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Abstract

As fossil fuels, the major source of energy used today, create the greenhouse gas carbon dioxide
which causes global warming, alternative energy sources are necessary in the future. There is
a need for different types of renewable energy sources such as hydropower, windpower, wave-
power and photovoltaics since different parts of the world have different possibilities. The
sun is a never ending energy source. Photovoltaics use the energy of the sun and converts it
into electricity. There are different types of photovoltaics and a combination of them could
provide humankind with energy in a sustainable way. In this thesis dye-sensitized solar cells
are investigated. Materials for the counter electrode have been investigated and resulting in a
polymer based cathode outperforming the traditionally used platinized counter electrode in a
cobalt-based redox mediator system (paper I). The sensitizer of the TiO, was investigated, in
this study by modifications of the z-linker unit in an organic donor-linker-acceptor based dye.
Four new dyes were synthesized, all four showing extended absorption spectra compared to the
reference dye. However, it was found that increasing the absorption spectrum does not neces-
sarily increase the power conversion efficiency of the solar cell (paper II). In the last part of
this thesis, water-based electrolyte dye-sensitized solar cells were investigated. A hydrophilic
dye with glycolic chains close to the center of regeneration was synthesized. The results show
increased wettability by water-based electrolyte for the sensitized surface, increased regenera-
tion and performance for the hydrophilic dye compared to a hydrophobic dye (paper I1I). The
glycolic chains complex with small cations such as Na™ and K™ in the electrolyte, this proba-
bly facilitate the regeneration of the hydrophilic dye even further (paper IV). In this thesis new
materials for a more environmentally friendly dye-sensitized solar cell are investigated.
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Abbreviations

Symbols

EY

EO

Eo—o

Ecp
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Formal redox potential

Standard potential

Gap between ground state level and first excited level
Energy of conduction band

Fermi level in dark conditions

EFrrio,

quasi-Fermi level in TiO,

EF,redox

E ox

Redox potential of redox couple
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Energy of conduction band edge
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Ered ox
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Redox potential

Reduction peak potential

Reference intensity

Limiting current density

Current density at maximum power point

Current density at short circuit conditions



Effective density of conduction band electrons

€
Molar extinction coefficient
n
Solar cell efficiency
nCC
Charge collection efficiency
nreg
Regeneration efficiency
A
Inelastic mean free path
%
Frequency
2%
Peak frequency
¢
Working function
Dinj
Quantum yield of injected electrons
o
Spacing between electrodes
Llim
Limiting current
kg
Boltzman constant
A
A
Absorbance
a
area
AC
Alternating current
AM
Air mass density
C
C
Concentration
CDCA
Chenodyoxylic acid
CE
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Acetonitrile

D
D
Diffusion coefficient

DSC
Dye-sensitized solar cell

E
Ef
Equilibrium Fermi level
EDOT
3,4-ethylenedioxythiophene

F
F

Faraday constant
FF

Fill factor
FT-IR

Fourier transform infrared spectroscopy
FTO
Fluorine doped tin oxide

H
h
Planck constant

HOMO
Highest occupied molecular orbital

I
I
Intensity
I
Current
IMFP
Inelastic mean free path
IPCE
Incident photon to current conversion efficiency
IR
Infra-red
J
J

Current density



L
L
Length
LHE
Light harvesting efficiency
LUMO
Lowest unoccupied molecular orbital

M
MALDI-MS

Matrix assisted laser desorption ionization mass spectroscopy
MPN

3-methoxypropionitrile

N
n
Number of electrons
nC
Density of conduction band electrons
NHE
Normal hydrogen electrode

Power of incident light
Priax

Maximum power point
PEDOT

Poly(3,4-ethylenedioxythiophene)
PEG

Polyethylene glycol
PES

Photoelectron spectroscopy
PIA

Photoinduced absorption spectroscopy
PMMI

1-propyl-3-methylimidazolium iodide

Q
Q
Extracted charge
q
Elementary charge of an electron
R
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Gas constant

r
Radius
Rce
Charge transfer resistance at the counter electrode
Rp

Diffusion resistance
Recombination resistance
Series resistance

Total resistance in the solar cell

Scanning electron microscopy

T
Transmittance
T
Temperature
TAS
Transient absorption spectroscopy
TBP
4-tert-butylpyridine
TiO,
Titanium dioxide

U

Uv
Ultra violet

\%
\%

Voltage
\%

Voltage at maximum power point
\%

Voltage at open circuit conditions
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Working electrode
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1. Introduction

1.1 Energy demand and energy consumption

The reason why there is research about dye-sensitized solar cells (DSC) and
other alternative energy sources is the global warming due to the combustion
of fossil fuels. The human society uses extensive resources of energy and a
majority of this energy is coming from fossil fuels. The usage of different
energy sources for 2013 is illustrated in Figure 1.1.

Biomass
50.9%

077) Modern Renewable Modern Renewable
) Biomass 49.1% \
Nuclear
D7) Fossil fuels 2.8%
[”INuclear

Renewable

Fossil fuels
78.2%

/ TSSfWﬁ"e /
////////

Figure 1.1. Global energy consumption in 2013 [1].

Combustion of fossil fuels creates carbon dioxide (CO,). Gasoline which is
used for many combustion engines contains hydrocarbons of 5 to 12 carbon
atoms length. When combusting these hydrocarbons, such as octane, CO; is
created according to:

2CgHig+250, -+ 16 CO,+ 18 H,O (1.1)

CO, is a greenhouse gas, which implies that it absorbs and emits IR-radiation.
In short; the greenhouse effect is caused by the sun irradiating photons of UV-
vis energy onto the earth. The UV-vis light is absorbed on the earth by land
mass and sea, and as a result the earth heats up and re-irradiate IR-photons
which should exit the atmosphere and leave the earth. The combustion of fos-
sil fuels has lead to anthropogenic emission of carbon dioxide, methane and
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other greenhouse gases which has increased the concentration of these gases in
the atmosphere. In the atmosphere the greenhouse gases absorb IR-radiation
and re-emit it back to the earth, causing global warming of the earth.

Today there is consensus on global warming due to anthropogenic activity.
The United Nations Intergovernmental Panel on Climate Change (IPCC) have
concluded [2]:

The global average combined land and ocean surface temperature show a
warming of 0.85°C over the period 1880 to 2012. The rate of sea level rise
has been larger since the mid-19th century than the mean rate during the pre-
vious two millennia. Over the period 1901 to 2010 global mean sea level
rose by 0.19 m. Atmospheric concentrations of carbon dioxide, methane,
and nitrous oxide have increased to levels unprecedented in at least the last
800,000 years. Carbon dioxide concentrations have increased by 40% since
pre-industrial times, primarily from fossil fuel emissions and secondarily from
net land use change emissions. The ocean has absorbed about 30% of the emit-
ted anthropogenic carbon dioxide, causing ocean acidification.

The production, investment and usage of renewable energy is growing world
wide. Photovoltaics has a huge potential since the sun is a never ending en-
ergy source providing us with more energy in an hour than the world human
population consumes in a year [3]. There will not be one solution for the re-
newable energy production in the future. Different regions in the world have
different resources. However, a variety of different renewable energy sources,
amongst them photovoltaics could make a great contribution, would make the
transition from fossil fuels to renewable energy possible.

1.2 Photovoltaics

Photovoltaics (PV) is the collective name for devices converting the energy of
the sun, photons, into electricity. The photovoltaic effect refers to when pho-
tons are falling upon a semiconductor and generating an electron-hole pair.
The electron and the hole can be directed to two different contacts, a circuit
can connect the two and an electric potential difference will be established.
The photoelectric effect was discovered by Edmond Becquerel in 1839. As
this thesis is about dye-sensitized solar cells, it should be mentioned that Bec-
querel’s experiments were performed on liquid photoelectrochemical devices.
Becquerel illuminated solutions containing metal halide salts and observed
current between two platinum electrodes immersed into the electrolyte. In
Figure 1.2 the working principle of a silicon solar cells is illustrated. Two lay-
ers, one n-doped and one p-doped are brought together. Upon irradiation the
electrons in the n-doped layer move to the excited state, which is the conduc-
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tion band. The electrons move in the circuit and arrive at the p-doped layer,
after the circuit. The electrons will then move to the n-type layer again due to
the energy levels. The process can start again.

Sunshine, photons

G OO0 O O |
DD DD |powee

—

c

Figure 1.2. Schematic illustration of a silicon solar cell.

There are different kinds of photovoltaics; the traditional silicon solar cells,
thin film technologies, organic solar cells, quantum dot solar cells, perovskite
solar cells, dye-sensitized solar cells et cetera. Just as renewable energy should
be a variety of energy sources in the future, photovoltaics should be a variety of
different techniques, since different techniques are advantageous in different
situations. Down below follows a brief introduction to different kinds of solar
cells (the DSC is introduced in Chapter 2).

