decrease in both Voc and Isc. This drop in Isc
might be related to the poor diffusion (2.0 x 10-6 cm2 s-1) of the redox species in the
electrolyte, thus affecting the performance of the device.
315

9. Solid state materials in dye sensitised solar cells

Table 9.4: The photovoltaic parameters of DSSCs with different solid state
electrolytes at room temperature.
Electrolyte

Voc (mV)

Isc (mA cm-2)

ff

η (%)

S1

724 (± 6)

7.3 (± 0.5)

0.77 (± 0.02)

4.1 (± 0.5)

S2

796 (± 2)

8.0 (± 0.1)

0.75 (± 0.02)

5.0 (± 0.1)

S3

716 (± 5)

11 (± 0.2)

0.72 (± 0.01)

5.5 (± 0.1)

S4

666 (± 7)

7.1 (± 0.4)

0.75 (± 0.01)

4.0 (± 0.5)

Standard acetonitrile-valeronitrile base electrolyte (composition outlined in Chapter 7,
section 7.3.4.1)
14.7 (± 0.4)
0.73 (± 0.02)
8.4 (± 0.3)
Standard (N719) 769 (± 10)

Porphyrin based DSSCs with solid state electrolytes
Figure 9.10 shows the IV characteristics of DSSCs utilising the P159 porphyrin dye, with
S1, S2 and S3 electrolytes, at 100 % sun intensity. Only these electrolytes were
investigated because with the S4 electrolyte, poor performance was obtained with the RuDSSCs. The device with S3 shows the best overall performance. An increase in current is
observed, compared to the electrolyte systems S2 and S1, which is due to the presence of
lithium iodide. Addition of 5 wt% of SiO2 (S3) gives an increase of 100 mV in the open
circuit voltage. One possible explanation for this is that the SiO2 is acting as a blocking
layer on the Titania surface, suppressing the dark current, and increasing the open circuit
voltage. Interestingly, the effect of changing the electrolyte on the device parameters is
different for the P159 and N719 devices, although S3 gives the best performance for both.
Table 9.5 sums up the photovoltaic parameters of the P159-DSSCs with the different
electrolytes.
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Figure 9.10: IV characteristics of P159-DSSCs based on electrolytes S1, S2 and S3 at
25 °C

Table 9.5: Photovoltaic parameters of P159-DSSCs with S1, S2 and S3.
Electrolyte

Voc (mV)

Isc(mA cm-2)

ff

η (%)

S1

674 (± 2)

6.1 (± 0.4)

0.74 (± 0.01)

3.1 (± 0.1)

S2

665 (± 4)

8.4 (± 0.2)

0.75 (± 0.02)

4.2 (± 0.2)

S3

712 (± 2)

9.2 (± 0.1)

0.73 (± 0.02)

4.8 (± 0.2)

Standard acetonitrile-valeronitrile (composition outlined in Chapter 8, section 8.3.3)
Standard

698 (± 7)

12.3 (± 0.1)

(Porphyrin)
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Figure 9.11 and Table 9.6 shows the performance of the P159 devices, at different light
intensities, with the S3 electrolyte. At low sun intensities, the device performs better (5.3
% at 15 % sun), with a drop in the efficiency of the device to 4.8 % at full sun intensity.
This may be due to mass transport limitations or inefficient charge screening of electron
transport in the TiO2 film. Nevertheless, this is the first time such high performances have
been obtained with porphyrin sensitisers and a solid electrolyte.
Table 9.6: IV parameters, at different light intensity, for the P159-DSSC with S3.
Sun intensity (%)

Voc (mV)

Isc (mA cm-2)

ff

η (%)

5

632 (± 3)

0.6 (± 0.2)

0.78 (± 0.01)

5.0 (± 0.2)

10

649 (± 2)

1.1 (± 0.1)

0.78 (± 0.01)

5.1 (± 0.3)

15

660 (± 2)

1.5 (± 0.2)

0.77 (± 0.01)

5.3 (± 0.2)

38

687 (± 3)

3.8 (± 0.3)

0.77 (± 0.01)

5.2 (± 0.1)

68

702 (± 2)

6.6 (± 0.2)

0.74 (± 0.03)

5.1 (± 0.1)

100

712 (± 2)

9.2 (± 0.1)

0.73 (± 0.02)

4.8 (± 0.2)

Figure 9.11: The effect of light intensity on P159-DSSCs with S3 electrolyte
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9.4.2 Organic ionic plastic crystals
The different types of OIPCs used for the study are C1mpyrN(CN)2, C1mpyrSCN,
C1mpyrBF4, C1mpyrPF6, C2mpyrBF4, N2222N(CN)2, C1mpyrI and C2mpyrNTf2 (Some DSC
traces can be found in Appendix, section A.8). As already explained in section 9.1.1,
OIPCs are another class of material that has been studied as a potential solid state
electrolyte for lithium batteries.53 These materials are of great interest, as they exhibit high
ionic conductivity as well as good plastic mechanical properties.53 Thus, we were
interested in investigating these materials as solid state electrolytes for dye sensitised solar
cells.
9.4.2.1 Thermal analysis
The DSC trace of the sample of neat C2mpyrNTf2 is shown in Figure 9.12. The neat
material goes through three solid-solid phase transitions before melting at 91 °C, which is
consistent with previous literature reports.54 The first solid-solid phase transition occurs at
-85 °C, followed by a broad phase transition (III-II) at 16 °C. Another transition occurs at
46 °C, before the sharp melting peak at 91 °C. On addition of 2 mol% lithium iodide, no
significant change in the solid-solid phase transitions is observed, except for a slight
broadening of the melt. Further addition of lithium iodide gives rise to an additional peak
at 23 °C. According to Forsyth and co-workers, they attribute the additional peak to the
metastable solid state behaviour of the plastic crystals (C1mpyrNTf2 with high content of
LiNTf2),55 and they suggested that it may represent a eutectic transition. We can assume
that the same conclusion can be applied to this system, as the only difference in their case
was the use of LiNTf2, whereas we added LiI to the neat C2mpyrNTf2.
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Figure 9.12: DSC traces of pure C2mpyrNTf2 and with different concentrations of LiI

Figure 9.13 displays the thermal traces of neat C2mpyrNTf2 and the material doped with 2
mol% of lithium iodide and 10 wt% SiO2. A broader melt transition is observed in the
presence of the additives and the onset temperatures are shifted to a lower temperature.
The entropy of fusion in the presence of SiO2 is not significantly affected, but on addition
of SiO2, the phase transition peak (IV to III) becomes slightly smaller.
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Figure 9.13: DSC trace of C2mpyrNTf2 in presence of LiI and SiO2

Table 9.7 summarises the onset temperatures of the different solid-solid phase transitions
and the melting transition, as well as the entropy of fusion for neat C2mpyr and in the
presence of additives (from both Figure 9.12 and 9.13).
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Table 9.7: Phase transition temperatures and entropies of pure C2mpyrNTf2 and
C2mpyrNTf2 doped with LiI or LiI and SiO2.
Compound

TIV-III

TIII-II

TII-I

Tm

ΔSf J mol-1K-1

C2mpyrNTf2

-85

15

48

91

24

C2mpyrNTf2

-86

15

47

86

22

-87

17,23

47

82

10

-88

17,23*

47

81

9

-83

17

47

88

22

+2 mol% LiI
C2mpyrNTf2
+4 mol% LiI
C2mpyrNTf2
+5

mol% LiI

C2mpyrNTf2
+2 mol% LiI
+ 5wt% SiO2

Figure 9.14 displays the thermal analysis of tetraethylammonium dicyanamide
(N2222N(CN)2). The DSC trace of the pure material shows a lower temperature phase (II), a
solid-solid phase transformation at 21 °C, with an entropy change of 40 J mol-1 K-1, and the
material stays in this plastic phase until melting at 60 °C, with an entropy of fusion of 6 J
mol-1 K-1. On addition of 2 mol% LiI, a shift in the onset temperature is observed for the
solid-solid phase transition, to a lower temperature of 16 °C, and a slight decrease is
observed in the melt transition temperature, to 58 °C, with an entropy of fusion of 5.8 J
mol-1 K-1.
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Figure 9.14: DSC traces for N222N(CN)2 neat and with 2 mol% LiI

9.4.2.2 Conductivity
Ionic conductivity of C2mpyrNTf2 doped and with filler
Figure 9.15 displays the temperature dependent ionic conductivity of neat C2mpyrNTf2 and
C2mpyrNTf2 doped with LiI, or LiI with SiO2. The neat compound is moderately
conductive, and this increases with respect to temperature. Addition of 5 mol% LiI into the
neat matrix results in an increase in conductivity, which might be related to an
augmentation of the number of charge carriers or higher mobility of the charged ions.
Addition of nanoparticles to the doped plastic crystal results in a small drop in
conductivity, but the conductivity of this material is still significantly greater than that of
the pure salt.
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Figure 9.15: Logarithmic plot of ionic conductivity as a function of inverse
temperature for neat C2mpyrNTf2, and doped C2mpyrNTf2 with 5 mol% LiI and 5
wt% SiO2

Ionic conductivity of N2222N(CN)2 neat and doped with LiI
The ionic conductivity for pure N2222N(CN)2, N2222N(CN)2 + 2 mol% LiI and the solid
electrolyte composed of N2222N(CN)2/C2mimI/LiI/I2 in the molar ratio 100:12:1:2
respectively, are displayed in Figure 9.16. As with most plastic crystals, the ionic
conductivity is low in the lower temperature region, and steadily increases as the
temperature rises. Doping the neat material with 2 mol% LiI results in an increase in
conductivity. Further augmentation of the ionic conductivity is also observed in the
presence of other additives (C2mimI and I2).
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Figure 9.16: Ionic conductivity as a function of the inverse of temperature for neat
N2222N(CN)2, N2222N(CN)2 + 2 mol% LiI, and the N2222N(CN)2–based electrolyte with
C2mimI and I2