Silicon solar cells

Crystalline silicon (Si) photovoltaics is the most widely used photovoltaic
technology today. Silicon is the second most abundant element in the earth’s
crust, however silicon rarely appears as the pure element. Instead it appears
as silicon dioxide (silica) or silicates. The advantage of silicon solar cells is
the abundance of silicon. The disadvantage is the energy consumption for
producing pure silicon. There are two types of crystalline silicon solar cells:
mono-crystalline silicon produced by slicing wafers from a high-purity single
crystal ingot and multi-crystalline silicon, made by sawing a cast block of sil-
icon first into bars and then into wafers. The mono-crystalline silicon solar
cells have higher efficiencies than the multi-crystalline. The record efficien-
cies of crystalline silicon solar cells are about 25% [4]. The silicon solar cells
work with the principle shown in Figure 1.2. Two semiconductors, both sil-
icon, one n-doped (most often with phosphorous) and the other one p-doped
(for example with boron) are brought together.

Thin film technologies

Thin film technology devices include amorphous Si, CdS, CdTe, CulnSe,
(CIS) and CulnGaSe; (CIGS). Thin film technologies solar cells work with
the same principle as the crystalline silicon photovoltaics, semiconductors are
brought together and an electric field is established at the junction between the
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p-type and the n-type inorganic semiconductors. Efficiencies of around 20%
have been established for thin film technologies [4].

Organic solar cells

Organic solar cells consist of conductive polymers or other organic conductors
as charge transport materials. An analogue to semiconductor based solar cells
can be made. Different conductive polymers with different HOMO-LUMO
levels are brought together, charge separation is established by effective fields
that bring electrons to fall from one excited state level to another. Efficiencies
of about 11% have been achieved with organic solar cells [4].

Quantum dot solar cells

There are different types of quantum dot solar cells and they are more or less
similar to dye-sensitized solar cells. The quantum dots can be used both as
sensitizer and redox mediator and the quantum dot solar cells can be both
liquid and solid state based. An example of material for the quantum dots is
lead-sulfide. Quantum dot solar cells have attained an efficiency of 8.6% [4].

Perovskite solar cells

Perovskite solar cells are a relatively new technology of photovoltaics. Per-
ovskites encompass a broad class of crystalline minerals. In the perovskite
solar cells the kinetics and working principle are still under investigation. The
perovskite seems to work both as charge carrier and absorbing material. A dis-
advantage of the perovskite solar cells is that the record-breaking ones contain
lead and that perovskites, being salt-like minerals, readily dissolve in water or
even humid air. There is research going on to replace the lead with for exam-
ple tin and efficiencies of 6.4% have been reported [5]. For the lead version
the record efficiency is 17.9% [4].

The Shockley-Queisser limit

Within the photovoltaic field the Shockley-Queisser limit is a maximum theo-
retical efficiency that solar cells building on the principle of a p-n junction can
achieve. The Shockley-Queisser limit was first calculated by William Shock-
ley and Hans Queisser in 1961 [6]. There are a number of processes limiting
the efficiency, one of the most important is the limitation of absorption of pho-
tons. The band gap of silicon, used for solar cells, is 1.1 eV. As a consequence,
the photons from the sun with less energy cannot contribute to the efficiency of
the solar cell. In Figure 1.3 the solar irradiance spectrum for AM 1.5 is shown.
The band gap of crystalline silicon 1.1 eV, equal to 1127 nm, is indicated.

Another limitation is photons having more energy than the band gap, exciting
electrons to higher energy levels and holes to lower levels in the atoms/molecules.
Before transport in the semiconductor, the electrons relax down to the lowest
energy level (bottom) of the conduction band and the holes move up to the
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Figure 1.3. Solar irradiance on the surface of the earth, the spectrum illustrate the AM
1.5 irradiance.

valence band ground state level of the semiconductor. This process is called
thermalization of hot electrons. The energy difference is lost and this energy
cannot contribute to the efficiency of the solar cell. The Shockley-Queisser
limit maximizes the efficiency of a single p-n junction solar cell with a band
gap of 1.1 eV, using AM 1.5 solar spectrum to about 30% [6]. The efficiency
of a combustion engine used in cars running on gasoline is around 30%. The
systems are though very different, but the reference is given here in order to
point out that the systems, existing commercially today, do not have higher
efficiencies.

Generations of photovoltaics

Photovoltaic technologies are divided into three different generations. The
first generation of photovoltaics is limited by the Shockley-Queisser limit and
the high cost per generated power. Conventional crystalline silicon solar cells
belong to the first generation since they demand a lot of energy for the purifi-
cation of silicon.

Photovoltaic systems belonging to the second generation are still limited by
the Shockley-Queisser limit, but this generation provides a lower cost per gen-
erated power due to cheaper fabrication process. The thin film technologies
belong to the second generation of photovoltaics.

In the third generation of photovoltaics the devices can exceed the Shockley-
Queisser limit. Multi-junction (tandem) solar cells and other emerging tech-
nologies being able to use hot electrons (higher vibrational energy than ground
state) and up-conversion (combining two lower energy photons to one higher)
belong to this generation. The third generation of photovoltaics also builds
on cheap materials such as nanomaterials and cheap processes where extreme
temperatures, such as for producing pure silicon, are not necessary.
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This thesis is about dye-sensitized solar cells which could belong both to the
second and the third generation of photovoltaics, since they are made of cheap
materials and can be considered being constructed as a multi-junction system.
The multi-junction is motivated by the semiconductor band gap and the dye
HOMO-LUMO gap.
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2. Dye-sensitized solar cells - working
principles

The basic research leading to the dye-sensitized solar cell (DSC) was done
during the 1970-80 [7, 8, 9]. A breakthrough came in 1991 when Gritzel and
O’Regan introduced the mesoporous structure of the semiconductor, which
gave a significant energy conversion improvement to 7.9% [10]. The meso-
porous structure increased the light harvesting due to the increased surface
area. Before this breakthrough compact layers of the semiconductor had been
used with conversion efficiencies around 1%. With the breakthrough in 1991
a whole research field emerged. Today there are different related solar cell
techniques such as solid state DSC [11], quantum dot solar cells [12, 13],
p-type DSC [14] and perovskite solar cells [15, 16, 17, 18]. Perovskite so-
lar cells has become a hot topic in the the field since the breakthrough in
2012. There are also a number of alternatives to the liquid electrolyte in DSC
such as gel electrolytes, ionic liquids and in-situ polymerized hole conductors
[19, 20, 21, 22, 23].

A standard liquid DSC is shown in Figure 2.1. The components of a DSC are:
two conductive glass electrodes, usually coated with fluorine doped tin oxide
(FTO-glass). One of the electrodes is the anode, the working electrode (WE),
which is screen printed with TiO;, nanoparticles (particle size around 20-50
nm). The TiO; is sensitized with a dye, which absorbs the photons. The other
electrode is the cathode, the counter electrode (CE) and in between the two
electrodes is the electrolyte containing the redox couple.

In Figure 2.1 the different processes in a DSC are shown:

1. The photon is absorbed by the dye and the dye is excited.

2. The electron is injected into the semiconductor.

3. The electron is extracted on the backside of the electrode and goes through
the circuit where it can perform electrical work.

4. At the counter electrode the electron reduces the oxidized species of the
redox couple in the electrolyte.

5. The reduced species in the electrolyte diffuses to the oxidized dye and
regenerates it by reducing it.

The driving force for the DSC is the potential difference between the quasi-
Fermi level, upon illumination of the working electrode, and the redox po-

tential of the redox couple in the electrolyte. In order to be favorable for the

19



Figure 2.1. Schematic illustration of a DSC.

electrons to move into the circuit and not recombine, the forward reactions
must be faster than the back-reactions. In Figure 2.2 the different time scales
of the processes are put on a timeline, where it is seen that the dye regeneration
is faster than the recombination of photoelectrons injected into the conduction
band of TiO,.

Electron Dye Electron Ion
injection regeneration  recombination  diffusion
[ 1 [ | | I I I | [
T rr—rrrrTrrrrr1Tr 71T
100 1t 10 107 10° 107 100 100 fmes

Figure 2.2. The time scale of different processes in the DSC.

In Figure 2.3 the kinetics of the DSC are illustrated. Down below follows a
brief description, a review on the subject can be found elsewhere [24].
1. When the photon hits the dye, the electron is excited from the HOMO-
level to the LUMO-level instantaneously.
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2. One of the particular processes in the DSC is the injection of electrons
into the semiconductor, which takes place within 100 fs - 100 ps. This
is depending on experimental conditions and there has been discussion
about the injection kinetics [24].

3. The regeneration of the oxidized dye is in the us scale. The kinetic of
the regeneration process explained by Marcus theory has been studied
by Feldt and co-workers [25].

4. Process where the electron goes back to ground state, both by radiative
and non-radiative processes.

5. Recombination of photo-injected electrons in the conduction band to the
oxidized species in the electrolyte.

6. Recombination of photo-injected electrons in the conduction band to the
oxidization level of the oxidized dye.

2.fs-ps
——=1 p*p"
4. ps 1
CB ._' ) . .
.U 5.ms-s
6.us-ms;. : '-,*
. / Red/Ox
Lo 3.us
‘ .
Y D/D*
VB

Figure 2.3. Schematic picture showing the different forward processes (solid lines)
and reverse processes (dashed lines) and their time scales in the DSC.