Figure 9.17 demonstrates the variation of ionic conductivity of a number of other plastic
crystal electrolytes, as a function of the inverse of temperature. C2mimI, LiI, I2 and NMB
were added in all cases to make up the solid electrolyte, except for N2222N(CN)2 where no
NMB was added due to the formation of two phases. In the higher temperature region,
C1mpyrN(CN)2 displays highest conductivity compared to the other plastic electrolytes.
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Figure 9.17: Ionic conductivity as a function of the inverse temperature for different
solid state electrolytes. The molar ratio of the components C2mimI:LiI:I2:NMB are
8:1:1:2 respectively

9.4.2.3 Electrochemical analysis
Diffusion coefficients of I- and I3- and charge transfer resistance in the solid
electrolyte
The cell kinetics were studied on a system containing the OIPC, with the other additives
commonly present in a DSSC electrolyte, and these were compared with the kinetics of a
molecular organic solvent system. The diffusion coefficient of I- and I3- cannot be
measured at room temperature using either a microelectrode or a symmetrical cell, due to
the solidification of the electrolyte, which results in a bad contact with the electrodes.
Thus, the diffusion was measured at high temperatures (80 oC), to provide information
about the mobility of the I3- and I- in the plastic electrolyte. Table 9.8 summarises the
transport properties of I- and I3- in the plastic electrolytes and in an organic solvent
electrolyte.
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Table 9.8: Diffusion coefficient (D) of redox species measured at 80 °C.
D I3- (cm2s-1)

D I- (cm2s-1)

(± 8%)

(± 8%)

4.7 x 10-6

5.9 x 10-6

C1mpyrN(CN)2

6.2 x 10-7

4.2 x 10-7

N2222N(CN)2

5.4 x 10-7

3.3 x 10-7

C2mpyrBF4

4.4 x 10-7

1.1 x 10-7

C2mpyrNTf2

3.2 x 10-7

3.9 x 10-7

C1mpyrI

2.8 x 10-7

2.5 x 10-7

C1mpyrSCN

2.1 x 10-7

2.1 x 10-7

C1mpyrPF6

1.5 x 10-7

7.4 x 10-8

C1mpyrBF4

9.9 x 10-8

6.2 x 10-8

Electrolyte

Standard*
Acetonitrile-valeronitrile

*measured at room temperature.
The diffusion coefficient of I3- at 80 °C is 10 times slower in the plastic crystal systems
than in the organic solvent. This poor mobility is consistent with the lower conductivities,
and is associated which hinders the movement of the I3- through the solid matrix. In all the
solid electrolyte systems, the diffusion coefficient of I3- is higher than I-. As with the
conductivity comparisons, C1mpyrN(CN)2 shows the highest diffusivities.
Charge resistance of electrolytes
The fitting parameters of the EIS spectra of the different plastic electrolytes were obtained
by fitting the spectra with an appropriate equivalent circuit (Appendix, section A.9). Rs is
the series resistance, related to the resistance of the electrolyte and the sheet resistance of
the FTO glass. Rct is the charge transfer resistance of the electrochemical reaction between
the two Pt-electrolyte interfaces, and C is the capacitance. As summarised in Table 9.9, the
Rs values of C1mpyrI, C1mpyrBF4 and C1mpyrSCN based electrolytes are much higher
than for C2mpyrNTf2, C1mpyrN(CN)2, C2mpyrBF4, C1mpyrPF6 and N2222N(CN)2. The
charge transfer resistance is particularly high for C1mpyrBF4, and this may affect the
performance of the device due to the high energy loss that can occur.

327

9. Solid state materials in dye sensitised solar cells

Table 9.9: Fitting parameters from the EIS spectrum.
Rs (Ω)

Rct (Ω)

C (μF)

C2mpyrNTf2

25.4

6.1

2.1

C2mpyrBF4

23.9

16.7

2.6

C1mpyrBF4

37.8

1321

0.6

C1mpyrPF6

22.2

6.8

1.9

C1mpyrN(CN)2

25.7

1.9

2.0

C1mpyrSCN

32.8

7.6

2.6

C1mpyrI

32.2

5.1

2.2

N2222N(CN)2

27.8

1.5

2.9

Electrolyte

9.4.2.4 Photovoltaic performance of OIPC electrolyte using ruthenium dye.
Ruthenium dye
Figure 9.18 shows the IV curves of the DSSCs, assembled using the different solid state
electrolytes, under full sun intensity.

Figure 9.18: IV curves for DSSCs with ruthenium sensitiser (N719) and plastic crystal
electrolytes
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The performance of the DSSCs varied depending on the type of solid state electrolyte used.
The DSSC containing the C1mpyrN(CN)2 electrolyte gives a better performance than with
the other plastic crystal electrolytes. The Isc, Voc and ff are 8.1 mA cm-2, 775 mV and 0.77
respectively, with an overall performance of 5.1 % under full sun intensity. At 68 % sun
intensity, the performance of the device is 5.3 %. As shown in Figure 9.18, C1mpyrI,
N2222N(CN)2 and C2mpyrBF4 also exhibit quite good ionic conductivity, but the
performance of the devices is quite poor. In the case of C1mpyrI, the main limitation is due
to the low short circuit current density compared to C1mpyr N(CN)2, related to the poor
diffusion of the redox species, as shown in Table 9.8. Correspondingly, C1mpyrPF6,
C2mpyrNTf2 and C1mpyrSCN display lower ionic conductivities and the efficiency of the
device is also quite low with these solid state electrolytes.
Table 9.9: Photovoltaic parameters of the DSSCs with different plastic crystal
electrolytes.
Isc (mA cm-2)

ff

η (%)

C1mpyrN(CN)2 775 (± 5)

8.6 (± 0.2)

0.77 (± 0.02)

5.1 (± 0.2)

C1mpyrI

738 (± 3)

5.7 (± 0.5)

0.78 (± 0.01)

3.4 (± 0.5)

N2222N(CN)2

808 (± 5)

4.1 (± 0.7)

0.79 (± 0.01)

2.8 (± 0.4)

C2mpyrBF4

616 (± 7)

5.4 (± 0.5)

0.72 (± 0.01)

2.4 (± 0.5)

C1mpyrPF6

608 (± 7)

5.6 (± 0.2)

0.70 (± 0.02)

2.3 (± 0.4)

C2mpyrNTf2

650 (± 5)

4.1 (± 0.6)

0.79 (± 0.01)

2.1 (± 0.2)

C1mpyrSCN

736 (± 5)

3.2 (± 0.5)

0.79 (± 0.01)

2.0 (± 0.5)

C1mpyrBF4

771 (± 2)

3.5 (± 0.2)

0.54 (± 0.05)

1.5 (± 0.2)

Electrolytes

Voc (mV)
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9.5 Conclusions
In this chapter, we have demonstrated the use of solid electrolytes in both porphyrin-based
and ruthenium-based dye sensitised solar cells. Relatively good performance was achieved
with porphyrin-DSSCs containing the molecular plastic crystal electrolyte in the presence
of silica. This good performance might be related to the presence of the nanoparticles,
which may act as a blocking layer on the surface of the TiO2 resulting in an increase in
Voc.
We have also reported the first use of an organic ionic plastic crystal as a solid state
electrolyte in ruthenium-based DSSCs. The best performance was obtained with
C1mpyrN(CN)2, which is related to the high ionic conductivity of the materials. This
results in better diffusivity of the electroactive species, and a higher short circuit current
density.
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Chapter 10
Conclusions and Future work
10.1 Conclusions

The aims of this thesis were to:
Synthesis and characterise a range of new phosphonium ILs for DSSCs.
Study the effect of ILs on the flatband potential of an n-type semiconductor.
Develop and test phosphonium based IL electrolytes with dithienothiophene
organic sensitisers.
Test imidazolium and phosphonium based electrolytes with porphyrin dyes.
Investigate the performance of DSSCs with solid state electrolytes.

10.2 Synthesis of novel phosphonium ionic liquids

In Chapter 6, the synthesis and physical properties of new ionic liquids based on the
phosphonium family were studied. The chemical and physical properties, such as thermal
behaviour, viscosity, density and ionic conductivity of the phosphonium ionic liquids were
measured. The P1224+ cation combined with BF4-, PF6-, or SCN- anions forming salts that
show multiple solid-solid phase transitions with a ΔSf ~ 20 J mol-1 K-1. These phosphonium
based salts can potentially be used as solid state electrolytes for dye sensitised solar cells.
The low viscous phosphonium ionic liquids, such as those composed of P222(201)+, P222(101)+
and P1224+ cations combined with FSI- or NTf2- or N(CN)2- anions, are considered to be
good ionic liquids according to the Walden plot, without significant ion pairing.
The phosphonium series synthesised in this chapter show relatively good thermal stability,
except those based on the FSI- anion and this is mainly related to the ease in breaking the
S-F bond relative to the C-F bond. Nevertheless, these ionic liquids can be used as
electrolytes in DSSCs as the operation of these devices will never exceed 300 °C and the
electrochemical window is sufficient for the proper functioning of the solar cells.
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10.3 The effect of the ionic liquid on the flatband potential of n-type semiconductors