In Figure 2.4, the different energy levels are illustrated. The DSC is a system
bridging between physics and chemistry since it contains a semiconductor,
TiO,, with conduction band, normally described in relation to the vacuum
level. The vacuum level refers to the energy of a free stationary electron that
is outside of any material (it is in a perfect vacuum). Since the DSC also
contains classical elements for electrochemistry, such as a redox couple, it
is natural to relate this to the energy versus the normal hydrogen electrode
(NHE). The NHE refers to a platinized high surface area electrode immersed
into a solution of acid with activity of H* = 1 mol dm~3 in the presence of
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Figure 2.4. Schematic diagram of the different energy levels in the DSC. The diagram
is for TiO,, LEG4 and the redox couple Co(bpy)s(PFs)2/Co(bpy)s(PFs)3.

H; gas. Other redox potentials are related to this potential. The open circuit
voltage (V,. in V) of a DSC is obtained as the potential difference between
the quasi-Fermi level in the TiO; (Ef ri0, in €V) and the redox potential of
the redox couple (EF y.q0x in €V), see Equation 2.1, divided on the elementary
charge of an electron (g in C). In dark conditions these are the same.

Voc _ EF,TiOz _EF,redox (21)

q

The redox potential, E .4, (in V) of the redox couple is determined by the
Nernst equation:

RT Ayed
Eredor = E® — — x In(—
redox nF (aox

) (2.2)

where E° (in V) is the standard potential, a,.; and a,, are the activities which
means the activity coefficients times the concentrations. The equilibrium Fermi
level, Ey, is calculated by:

Ef=E.+kgT xln(;—c) (2.3)
C

where E. is the energy of the conduction band edge, n¢ is the density of con-
duction band electrons and N¢ is the effective density of conduction band
states. The mentioned Fermi level is the level at which the concentration of the
electrons is 50% of the total. In the DSC, only free electrons, i.e. the electrons
that can move in the conduction band, contribute to the current in the solar
cell. The injected photoelectrons in the mesoporous TiO, move through dif-
fusion. The diffusion of the electrons in the TiO, is described by the multiple
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trapping model [26]. In this model the TiO; is considered to contain trap lev-
els, which are localized states below the conduction band. Electrons can only
contribute to the efficiency of the solar cells if they are free and can diffuse.
An illustration of this is shown in Figure 2.5.

Electron energy

E¢

Semiconducor, TiO,

Electrolyte

............ Eredox

Figure 2.5. Schematic picture illustrating the semiconductor TiO; in contact with a
redox electrolyte. Ecp is the conduction band of the TiO;, EF is the quasi-Fermi level
upon injection of photoelectrons, in dark conditions the Fermi level, Erg, and the

redox potential of the redox couple E,. ., are in equilibrium.
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3. Components

3.1 The working electrode

3.1.1 The nanocrystalline semiconductor electrode

In the early studies of photoelectrochemical systems a monolayer of semi-
conductors was used. This lead to an intrinsic limitation, as the monolayer
only could absorb a limited amount of light, and only the monolayer of dye
bound to the surface could inject electrons into the semiconductor. By using a
mesoporous structure the surface area can be enhanced 1000-fold. A beautiful
analogy is in nature, where the surface area is increased by stacking the chloro-
phyll containing thylakoid membranes to grana structures. In the early history
of the development the DSC, many different semiconductors were used for the
working electrode. In Figure 3.1 a collection of different semiconductors are
illustrated.

E,NHE (V)

SiC

15
-1.0 +—

0.5 1
0 L. LIRS EPERE R R BNREERE (REEEEE Iy c L4+ SR P ETET) PACRRE b —— Hp/Hy0
= | aE=
0.5 1 14ev|225ev i 3.0eV| - Co(bpy)(I)/Co(bpy)(IL)

1.0 |-
1.5 4
20 +—
25 —+—
3.0 —
35 —

—— Hp0/02

Figure 3.1. The band positions of several semiconductors in contact with aqueous
electrolyte at pH 1. The conduction band edge is represented by red color and the
valence band by green color. On the right side the redox potential for water oxidation,
hydrogen reduction and the redox potential for the cobalt bipyridine redox couple [27].

For the porous structure to be effective the nanoparticles need to have a path-
way for electrical conduction. When preparing the mesoporous TiO; elec-
trodes used in this thesis, two methods have been used. A polymer solution,
in which TiO;, nanoparticles are dispersed, has been screen-printed onto the
conductive glass substrate and sintered. By sintering, the organic components
are burnt out, the particles "melt" together and contact is formed. On this layer
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a wet chemical deposition method has been applied by immersing the samples
in a TiCly (aqueous) solution. This leads to nanocrystalline particles directly
on the substrate. Further description of fabrication of the TiO, electrodes can
be found in paper I-IV.

TiO; electrodes

TiO; is a versatile compound not only used as a semiconductor in photochem-
ical applications. It is used in white paint, toothpaste, sunscreen and food
(E171) et cetera. TiO, is nontoxic, stable and cheap. There is also a research
field where TiO, is used as photocatalyst for degradation of organic pollu-
tants in aqueous and gaseous phases, self-cleaning windows are an application
of this. TiO, was also the semiconductor used in the famous Electrotechni-
cal Photolysis of Water at a Semiconductor Electrode paper by Fujishima and
Honda [28]. TiO; has band positions suitable for hydrogen production from
water by having the valence band more positive than the redox potential for
H,0/0; and the conduction band more negative than the redox potential of
H,/H,0.

TiO; has several crystal forms occurring naturally; rutile, anatase and brookite.
Rutile is the thermodynamically most stable form but anatase is the one pre-
ferred in DSC:s. The reason is the band gap of anatase being 3.2 eV while
it for rutile is 3.0 eV. The higher conduction band edge of anatase leads to
higher Fermi level and higher V,,. in DSC application. Since no TiO; particles
were synthesized in this thesis, description of synthesis can be found else-
where [29]. Mesoporous TiO; structure composed of nanoparticles was used
in the breakthrough paper by Gritzel and O’Regan [10]. Since then there has
been a tremendous development of different kinds of nanostructures such as
nanowires, nanorods, nanobowls, nanosheets, nanotubes and microbeats. For
extensive overlook of different kinds of TiO, structures for DSC see reference
[29].

ZnO electrodes

ZnO is very similar to anatase TiO, considering the valence and conduction
bands, see Figure 3.1. Historically ZnO was used in the research founding the
DSC field [30]. ZnO has higher electron mobility than TiO,, which should
favor electron transport. The problem with ZnO is its stability, especially in
aqueous solutions. ZnO dissolves in both acidic and basic solutions and the
range where it is stable is very limited. It has been noticed that dissolution
of ZnO by the carboxylic acid anchoring groups take place, resulting in Zn**
ions. The Zn”>* ions then form insoluble complexes with ruthenium dyes such
as N3 and N719. These insoluble complexes precipitate in the mesoporous
structure and cause charge transfer problems. Ideally for ZnO a dye without
protons should bee used. It could be believed that ZnO due to the similarities
in the conduction band and valence band levels with TiO, has been subject
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for photocatalytic research, just as TiO,. However, ZnO exhibit photo decom-
position upon prolonged optical radiation. There has been extensive research
nevertheless within the DSC area on ZnO, for literature see elsewhere [29].

3.1.2 Anchoring of dye to oxide surface

There are generally different kinds of adsorption modes such as covalent bond-
ing, electrostatic interaction, hydrogen bonding, hydrophobic interaction, Van
der Waal force and physical entrapment inside pores or cavities. For a DSC the
linking of the dye to the semiconductor surface needs to be stable. It is there-
fore natural that most dyes today have an anchoring group that reacts with the
semiconductor surface and creates a chemical bond, over which charge trans-
fer takes place. Most often a carboxylic acid is used, which reacts with the
hydroxyl group on the surface. There has been other anchoring groups in-
vestigated such as esters, acetic anhydride, carboxylate salts and amides [24].
The carboxylic acid anchoring group can coordinate to the oxide surface in
three different ways; unidentate mode, chelating mode and bridging biden-
tate mode, see Figure 3.2. The mode of absorption on the oxide surface can
be obtained by measuring FT-IR spectroscopy and calculating the frequency
distance between the asymmetric and the symmetric stretching modes of the
carboxylic acid.

R R i
Q"0 oo 0”0
M M M M

Unidentate Bidendate Bidendate

chelating  bridging

Figure 3.2. The different binding modes for the carboxylic acid anchoring group on
an oxide surface.

3.2 The counter electrode

The task of the counter electrode is to reduce the oxidized species of the re-
dox couple. This should be done with as low resistance as possible in order
to attain an efficient DSC. The most common counter electrode material used
for the iodide/triiodide redox system has been thermally deposited platinum
nanoparticles. The thermal deposited platinum counter electrode is very effi-
cient for the iodide/triiodide system. However, after the introduction of cobalt
complexes as redox couple, it was shown that platinum was not the most ef-
ficient in the cobalt-based redox system [31]. Instead, conductive polymers
such as Poly(3,4-ethylenedioxythiophene) (PEDOT) has been shown to be ef-
ficient for cobalt, as well as for sulfur-based redox couples [31, 32]. In paper
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I PEDOT counter electrodes were fabricated by electropolymerization of the
monomer 3,4-ethylenedioxythiophene (EDOT), and investigated in the cobalt
redox couple system. There are a number of publications on different counter
electrode catalysts such as carbon materials, conductive polymers, cobalt sul-
fide [29]. In our laboratories there has also been a thorough examination of
functionalized graphene sheets[33].

3.3 The dye

The task of the dye is to absorb the photons, harvest as many as possible and
inject electrons into the semiconductor. The reason why a dye-sensitized solar
cell is dye-sensitized is because the band gap of the semiconductor is so wide
that it only absorbs light in the UV region. In Figure 3.1 it is shown that the
band gap of TiO, is about 3-3.2 eV. This corresponds to an absorption thresh-
old of approximately below 400 nm. In this way a great deal of photons are
lost and the efficiency will never be high. If a sensitizer is introduced, two
more tunable energy level are added and higher light harvesting is achieved.
There are many different kinds of sensitizers such as metal complexes, por-
phyrins, phtalocyanines and metal free organic dyes. For an extensive review
on different kinds of sensitizers for DSC see elsewhere [29].

Most metal based dyes for DSC application are ruthenium based, they have fa-
vorable properties such as; broad absorption, suitable energy levels, relatively
long lived excited state and good electrochemical stability. There are a number
of articles published about ruthenium complexes [29]. Two famous ruthenium
based dyes within the DSC field are; the N719 and the "Black dye". N719
was published by Gritzel and co-workers in 1997 [34] and the "Black dye" in
2001 by the same group [35]. Both N719 and the "Black dye" can be seen in
Figure 3.3.

COOTBA
Black dye N719

Figure 3.3. The "Black dye" and the N719 dye, both ruthenium based.

By introducing the "Black dye" Gritzel and co-workers extended the incident
photon conversion efficiency (IPCE) into the IR-spectrum up to 920 nm yield-
ing 10.4% efficiency [35]. In this thesis organic dyes were used. Organic dyes
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have a number of advantages.

e They can be easy to synthesize.

e Since the metal based dyes often contain rare earth metals (Ruthenium for
example) the organic ones can be cheaper and also more environmentally
friendly.

e The molar extinction coefficient of organic dyes is often higher compared to
metal based. This makes them suitable for solid state solar cells where the
TiO; thickness is limited.

e With the donor-linker-acceptor concept of the organic dyes it is easy to de-
sign new dyes.

The donor-linker-acceptor dyes are, as the name suggests, molecularly de-
signed with three different parts with distinct functions. The name donor and
acceptor refers to the ability of the different parts in the molecule to donate or
withdraw electron density respectively. The donor and the acceptor are linked
by the m-linker. The linker influences the absorption spectrum of the dye,
which is depending on the length, degree of conjugation and intrinsic electron
withdrawing and donating ability of the linker. The HOMO-LUMO gap of the
donor-linker-acceptor dye is largely depending on the HOMO by the donor
and the LUMO on the acceptor, however this is not completely the whole
truth since the linker unit inflicts on the gap between the HOMO and LUMO
of the molecules as well. The acceptor is the part attaching to the semicon-
ductor. D35 is an organic dye with donor-linker-acceptor architecture, D35 is
shown in Figure 3.4. The donor unit is the triphenylamine unit, the linker is
the thiophene unit and the acceptor is the cryanoacrylic acid unit.

An alternative to dye-type sensitizers are quantum dots. Quantum dots are
interesting due to their intrinsic properties. The band gap vary with size,
therefore absorption and redox properties can be tuned by the synthesis of
the quantum dots [12, 13].
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Figure 3.4. The organic donor-linker-acceptor dye D35.
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3.4 The redox couple

Iodide/triiodide was the redox couple used in the breakthrough article of 1991
[10]. However, iodide/triiodide as a redox couple has some disadvantages, one
of them being a lower redox potential (~ 0.35 V versus NHE) than necessary
for dye regeneration limiting the V,,. and hence also the 1) [36]. Normally the
dyes have HOMO levels of about 1 V versus NHE leaving a potential differ-
ence of about 0.75 eV. Another disadvantage is the high molar extinction coef-
ficient, thereby limiting the light harvesting efficiency of the system. Today the
world record efficiency of 13% for DSC:s is obtained with a cobalt complex
[37]. Cobalt as a redox mediator had a breakthrough in 2010 when Feldt and
co-workers introduced a combination of dye and redox couple that decreased
the recombination [38]. Since the paper by Feldt and co-workers there has
been a number of different cobalt complexes studied [25, 31]. Cobalt com-
plexes open up the possibility to tune the redox potential and thereby optimize
the kinetics of the regeneration. The driving force necessary for regenerating
of the dye has been studied [25], for most cobalt complexes studied it was
concluded that the regeneration efficiency decreased when the driving force
decreased below 0.4 eV. The iodide and cobalt complex redox mediator sys-
tems differ in the cobalt being a one electron process while the iodide has a
many step process. It has been presented that the iodide/triiodide couple re-
generates the dye, D, most likely in a sequence of reaction steps [29, 39]. See
the following mechanism.

(DY +17) = (D---I) (3.1
(D---1)+I" — (D---1;*) (3.2)
(D---1I,*) =D+, (3.3)
2y Iy 1 (3.4)

3.5 Electrolyte solvent

In the beginning of the DSC history water was used as electrolyte solvent.
These systems achieved however modest efficiencies of 1-2% with illumina-
tion of less than 1 sun [40, 41]. Water has many advantages as solvent, one
of them being that the conduction band in colloidal TiO; anatase particles can
be controlled. It has been shown that the conduction band depends on pH by
[42]:

Ecp =0.140.059 x pH(eV,NHE) (3.5)
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Table 3.1. Physical properties of solvents used for electrolytes in DSC.

Solvent mp/bp (°C)? el viscosity (mPa s)? Di_ (cm? s~ 1)
water 0/100 80 0.89 1.13 x107>
ethanol -114/78 24 1.07 -
acetonitrile -44/82 36.6 0.34 1.5 x107°
propionitrile -92/97 28 0.41 -
valeronitrile -96/140 20 0.71 -
glutaronitrile -29/286 37 53 -
methoxyacetonitrile /119 - - 7.6 x1076
3-methoxypropionitrile -57/165 36 1.1 4-5 x107°
Y-butyrolactone -44/204 42 1.7 3.9 x1076
propylene carbonate -49/242 65 25 2-3 x107°
PMIml’ -55/ - 880/ 1.9 x1077

¢ melting/boiling point at 1 atm.  Relative dielectric constant.

¢ Viscosity at 25°C of the pure solvent (mPa s = cP). ¢ Apparent diffusion
coefficient for triiodide in a DSC electrolyte. D Iy will depend on electrolyte
composition. ¢ 1-Methyl-3-propylimidazolium iodide (ionic liquid).

f with 0,05 M I, added.

as the pH increase the conduction band will move towards more positive val-
ues. This affects the kinetics of the DSC. As time moved into the 1990:s water
was replaced by organic solvents. In Table 3.1 solvents used for DSC are
listed. The table is adopted from the review by Hagfeldt and co-workers [29],
in the same review different solvents for DSC:s are discussed more compre-
hensively.

The demands on the solvent for the electrolyte in the DSC is that it should
be chemically stable, have a low viscosity and provide good solubility for the
redox mediator and other additives in the electrolyte. It is also important that
the solvent does not cause desorption of the dye, semiconductor or dissolve
the sealing material. The solvents most frequently used today are relatively
polar organic solvents, for example acetonitrile. In the 1991 Nature article
by Gritzel and O’Regan a mixture of ethylene carbonate and acetonitrile was
used. 3-methoxypropionitrile (MPN) is good for stability studies due to its
low vapor pressure. Acetonitrile is a commonly used solvent today, the world
record is performed with this solvent [37]. The problem with acetonitrile is
however the vapor pressure which could cause long term stability problems
for modules. Extensive research for finding less volatile solvents has been
performed. Ionic liquids possess low vapor pressures and have shown giv-
ing stable systems [21, 29]. Electrolytes can also be based on both organic
solvents and ionic liquids, these electrolyte mixtures can be gelated, polymer-
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ized, or dispersed with polymeric materials. This gives something called a
quasi-solid electrolyte. The advantage of the ionic liquid and the guasi-solid
based electrolytes is the lower vapor pressure and thereby the stability. The
disadvantage is the mass transport limitations.