The aim of this work was to study the position of the flatband potential of the TiO2 when it
is in contact with an ionic liquid. This investigation was performed in an attempt to
understand how the flatband potential of the TiO2 is modified according to the neutrality,
basicity or acidity of the ionic liquids. A range of ionic liquids were used for the study some were purchased from different commercial suppliers and some were synthesised.
It was interesting to observe that C2mimBF4 purchased from different suppliers gives
different flatband potentials; there is nearly a 100 mV difference from ILs purchased from
Iolitec and Merck. This difference is mainly related to the purity of the ionic liquids.
Further, C2mimBF4 is considered to be a “neutral’ ionic liquid, but when in contact with
the TiO2 electrode, it shifts the conduction band of the TiO2 to more positive potentials,
showing an acidic behaviour. The BF4- anion is known to hydrolyse easily when in contact
with water, to form HBF4, thus potentially acidifying the ionic liquid.
Addition of a lithium salt to C3mpyrNTf2 gives a positive shift in the flatband potential due
to the insertion of the Li ion into the TiO2 network. Contrary to this behaviour, addition of
a base, such as TBP, moves the conduction band to more negative potential, which usually
results in higher Voc due to the protecting behaviour of the base. Ionic liquids containing
SCN- or N(CN)2- anions have the same effect on the flatband potential of the TiO2 as TBP.
Consistent with this observation, these ILs are known to have basic behaviour. Solar
devices containing these ionic liquids usually give higher Voc and lower Isc.
While these initial investigations have provided some interesting insight into the influence
of the ionic liquid on the flat band potential, further research is still required to fully
understand the behaviour of the TiO2-ionic liquid interface.
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10.4 Phosphonium based ionic liquids with dithienothiophene organic sensitisers

In Chapter 7, the use of phosphonium ionic liquids as electrolytes in dye sensitised solar
cells using either organic sensitisers (THD1, THD2, THD3, THD8) or ruthenium based
sensitisers (N719 and Z907) were investigated. All of the phosphonium salts show
relatively good performance in the solar cell devices with either type of sensitiser. The
addition of chenodeoxycholic acid in the organic dye solutions (with THD1, THD2 or
THD3) resulted in an increase in device performance, which is mostly related to an
increase in the short circuit current density. This higher Isc is probably due to a reduction in
dye aggregation. In some cases, better Voc was also obtained, which might be due to the
chenodeoxycholic acid present on the surface of the TiO2, acting as a barrier and protecting
the surface from being directly in contact with the electrolyte. The viscosity, ionic
conductivity and diffusivity of the redox species also play an important role in determining
the overall performance of the device. Consequently, the low viscous phosphonium ionic
liquids, such as P222(101)NTf2, P222(201)NTf2, P222(101)FSI, P222(201)FSI, P222(101)N(CN)2,
P1224FSI, P1224NTf2, P1444N(CN)2, gives relatively good device performance.
The addition of 10 μL tetraglyme, water and valeronitrile to P1444N(CN)2 was also
investigated with Ru-based DSSCs. These additives gave an improvement in the device
efficiency, which is mainly the result of a higher Voc and fill factor. This is the first time
that such high device performance have been obtained with phosphonium ionic liquid
electrolytes. Further investigations will focus on determining the limiting factors of the
performance and also the long term stability of the devices.
10.5 Ionic materials for porphyrin dye sensitised solar cells

In Chapter 8, the use of imidazolium, phosphonium and ammonium ionic liquids was
investigated with three porphyrin dyes (GD2, GD3 and P159). Out of these three dyes,
P159 surpassed the performance of the two other dyes using either an ionic liquid or
molecular liquid electrolyte. The main reason for such behaviour is probably the presence
of the long alkyl chain present on the periphery of the benzene ring, which acts as a barrier
between the TiO2 surface and the electrolyte.
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The treatment of the TiO2 film with a phosphinic acid (diisooctylphosphinic acid) gave an
improvement in both Voc and Isc when a molecular liquid electrolyte was used. The best
improvement was obtained with the electrolyte that did not contain any additives (LiI or
TBP). Unfortunately, no improvement was observed with the acid treatment when ionic
liquid electrolytes were used; rather a drop in performance was observed. This shows that
the solvent behaviour of the ionic liquid is completely different to the organic solvents.
The other factor that should be taken into consideration is the viscosity of the ionic liquid
electrolytes, which will limit the performance of the devices.
Discoloration of the porphyrin-based DSSCs was observed when the ionic liquids
C2mimSCN and C2mimN(CN)2 were used. This is possibly a result of interaction of the
anion with the porphyrin sensitisers, but further surface analysis of the dyed TiO2 film is
required to confirm this hypothesis.
Ternary mixtures containing C2mimB(CN)4, C2mimI, C1mimI, LiI, I2 and NMB gave the
best performance with P159-DSSCs. This good performance is related to the high short
circuit current density afforded by this ionic liquid electrolyte.