As already mentioned water was used as solvent in the beginning of the DSC
history. After the introduction of organic solvents water started to be con-
sidered a problem in DSC:s. The presence of water in the DSC has been
reported to degrade organic solvent-based electrolytes due to the formation
of iodate [43], detachment of dye [44, 45] and reducing the electron lifetime
[46]. Water should however be an excellent solvent for electrolytes in DSC
as it is non-toxic, non-flammable and compared to the most used solvent to-
day, acetonitrile, it possess lower vapor pressure. Another consideration is
the stability. Water will most probably permeate into the solar cell modules
with time, if not extensive permeation barriers are added to the design. With
water as electrolyte solvent permeation of water would not be a problem. An-
other advantage of water would be the cost, as water is cheaper than organic
solvents. After the breakthrough with organic solvents, water was put aside
as solvent. Until 2010 there were few articles examining water as electrolyte
solvent for the DSC. After 2010 there has been some articles published with
water-based DSC:s [47, 48, 32, 49, 50]. These papers gave inspiration for the
study in paper III of this thesis.

The intrinsic problem of using water as electrolyte solvent for the iodide/
trilodide redox mediator system could be due to how water as solvent affects
the mechanism seen by Equation 3.1, Equation 3.2, Equation 3.3 and Equa-
tion 3.4. Hagfeldt and co-workers argue that the difference between the formal
reduction potential of I;* /I~ and D" /D determines the driving force for re-
generation of the dye [39]. Hagfeldt and co-workers determined the value of
EY " /I7) in water to +1.04 V versus NHE, comparable to the value in ace-
tonitrile +0.79 V. Water as solvent shift the redox potential to a more positive
value, lowering the driving force for regeneration of the dye in water. Another
disadvantage of using water as electrolyte solvent for the iodide/triiodide re-
dox mediator system could be the binding coefficient of /™ and /> to form I5
(Equation 3.6). In water Kj; = ~1000 compared to Ky; = ~ 4 x 10° in acetoni-
trile. The concentration of I, thus being unavoidably higher in water-based
iodide/triiodide electrolytes, compared to equivalent acetonitrile electrolytes.
The main pathway for recombination in cells with iodide/triiodide electrolytes
in MPN and propylene carbonate has been shown to be the reduction of I,
[51]. This presents another intrinsic limitation of low V. in water-based io-
dide/triiodide redox mediator DSC.

T +h—1Iy (3.6)
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4. Characterization techniques

4.1 Characterization of complete device

4.1.1 Current-voltage characteristics

One of the most essential measurements of a solar cell is the current-voltage
(I-V) measurement. In order to be able to compare performances of solar
cells the IV curve is measured under illumination of a lamp with a spectrum
similar to the AM1.5G illumination. The AM1.5G spectrum is the spectrum
of sunlight that has traveled 1.5 times the thickness of the atmosphere. The
intensity of the illumination is calibrated to 1000 W/m?, equal to 1 sun. The
IV characteristics are monitored under illumination by applying an external
potential between the working and counter electrode. The external potential is
altered from J,. to V. or opposite depending on scanning direction. The IV
curve can also be measured under dark conditions. This will give information
about recombination to the oxidized redox species. Since no oxidized dye is
present in dark, the dark current is a measure of electrons going in the reverse
way, from the TiO, to the oxidized species of the redox couple. An example
of IV curves performed under 1 sun and in dark is shown in Figure 4.1.

12

JI mAcm™2

0 200 400 600 800 1000
Vi mV

Figure 4.1. IV curve of the LEG4 dye under 1 sun illumination (solid) and in dark
(dashed).

The IV measurements should be carried out with enough slow scan rate so
the solar cell has time to adjust and no hysteresis effects appear. The maxi-
mum power point is given by the P,,, values. By this the fill factor (FF) is
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introduced, the FF is a measure of the ratio of the P,,, and Jy. and V,. see
Figure 4.2.
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Figure 4.2. IV curve of the LEG4 dye under 1 sun illumination. By taking the area of
the shaded square and dividing it by the area of the one covered by the V. and the J
the FF is obtained.

The efficiency of a solar cell is calculated as the ratio between the output power
and the input energy:
_ Puax  Jse X Voe XFF
~ Pn PR

where FF is relating the Py, Jsc and V. according to the following equation.

4.1)

FF — Jmax X Vmax (4'2)

JSC X VOC
The inclination of the IV curve is related to the resistances in the solar cell.
In paper I the FF was used as a measure of how the different kinds of counter

electrodes affected the resistance of the solar cells.

By measuring the IV curve with electrolyte sandwiched between two conduc-
tive electrodes, the diffusion coefficient of the oxidized species of the redox
couple can be determined. This was utilized in paper I (see chapter 5) to deter-
mine the diffusion coefficient of the oxidized species in the cobalt electrolyte.

4.1.2 Incident photon to current conversion efficiency

The incident photon to current conversion efficiency (IPCE) is a measure of
the efficiency of the solar cell to convert the incoming photons to photocurrent
at different wavelengths. This is done by measuring the resulting photocur-
rent of the solar cell when illuminated by monochromatic light. The IPCE is
a measure of the product of different efficiencies such as Light Harvesting Ef-
ficiency (LHE), the quantum yield of electron injection from the excited dye
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into the TiO, conduction band ¢;,;, the efficiency of regeneration 7., and the
collection efficiency of the photo-generated charge carriers 7).,;;.

IPCE = LHE X ¢inj X Nreg X MNeoli (4.3)
For calculating the IPCE experimentally one use the following equation:

1240 x Jy.(mAcm™2)
A(nm) x Py (mWem=2)

IPCE = 4.4)

In Figure 4.3 the IPCE spectra of two organic dyes, D35 and LEG4, in cobalt
redox mediator based DSC:s are shown.
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Figure 4.3. TPCE spectra of the two organic dyes, D35 and LEG4, in cobalt redox
mediator based DSC:s.

4.1.3 Toolbox techniques

Toolbox techniques is a generic way of addressing measuring techniques that
measure; electron lifetime, transport time and extracted charge. All tool-
box measurements in this thesis were measured with a system described by
Boschloo and co-workers [52]. In short the measurements were performed us-
ing a white LED as light source. Voltage and current traces were recorded with
a 16-bit resolution digital acquisition board in combination with a current am-
plifier and a custom made system using electromagnetic switches. It should
be pointed out that by using the toolbox techniques for measuring the elec-
tron lifetime and the transport time different conditions are applied. Electron
lifetime is measured under open circuit conditions while the transport time
is measured under short circuit conditions. The parameters are therefore not
measured under working conditions.
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Electron lifetime measurements

In the electron lifetime measurement the lifetime of the electrons in the TiO,,
before recombining to the oxidized species in the electrolyte, or to the oxi-
dized dye, is measured. The experiment is carried out by applying a small
modulation with a certain frequency to the bias voltage applied to the light
source. The resulting rise and fall to a new open circuit voltage of the solar
cell as a response to the modulation of the bias voltage of the light source is
measured. The corresponding rise and fall times are calculated with aid of
fitting. The electron lifetime is obtained by averaging the rise and fall times.
The electron lifetime is an important parameter to measure when evaluating
different redox couples. Before Feldt and co-workers published their study of
cobalt polypyridine redox mediators in 2010 [38] the problem of alternative
redox couples to iodide/triiodide had been the short electron lifetimes and fast
recombinations to one electron redox mediator. In the study by Feldt and co-
workers it is shown how the dye design can be used to decrease recombination
and increase electron lifetime.

Electron transport measurements

In the transport time measurement the time it takes for the electrons to travel
to the back-contact of the working electrode is measured. The experiment is
carried out by applying a small modulation with a certain frequency, to the
bias voltage applied to the light source. The solar cell is kept at short cir-
cuit conditions. The resulting rise and fall to a new short circuit current as
a response to the modulation of the bias voltage of the light source is mea-
sured. The corresponding rise and fall times are calculated with aid of fitting.
The transport time is obtained by averaging the rise and fall times. Transport
time measurements can be used to evaluate the conduction of electrons in the
semiconductor.

Extracted charge measurements

Extracted charge measurements can be carried out both at open circuit and at
short circuit conditions. At open circuit conditions the solar cell is illuminated
at open circuit conditions, after a certain time the light is turned off and si-
multaneously the solar cell is switched to short circuit conditions while the
current is monitored. The extracted charge during the short circuit conditions
is obtained by integrating the current with time. At short circuit conditions the
solar cell is illuminated under short circuit conditions. The current is moni-
tored though a current amplifier. After a certain time the illumination is turned
off and the software integrate the current with time. Extracted charge mea-
surements can be used to see if the conduction band is shifted. This was done
in paper II. In Figure 4.4c the extracted charge as a function of V. is shown.
The measurement shows that the different dyes anchored on the surface do not
shift the conduction band of the TiO;. In Figure 4.4d the extracted charge for
the LEG-series of dyes is illustrated but at short circuit conditions.
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Figure 4.4. Toolbox measurements. Figure (a) shows lifetimes of the LEG-series
of dyes. Figure (b) shows transport times of ZnO working electrodes covered with
different layers of MgO sensitized with D35 and cobalt electrolyte. Figure (c) shows
extracted charge of the LEG-series of dyes at open circuit conditions. Figure (d) shows
the extracted charge of the LEG-series of dyes at short circuit conditions.