10.6 Solid state electrolytes in dye sensitised solar cells

In Chapter 9, the use of molecular plastic crystals and organic ionic plastics crystal as solid
state electrolytes in DSSCs was investigated. The thermal properties and the ionic
conductivity of the neat materials and the electrolytes were measured. The addition of SiO2
to the succinonitrile electrolyte gives an improvement in the device performance with the
P159-DSSCs. This was also the first time that organic ionic plastic crystals have been used
as solid electrolytes in DSSCs. The best performance was obtained with C1mpyrN(CN)2
with a ruthenium based dye, and this high performance is related high short circuit current
density in this device.
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10.7 Future work

Understanding the behaviour of the TiO2-ionic liquid junction is important in designing
high performing devices. Mott-Schottky capacitance measurements were used in this work
to determine the flatband potential of the TiO2 when in contact with the ionic liquids. Good
correlation between this method and analysis by UV-spectroscopy has been obtained in
aqueous media, thus UV-spectroscopy measurements should also being undertaken to
determine the flatband potential of the TiO2 in ionic liquids, and compare to the MottSchottky measurements.
In order to have a complete understanding of the factors underpinning the good
performance of the phosphonium ionic liquids, measurement of the electron lifetime and
the rate of recombination reaction with the new organic dyes is essential in order to
understand why these dyes performed better than porphyrin dye sensitisers. APCE
measurements with the phosphonium ionic liquids is required to provide information about
the charge collection and charge injection efficiency, and therefore which other factors are
limiting the device performance. Further investigations into the use of phosphonium ionic
liquids, and optimisation of the electrolyte with THD9 dye, should be undertaken to see
whether any further device improvement can be achieved. Long term testing is also
required to study the stability of the devices with the phosphonium ionic liquid
electrolytes.
Alternative redox couples and other organic dyes with different linkers should also be
investigated and optimised, using both acetonitrile and ionic liquid-based media.
The effect of increasing the concentration of I2 in the organic plastic crystals would be
worth studying to see if a further improvement in device performance can be achieved.
There are also a number of different analytical techniques that could be incorporated into
future research into the use of these materials in DSSCs. For example, alternative
electrochemical methods are required to measure the diffusion of the redox species at room
temperature, and surface analysis of the organic plastic crystals is necessary to understand
the behaviour of these materials in solar cells. Measurement of electron lifetime, using
either EIS or IMVS/IMPS, is required to provide information about the limiting factors
determining the efficiency of the devices, and also whether heating the devices affects the
overall performance.
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A.1 Time-Temperature profile

Figure A.1: Temperature-Time profile of P222(201)NTf2 and P1224NTf2
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A.2 VTF behaviour of ionic liquids
A.2.1 Viscosity

Figure A.2: VTF model of viscosity behaviour of P222(101)NTf2

Figure A.3: VTF model of viscosity behaviour of P222(201)NTf2
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Figure A.4: VTF model of viscosity behaviour of P222(101)N(CN)2

Figure A.5: VTF model of viscosity behaviour of P222(101)FSI
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Figure A.6: VTF model of viscosity behaviour of P222(201)FSI

Figure A.7: VTF model of viscosity behaviour of P1224FSI
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Figure A.8: VTF model of viscosity behaviour of P1224NTf2

Figure A.9: VTF model of viscosity behaviour of P1224N(CN)2
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Figure A.10: VTF model of viscosity behaviour of P1444N(CN)2

Figure A.11: VTF model of viscosity behaviour of P1444FSI
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A.2.2 Ionic conductivity
Table A.1: VTF equation parameters for Ionic conductivity data where σ0 (S cm-1), C
(K) and T0 (K) are constants.
=
IL

0

0exp(-C/(T-T0))

C (K)

T0(K)

Tg (K)

P222(101)NTf2

0.4 ± 0.1

611 ± 0.1

162 ± 0.1

N/A

P222(201)NTf2

0.3 ± 0.1

512 ± 30

183 ± 5

N/A

P222(101)FSI

0.2 ± 0.1

521 ± 12

159 ± 2

N/A

P222(201)FSI

0.2 ± 0.1

528 ± 34

168 ± 6

N/A

P222(101)N(CN)2

0.2 ± 0.1

418 ± 7

174 ± 1

N/A

P1224NTf2

0.5 ± 0.1

622 ± 7

178 ± 1

N/A

P1224FSI

0.2 ± 0.1

448 ± 60

179 ± 10

N/A

P1224N(CN)2

0.4 ± 0.1

615 ± 25

168 ± 3

167

P1444FSI

0.2 ± 0.1

581 ± 14

208 ± 2

N/A

P1444N(CN)2

0.2 ± 0.1

635 ± 21

202 ± 2

200

Δ Tg-T0

Figure A.12: VTF model of ionic conductivity behaviour of P222(101)NTf2
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Figure A.13: VTF model of ionic conductivity behaviour of P222(201)NTf2