4.1.4 Impedance spectroscopy

The purpose of a solar cell is to generate electrons, current and voltage. For
this to be as efficient as possible there should be as few losses and as little
resistance for the charge transfer processes in the solar cell, as possible. Lower
resistance within the cell will also minimize voltage drops. The IV curve gives
by the inclination to the V. the total resistance in the solar cell.

LI(V) = 1 4.5)
AV Ry

However, this is the total resistance in the solar cell and does not give any
information about the resistances in the different components such as charge
transfer at the counter electrode, resistance of electron transport in the TiO5,
recombination resistance or diffusion resistance in the electrolyte. By measur-
ing electrochemical impedance spectroscopy (EIS) one can obtain information
about different components’ resistance and capacitance. In the DSC there are
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resistances for the charge transfer processes at the FTO glass, giving rise to
the series resistance Ry, at the TiO,/dye surface - electrolyte giving the re-
combination resistance, R,... A high R,.. is good since this implies that the
resistance for recombination of injected electrons in the conduction band of
the TiO, with the oxidized species of the redox couple is high. There is also
resistance in the electrolyte due to diffusion of the redox couple. This is given
by the Warburg element. At the counter electrode there is the resistance for
the charge transfer process of the reduction of the oxidized species in the elec-
trolyte. In the DSC there is double layer capacitance, this occur due to the
charged surfaces at the working and counter electrode. At the working elec-
trode the injected electrons charge the surface negatively, positively charged
cations in the electrolyte are attracted and a Helmholtz layer is created gen-
erating double layer capacitance. The counter electrode experience the same
phenomena and also here a double layer capacitance is built up. Resistance is
the ability of an electric circuit to resist the flow of electrical current, electrons.
Ohm’s law gives the relationship between current, voltage and resistance.

V=IxR (4.6)

Impedance is introduced when working with AC signals. Under such con-
ditions, current can flow through a capacitor, which is depending on the AC
frequency. By applying a sinusoidal alternating potential to the electrochem-
ical system and measuring the output, a sinusoidal current, one obtains the
impedance. Since the input, the voltage, and the output, the current will be
phase shifted it is convenient to describe impedance by complex numbers.

z=x+jy 4.7)

where

j=v—-1 (4.8)
Impedance is represented by a real and an imaginary part. One often describe
the real part as the magnitude IZI and the imaginary part as the phase 6.

Z=1Z| x e® (4.9)
Z =|Z|cos(x) + |Z| jsin(x) (4.10)
Z = Real(Z) + Imaginary(Z) (4.11)

When measuring impedance of a DSC and plotting the imaginary part (capac-
itance) on the y-axis and the real part (resistance) on the x-axis, this is called a
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Nyquist plot. When measuring a standard DSC half circles will appear in the
spectrum. A standard Nyquist plot of a DSC is shown in Figure 4.5.
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Figure 4.5. Resistances in a DSC. The total resistance, R;,;, is depending on the series
resistance Ry, the charge transfer resistance at the counter electrode R, the recombi-

nation resistance of electrons in the TiO; conduction band to the redox couple in the
electrolyte R,.. and the diffusion resistance for the redox couple in the electrolyte, Rp.

In the Nyquist plot the x-axis gives the real part of the impedance the |ZI-value
and the y-axis the imaginary part, the phase 6. One normally scans from low
frequencies to high frequencies. For a DSC the first resistance that the will
appear is the Ry, the resistance between the FTO-glass and the TiO;. This is
real and is where the measurement points start in the spectrum. After this a
first semicircle appear. This illustrates R... The impedance contains both the
double layer capacitance of the counter electrode and the resistance for the
electron transfer. This gives both an imaginary and a real part. As starting at
low frequencies the capacitance will be 0 and working as a resistor. As the
frequency increase the capacitor starts to behave as a capacitor, loading and
de-loading. This gives the phase angle 8, the imaginary part. At a certain
frequency the maximum 6 is reached and the angle decrease again. The sec-
ond semicircle appearing is the TiO,/dye surface - electrolyte interface, the
R,.c. Here the real part gives the recombination resistance and at maximum
0 the electron lifetime in the TiO, conduction band can be calculated. The
third semicircle gives the Rp of the redox couple in the electrolyte. If a porous
counter electrode is used a last semicircle can appear giving the diffusion re-
sistance in the counter electrode of the redox couple.

Analysis of EIS for DSC

It is important to do correct measurements but also to do correct interpretation
of data. For interpretation of impedance measurements a fit of the data by an
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electric circuit, the equivalent circuit is done. For DSC:s a commonly used
equivalent circuit is shown in Figure 4.6.

Rs CPE_TiO2 W R_CE

=
R_TiO2 CPE_CE

Figure 4.6. Equivalent circuit used for DSC.

As already described there is a resistor for the series resistance, for the in-
terface TiO,/dye surface - electrolyte there is a constant phase element and a
resistor in parallel. There is a Warburg element for describing the diffusion
resistance. For the interface counter electrode - electrolyte there is once more
a constant phase element and a resistor in parallel. By using this model values
of the different elements can be obtained. In paper I impedance was utilized to
analyze the difference in charge transfer resistance at platinized counter elec-
trodes and electropolymerized PEDOT counter electrodes. In Figure 4.7a and
Figure 4.7b impedance measurements with fits by using the equivalent circuit
in Figure 4.6 are illustrated. The fits show good agreement with the measured
values.
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Figure 4.7. Figure (a) shows impedance measurements with the fits for platinized
and PEDOT counter electrodes used in a D35 dye DSC system. Figure (b) shows the
impedance measurements with the fits for platinized and PEDOT counter electrodes
used in a D45 dye DSC system. In both systems is it possible to see the difference
in charge transfer resistance at the counter electrode for the platinized and PEDOT
electrodes. The platinized electrodes give higher charge transfer resistance.

By measuring impedance it is also possible to obtain information about elec-
tron lifetimes in the TiO, conduction band. By taking the maximum angular
frequency value from the second semicircle and inverting the value the elec-
tron lifetime is calculated. An example of this is illustrated in Figure 4.8.
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Figure 4.8. Electron lifetimes in solar cells assembled with the organic dyes D35 or
D45 determined by impedance spectroscopy.

The diffusion coefficient for the redox couple can be calculated by:

D
0= 73 (4.12)

where L is the diffusion length, D the diffusion coefficient. @, is the maximum
angular frequency value of the third semicircle [53]. There is additionally a
way of obtaining the diffusion coefficient from EIS measurements:

RTL

Rp= —0
D= 2F2acD

(4.13)

where Rp is the diffusion resistance, R is the gas constant, T is the temper-
ature, L is the diffusion length, z is the number of charges transfered by the
diffusing species, F is the Faraday constant, a is the electrode area, C is the
concentration of the diffusing species and D is the effective diffusion coef-
ficient of the diffusing species. This equation is though only valid for ideal
solutions [54].

In this thesis impedance measurements were performed and merely the R,
and capacitance at the counter electrode were derived. This was performed
with symmetric cells in order to simplify the analysis and minimize the error.
For fundamental description and profound work of EIS with DSC systems see
elsewhere [55, 56].
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4.2 Characterization of components
4.2.1 UV-visible spectroscopy

UV-vis spectroscopy is a technique for measuring absorbance as a function of
wavelength. A sample is irradiated with an intensity of UV-vis light and the
intensity after the sample is measured. Absorbance is defined as:

I
A= log10(70) (4.14)

where Ij is the intensity of light before the sample and I is the intensity to
the detector after the sample. It is evident that the greater the absorbance,
the less is transmitted to the detector. The less photons that are transmitted
to the detector the greater the insecurity of the measurements gets and it is
recommended that an absorbance of less than 1 is used. Transmission reflects
how much is transmitted by the sample instead for absorbed. Transmission, T
is defined as following.

1
=%
Absorbance A, is connected to the concentration C, of the sample, the molar

extinction coefficient, € and the length for the light to travel, L by Lambert
Beers law.

T (4.15)

A=CxexL (4.16)

In a solar cell photons are converted to electrons. It is therefore desired that
as many photons as possible are absorbed. UV-vis spectroscopy is therefore
a commonly used technique to evaluate dyes and their possibility to absorb
photons at different wavelengths. By measuring the absorbance of sensitized
TiO, films, it is possible to determine the light harvest efficiency (LHE), see
Equation 4.17.

LHE(A) =1—10"4"%) 4.17)

In Figure 4.9 the LHE for the LEG-series of dyes is plotted. The full formula
of the LHE is:

LHE(A)=1—T —R (4.18)
where T is the transmitted light and R is the reflectance. In Equation 4.17 R is

assumed to be 0.

UV-vis spectroscopy and Lambert Beers law can be used to calculate dye cov-
erage on the TiO; films. By absorbing the dye on the TiO, films, desorb the
dye in base solution (tert-butylamonium hydroxide (TBAOH) for example)
and measure absorbance of the solution, the concentration can be attained by
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Figure 4.9. Light harvesting efficiency of the LEG-series of dyes.