Figure A.14: VTF model of ionic conductivity behaviour of P222(101)FSI
348

Appendix

Figure A.15: VTF model of ionic conductivity behaviour of P222(201)FSI

Figure A.16: VTF model of ionic conductivity behaviour of P222(101)N(CN)2
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Figure A.17: VTF model of ionic conductivity behaviour of P1224NTf2

Figure A.18: VTF model of ionic conductivity behaviour of P1224FSI
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Figure A.19: VTF model of ionic conductivity behaviour of P1224N(CN)2

Figure A.20: VTF model of ionic conductivity behaviour of P1444FSI
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Figure A.21: VTF model of ionic conductivity behaviour of P1444N(CN)2

Figure A.22: Arrhenius plot of ionic conductivity-temperature of P1224N(CN)2 and
P1444N(CN)2
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A.3 Cyclic voltammetry of NTf2- anion

Figure A.23: CV of NTf2- anion ionic liquid series
A.4 UV spectroscopy and ATR-FTIR
A.4.1 UV spectroscopy

Figure A.24: Absorbance (780 nm) as a function of applied potential in C2mimSCN
353

Appendix

Figure A.25: Absorbance (780 nm) as a function of applied potential in C2mimBF4

Figure A.26: Absorbance (780 nm) as a function of applied potential in C2mimNTF2
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Figure A.27: Fitting of data for TiO2 to the theoretical curve for CH/CO = 0.5
A.4.2 ATR-FTIR of untreated TiO2 film and treated TiO2 film

Figure A.28: ATR-FTIR of untreated TiO2 film and treated TiO2 film with propionic
acid, diisooctylphosphinic acid, malonic acid and 4-tert-butylpyridine
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A.5 Crystal structure determination of the iodide and triiodide salt
In some ionic liquid electrolyte preparations, crystals of iodide and triiodide salts were
formed overnight, thus leading to the solidification of the ionic liquids. The crystals
obtained provide information about the packing behaviour and bond distance between the
cations and anions. The crystals were determined by single crystal X-ray diffraction. The
crystal structure of these compounds was structurally determined, and the figures and
descriptions supplied, by Dr. Pamela Dean at Monash University.
Crystal structure of 1-Propyl-1-methylpyrrolidinium Triiodide (C3mpyrI3)
X-ray-quality crystals of C3mpyrI3 were obtained overnight from an electrolyte mixture
containing lithium iodide (0.0269 g, 0.201 mmol), iodine (0.0788 g, 0.310 mmol), 4-tertbutylpyridine (0.0781 g, 0.577 mmol), and 1-propyl-1-methylpyrrolidinium iodide (0.123
g, 0.482 mmol), which was made up to 1 mL with 1-propyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)amide.
The structure of C3mpyrI3 (Figure A.29) was solved using direct methods and the
refinement of the structure was obtained using full matrix least-squares refinement. The
atoms I(1), I(2), I(3), N(1), C(1), C(2), C(5), C(6), and C(7) were found on a
crystallographic mirror plane and the remaining carbon atoms, C(3) and C(4), were
situated over two disordered positions. The site-occupancy factors (s.o.f.) of 0.5 each were
assigned. The atoms C(4) and C(4’) were restrained to occupy the same coordinates and
have the same atomic displacement parameter and correspond to either one of the α ring
carbon atoms or the methyl group carbon atom in each disorder component. Additionally,
the C(3)–C(4) bond distance was restrained to a reasonable value. All non-hydrogen atoms
were refined anisotropically. All the hydrogen atoms were placed in geometrically
idealized positions and constrained to ride on their parent atoms with the C–H distances in
the range 0.95–1.00 Å and Uiso(H)=1.2Ueq(C). The highest remaining electron density
peak (1.02 e Å−3) is located at a distance of 0.7 Å from I(1). C3mpyrI3 showed disorder that
can either be in a twisted or half-chair conformation, and some atypical bond distances, for
example C(4)–C(3) at 1.664(8) Å and C(3)–C(2) at 1.667(10) Å, which may be due to the
disorder. The propyl chains adopt an energetically preferred trans zigzag conformation,
with an N–C–C–C torsional angle of 180 °.
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(a)

(b)
Figure A.29 (a) and (b) show the crystal structure of C3mpyrI3
The unique component of C3mpyrI3 is shown with 50 % probability displacement
ellipsoids (Figure A.29 (a)). The hydrogen atoms are shown as spheres of arbitrary size.
The second part of the C3mpyrI3 ring is shown with symmetry equivalent atoms [symmetry
code: x, ½-y,z] to complete the ring, and both atoms of the disordered C(4)/(C4’) are
shown. Numbering of the hydrogen atoms of the disordered cation is omitted for clarity.
The extended structure consists of layered motif of C3mpyrI3 (Figure A.29 (b)). Hydrogen
atoms are omitted for clarity.
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Crystal structure of diethylmethylisobutylphosphonium iodide (P1224I)
X-ray crystals of P1224I (diethylmethylisobutylphosphonium iodide) were obtained
overnight from an electrolyte mixture containing lithium iodide (0.0269 g, 0.201 mmol),
iodine (0.0788 g, 0.310 mmol) and 4-tert-butylpyridine (0.0781 g, 0.577 mmol), which
was made up to 1 ml with 65 volume % of 1-propyl-3-methylimidizaolium iodide and 35
volume % of diethylmethyl isobutylphosphonium bis(trifluoromethanesulfonyl)amide.

(a)

(b)
Figure A.30 (a) and (b) show the crystal structure of P1224I
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The asymmetric unit consists of two diethylmethylisobutylphosphonium cations and two
iodide anions, all atoms of which sit on general positions (Figure A.30 (a)). P1224I
crystallises in an orthorhombic lattice with eight pairs of ions occupying the unit cell. The
phosphonium cation displays the usual bond lengths and angles seen for alkyl
phosphonium cations. Both phosphoniums adopt a slightly disordered tetrahedral
arrangement, with angles ranging from 107.0 to 112.71 ° for P(1) and 106.63 to 112.68 °
for P(2). The extended structure shows distinct layers of anion and cation clusters, which
lie at 90 ° to all planes (Figure A.30 (b)). The closest P···I distance occurs between
I(1)···P(1) with a distance of 4.246 Å The closest I2 distance is 4.477 Å. Apart from the
coulombic interaction, the most prevalent interaction is C—H···I close contacts, which link
the cations and anions into a two dimensional sheet. As expected, several H—H
interactions are also observed. No classical hydrogen bonding is seen.
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Crystal structure of triethyl(methoxymethyl)phosphonium iodide (P222(101) I)
X-ray crystals of P222 (101)I were obtained overnight from an electrolyte mixture containing
lithium iodide (0.045 g, 0.330 mmol), iodine (0.142 g, 0.559 mmol), Nmethylbenzimidazole (0.176 g, 1.33 mmol), 1-ethyl-3-methylimidzolium iodide (0.955 g,
4.01

mmol),

1,3-dimethylimidazolium

iodide

(0.899

g,

4.01

mmol)

and

triethylmethoxymethylphosphonium bis(trifluoromethanesulfonyl)amide (2 g, 4.68 mmol).

(a)

(b)
Figure A.31: (a) and (b) show the crystal structure of P222(101)I
The asymmetric unit consists of two triethyl(methoxymethyl)phosphonium cations and two
iodide anions, all atoms of which sit on general positions (Figure A.31 (a)). P222(101) I
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crystallises in a triclinic lattice, with four pairs of ions occupying the unit cell. The
phosphonium cations display the usual bond lengths and angles seen for alkyl
phosphonium cations, except for C(3)—C(4) 1.327 Å, P(1)—C(5) 1.715 Å and C(13)—
C(14) 1.228 Å, which are shorter than usual. The atoms C(3), C(4), C(5), C(6), C(13) and
C(14) were refined isotropically due to unusually large anisotropic factors. Both
phosphonium adopt a slightly disordered tetrahedral arrangement, with angles ranging
from 96.67 to 119.54 ° for P(1) and 103.73 to 111.90 ° for P(2). The extended structure
show distinct layers of anions and cations, which lie at 45 ° to the bc plane (Figure A.31
(b)). The closest P···I distance occurs between I(2)···P(1), with a distance of 4.575 Å. The
closest I(1)—P(2) distance is 4.702 Å. Apart from the coulombic interaction, the most
prevalent interaction is C—H···I and C—H···O close contacts, which links the cations and
anions into a three dimensional network. As expected, several H—H interactions are also
seen. No classical hydrogen bonding is seen.
A.6 Electron Kinetic measurement

Figure A.32: IMPS measurements of THD1 devices with a range of ionic liquids
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Figure A.33: IMVS measurements of THD1 devices with a range of ionic liquids

A.7 UV-Vis spectrum of the effect of chenodeoxycholic acid with porphyrin sensitisers

Figure A.34: Absorption spectrum of GD2 in presence of different concentration of
DCA
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A.8 Thermal analysis of neat pyrrolidinium ionic liquids

Figure A.35: DSC traces of a range of plastic crystals: C2mpyrBF4, C1mpyrBF4,
C1mpyrN(CN)2, C1mpyrI and C1mpyrSCN
A.9 Diagram of equivalent circuit for a symmetrical cell

Figure A.36: Equivalent circuit for EIS, where Rs is series resistance, Rct is the charge
transfer resistance, C is the double layer capacitance and ZW is the Warburg
impedance
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