Lambert Beers law. If the molar extinction coefficient, €, of the dye in the base
is known, the concentration can can be calculated according to Equation 4.16.
The surface coverage on the TiO; is given in mol cm~2. By taking the con-
centration obtained, and multiplying by the volume of the TiO,, dividing this
by the surface area of the TiO,, the surface coverage is calculated.

4.2.2 Fluorescence spectroscopy

Fluorescence spectroscopy measures the emitted photons upon illumination
as a function of wavelength. By illuminating molecules, photons are absorbed
and electrons excited to higher energy levels. When relaxing down to the
ground state, molecules emit photons of lower energy than the first absorbed
energy. In DSC it is often of interested to know the gap between the ground
state level and the first excited level of a dye, the Ey_o value. The value of
this gap is essential for the absorbance of the solar cell. The gap is estimated
by the intercept of the absorbance and the fluorescence spectra of the dye.
Example of fluorescence spectra is illustrated in Figure 4.10. By taking the
intercept of the fluorescence spectrum and the aborbance spectrum, plotted in
the same graph, the gap between the LUMO and the HOMO of the dye can be
estimated, see Figure 4.10.

When measuring fluorescence it is important to use low concentrations so that
energy transfer is avoided. If highly concentrated samples or turbid samples
are used, inner filter effects affecting the fluorescence spectrum can occur. It
is necessary to pay attention to the choice of solvent so that solvent effects
are considered. Since an excited molecule almost always has a higher dipole
moment compared to non-excited, the excited state will be stabilized the more
polar the solvent is. The more stabilized the excited state gets due to the sol-
vent, the more red shifted the fluorescence spectrum gets. One should thereby
always try to measure the absorption, fluorescence and cyclic voltammetry in
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Figure 4.10. Absorbance and fluorescence of the D35 dye and the V35 dye.

the same solvent, in order to accurately determine the oxidation potential, first
excited state level and the gap between them.

4.2.3 Electrochemistry

In this thesis the electrochemical measurements performed were: cyclic voltam-
metry for measuring the redox potential of the dyes and redox couples, limiting
current measurements with microelectrodes for determining diffusion coeffi-
cient and galvanostatic measurements for electropolymerization of EDOT.

Determining the redox potential

For a DSC to be as efficient as possible, attention should be drawn to the en-
ergy levels in the system. The oxidation potential of the dye and the redox
potential of the redox couple determine the driving force for regeneration of
the oxidized dye. There is a trade off between efficient regeneration and loss
in V,.. For a dye, the oxidation potential can be determined by measuring the
cyclic voltammetry of the dye in solution or attached to TiO,. When measur-
ing cyclic voltammetry, the potential is scanned and the resulting current from
the electrochemical system is measured. The scan is sweeped, if the system
is reversible an oxidation peak and an reduction peak appear. The separation
between the oxidation and reduction peak for a reversible one-electron system
at 298 K should be 59 mV [57] according to Equation 2.2. The cyclic voltam-
metry measurements performed in this thesis were performed with a three-
electrode setup. Different types of electrodes were used, for example glassy
carbon as working electrode, carbon as counter electrode and a reference of
Ag/AgNO3 (10 mM AgNOs, 0.1 M LiClOy). For convenience, the potentials
are reported versus a reference, such as the normal hydrogen electrode (NHE).
For as accurate measurements as possible, the measurements should be carried
out at conditions as similar to in the DSC as possible. It is convenient to use
the same additive, LiClOy4, often used in the solar cell electrolyte, in the cyclic
voltammetry measurement.
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E”, the formal potential is calculated by taking the average of the oxidation
peak potential E,, and the reduction peak potential E,.; as seen in Equa-
tion 4.19.

Eo’ . on+Ered
N 2

This is for a reversible system meaning that both oxidation and reduction oc-
cur. In Figure 4.11 cyclic voltammetry of the calibration compound ferrocene
and the dye V35 are shown. Since both systems are reversible, the redox po-
tential can be calculated according to Equation 4.19.

(4.19)
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Figure 4.11. Figure (a) cyclic voltammetry of 1 mM Ferrocene and 0.1 M LiClOq4
in CH3CN, this is normally used as a reference for calibration. Figure (b) cyclic
voltammetry of 0.2 mM V35 and 0.1 M LiClO4 in CH3CN.

An illustration of how to calculate the redox potential of the dye versus NHE
is visualized in Figure 4.12. The difference between the reference electrode
(Ag/Ag™) and the ferrocence is taken from Figure 4.11a and the difference
between the reference and the dye is taken from Figure 4.11b. There are other
techniques which gives better resolution of the oxidation peak such as dif-
ferential pulse voltammetry and quare wave voltammetry, the problem is that
these techniques do not give information about the reversibility [29].

NHE Ag/Ag" Fc/F¢® D/D*

~<—> Measured
<> Taken as 0.63 V according to reference
<—> Measured

Figure 4.12. Calculating the measured redox potential versus the reference electrode
versus the NHE. Ferrocene versus NHE was taken as 0.63 Volt[58].
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Determining the diffusion coefficient

The diffusion coefficients of redox components in a DSC system can be deter-
mined by measuring limiting currents with microelectrodes. A compound with
known diffusion coefficient is first used to measure limiting current and deter-
mining the radius of the microelectrode, a compound often used is K3 FeCNg.
With this known, the limiting current measurement are repeated with the redox
components. The equation used for determining the radius of the microelec-
trode and the diffusion coefficients is:

ijim = 4nFDCr (4.20)

where 7 is the number of electrons in the redox reaction, F the Faraday con-
stant, D the diffusion coefficient, C the concentration of the reacting species,
r the radius of the microelectrode. In Figure 4.13a the limiting current mea-
surement of K3FeCNg is plotted and in Figure 4.13b the limiting current mea-
surement of Co(bpy)3(PFs)2 and Co(bpy)3(PFg)3 is plotted.
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(a) (b)
Figure 4.13. Figure (a) measuring the limiting current of 7.8 mM K3FeCNg in 0.5
M KCI, 1 mM HCI in CH3CN. Limiting current measurement for calibration of
diameter of the micro-disk. Figure (b) measuring the limiting current of 150 mM

Co(bpy)3(PFgs)2 and 50 mM Co(bpy)3(PFgs)3 in CH3CN. Measurement for determin-
ing the diffusion coefficient of Co(bpy)3;(PFs), and Co(bpy)3(PFs)s3-

4.2.4 Photo-induced absorption spectroscopy

Photo-induced absorption spectroscopy (PIA) is a pump probe techniques where
a laser diode (green 530 nm or blue 460 nm in this thesis) is square-modulated
for pumping the dye to excitation. A probe light is superimposed. When ex-
citation takes place, the injection of electrons into the TiO, conduction band
occurs within femtoseconds. The oxidized dye is quickly regenerated, if a
redox couple is present. If no redox couple is present or the redox couple is
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unable to regenerate the dye, the probe will probe the oxidized dye. The trans-
mitted signal from the sample is focused onto a monochromator and detected
using a UV-enhanced silicon photo-diode, connected to a lock-in amplifier,
via a current amplifier. A more comprehensive description of the PIA setup
and theory can be found elsewhere [59, 60]. A general illustration of the PIA
setup is shown in Figure 4.14.

20 W tungsten
halogen lamp Lenses Sample

& l‘»,i> Monochromator

Si detector

Figure 4.14. Schematic drawing of the PIA setup used for measurements in this thesis.

In Figure 4.15 a PIA spectrum of the organic dye D35 is shown. No redox
couple is added and the spectrum is therefore of the oxidized dye. There is a
negative absorption peak at about 550 nm, this correspond to the ground state
bleach and occur due to all dye molecules not being pumped to excited state.
Some dye molecules remain in the ground state and absorb when the probe
illuminates the sample. The ground state bleach is an inverse absorption peak.
In this region of the ground state bleach also the Stark effect can be observed.
The Start effect is due to the oxidized dye molecules on the TiO, impose a
change in the local electric field. The Stark effect is described in detail else-
where [60]. In short the absorption spectrum of the dye molecules shift due to
the local electric field caused by the oxidized molecules. The positive signals,
as moving towards longer wavelengths, are of the absorption of the oxidized
dye molecules.
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Figure 4.15. PIA spectrum of the organic dye D35 without redox couple present.
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PIA was in this thesis used to study regeneration of the oxidized dye and to
find the wavelength where the oxidized dye absorb.

4.2.5 Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) is a pump probe technique, just as
PIA previously described. The difference between the transient nanosecond
laser measurements and the photo-induced absorption measurements is the
time scale. In the transient nanosecond laser measurements the resolution in
time is better, regeneration can be studied and the time constants for the regen-
eration can be derived. With photo-induced absorption measurements only in-
formation whether regeneration takes place or not can be attained, not at what
time scale the regeneration takes place (not with the standard apparatus used
in this thesis). A schematic drawing of a nanosecond transient absorption ap-
paratus used in this thesis is illustrated in Figure 4.16. Transient nanosecond
laser measurements are often used in investigations of kinetics of DSC:s.

Computer

/ Detector
Laser _— >

/ Sample

Probe

Figure 4.16. Apparatus for transient absorption measurements. The laser used in the
measurements for this thesis was a Nd:YAG with a 10 ns pulse width.

In paper II TAS measurements were carried out in order to measure the dif-
ference in regeneration and recombination of the LEG-series of dyes. In Fig-
ure 4.17 the decay of the absorption of the oxidized dye with and without
redox couple is shown. When redox couple is added the signal falls of faster
than without the redox couple. By fitting the data by double or single expo-
nential decay the time constant for the regeneration and recombination were
calculated.

The efficiency of the regeneration can be calculated according to Equation 4.21.

kreg t% redox

kreg + krec t %

Nreg = (421)

inert
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Figure 4.17. TAS measurements of the LEG4 dye with full electrolyte composition in
acetonitrile and with only stock solution in acetonitrile (without redox couple).

Where k. and k.. are the rate constants for the regeneration and recombina-
tion respectively. ¢ Lredox and ¢ Liners AT€ the half-times with and without redox

mediator, giving the regeneration and recombination half-times.

4.2.6 Photoelectron spectroscopy

In this thesis photoelectron spectroscopy (PES) was used in paper II. For a
more extensive description of PES and its application for DSC see elsewhere
[61]. PES is a surface sensitive techniques that can give information about the
chemical environment of different atoms. In short, the photoelectric effect is
the basic principle behind PES. The sample under investigation is irradiated
by X-ray photons. Depending on the energy of the radiation and the energy
level in the atom, which an electron originate from, the emitted photoelectron
will have different kinetic energy Ey;,, as described in Equation 4.22.

Ekin =hv— ¢ - Ebin (422)

Epin 1s the binding energy of the electron in the atom and ¢ is the work func-
tion. Since every element has very specific energy levels, it is possible to dis-
tinguish one element from another. In PES the numbers of emitted electrons
are measured as a function of kinetic energy for a well defined photon energy.
In Figure 4.18 an example of a PES spectrum is illustrated, in this spectrum
the binding energy increase to the left meaning that the kinetic energy of the
emitted photoelectrons increase to the right on the x-axis. The y-axis shows
the intensity/number of electrons.

PES is a surface sensitive technique. The photons travel easily into a material
without interacting with electrons. However, the electrons are sensitive for
interaction with the positively charged cores or other electrons. The intensity
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Figure 4.18. Tllustration of an atom and its different energy levels and how they cor-
respond to the binding energy and the kinetic energy in a X-ray PES spectrum.

of the photoejected electrons measured by the detector depends on several
parameters, for a more comprehensive discussion see elsewhere [61].

4.2.7 Scanning electron microscopy

In this thesis scanning electron microscopy (SEM) was used for studying the
surface of the PEDOT counter electrodes in paper II. SEM is a technique
where an image of a sample is created by scanning it with a beam of elec-
trons. The electron beam interact with the atoms on the surface of the sample
giving information about surface topography and composition. The most com-
mon mode of detection is by secondary electrons emitted by atoms excited by
the electron beam. In order to be able to measure SEM the sample needs to
be electrically conductive, at least at the surface, and electrically grounded to
prevent accumulation of electrostatic charge at the surface.

4.2.8 Matrix assisted laser desorption/ionizing mass
spectroscopy

MALDI is a technique of ionizing the sample in a soft way which is often used
in biochemistry for detection of aminoacids, DNA, peptides and proteins. The
technique consists of mixing the sample with a matrix, most often a small
organic molecule. The matrix and the sample crystallize on the sample holder,
a conductive target. The first part of the measurement is that the sample gets
irradiated by a UV-vis laser and ablation takes place. In the plume formed
the analyte molecules charge (protonated or deprotonated). The mechanism
of MALDI is still under debate. The charged analyte molecules travel to the
detector and a spectrum of intensity versus mass through charge is created, as
in other mass spectroscopy techniques. In this thesis MALDI-MS was used
for investigating the complexation by the glycolic chains of the V35 dye with
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cations in the electrolyte. More extensive description of the technique is found
elsewhere [62].
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5. Discussion of papers

This thesis is based on four papers. Down below follows a discussion of the
results from the papers.

5.1 PaperI

PEDOT counter electrodes for dye-sensitized solar cells prepared by aque-
ous micellar electrodeposition

The PEDOT electrodes in paper I were fabricated by electropolymerizing
the monomer 3,4-ethylenedioxythiophene (EDOT) see Figure 5.1 by apply-
ing constant current, galvanostatic mode.

S
S\ /Z
o o
/

Figure 5.1. The monomer EDOT.

The polymer PEDOT is created by the monomer EDOT being reduced at the
working electrode and forming a radical. The polymerization can continue by
the radical reacting with another radical or a monomer creating a bimer radi-
cal. PEDOT is illustrated in Figure 5.2.

Figure 5.2. The conductive polymer PEDOT.
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Electropolymerization of EDOT has earlier been performed in acetonitrile so-
lution and in ionic liquids. However, water is an ideal solution for the process
due to it being non-toxic and environmentally friendly. EDOT is unfortunately
not water soluble. In this study EDOT was electropolymerized in water with
addition of a surfactant, sodium dodecyl sulfate (SDS), forming micelles. The
electropolymerization of EDOT was successfully performed on both flexible
plastic substrates and on larger glass substrates (9x9 cm?), giving PEDOT
surfaces.

The electropolymerization was carried out under galvanostatic constant cur-
rent conditions. A two electrode setup was used, a constant current of 13
mA/81cm? was applied and the working electrode potential was about 1.22
Volt versus NHE. By experiments it was found that the best homogeneity of
the polymerization was found using constant current conditions (chronopoten-
tiometry) compared to using constant potential conditions (chronoamperom-
etry). By varying the time of deposition different thicknesses of the polymer
(PEDQOT) were obtained.

The resulting PEDOT glass substrates were used as counter electrodes in DSC:s
with cobalt-based redox mediator. The solar cells assembled with PEDOT
counter electrodes gave about 10 times lower R.., higher FF and higher 1,
compared to platinized counter electrodes. The PEDOT surfaces showed to
have a higher surface area by SEM pictures and capacitance values. The SEM
pictures indicate a cauliflower structure and the capacity is more than 100
times higher for the PEDOT compared to the platinized substrates. The higher
capacitance values of the PEDOT samples could however also be explained by
the redox activity of the PEDOT. The obtained R..:s were used in the linear ap-
proximation of the Butler-Volmer equation to calculate the exchange current
densities. The PEDOT electrodes gave 100 mA cm~2 while the platinized
electrodes gave 4.6 mA cm~2. This indicates once again a higher catalytic
performance of the PEDOT electrodes facilitating the reduction of the oxi-
dized species in the electrolyte, compared to the platinized electrode.

In paper I the diffusion coefficients for the redox couple (cobalt) were inves-
tigated by three different methods. First by measuring the limiting current of
two PEDOT counter electrodes sandwiched with electrolyte in between, see
Figure 5.3 and using the relationship:

iy = ————Coll1) (5.1)

o]
where F is the Faraday constant, D is the diffusion coefficient of the oxidized
species in the electrolyte (Co(IIl)), and & is the spacing between the elec-

trodes.
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Figure 5.3. IV curve of cobalt electrolyte sandwiched between PEDOT or platinized
electrodes. The different PEDOT electrodes have different times of electropolymer-
ization of EDOT resulting in different thicknesses. The different electropolymeriza-
tion times were: electrode A = 280 seconds, electrode B = 320 seconds and electrode
C =450 seconds. One electrode is also platinized for comparison.

The obtained value for Co(bpy)3™ was (6.240,6) x 10~%cm?s~!. This value
has however relatively high error. This is probably due to the deviation in
the spacing between the electrodes (o), it could also be that the concentration
of Co(bpy)g+ change slightly when it is brought in contact with the PEDOT
counter electrodes.

The diffusion coefficient was also calculated by Equation 4.13.

Equation 4.13 has earlier been used for obtaining the diffusion coefficients
but in iodide/triiodide redox couple system [54]. It should be pointed out that
the equation is for an ideal solution, meaning that the interactions between
all species in the solution are the same. In a solar cells electrolyte containing
different charged species, deviation from ideality will most probable occur.
This is shown by Kloo and co-workers and also in paper I where the obtained
value of the diffusion coefficient from Equation 4.13 (2.340.2 x 10 %cm?s™1)
deviate from both the values obtained by limiting current of two PEDOT elec-
trodes sandwiched and measured by IV (6.240.6 x 10~%cm?s~!) and the mi-
croelectrode limiting current measurements (4.3 x 10~®cm?s~! for Co(III) and
4.6 x 10~ %cm?s~! for Co(II)).
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5.2 Paper 11

Linker unit modification of triphenylamine-based organic dyes for
efficient cobalt mediated dye-sensitized solar cells

The organic donor-linker-acceptor dye D35 has earlier been shown to be effi-
cient in cobalt-based mediator DSC:s. Since D35 only harvest photons below
620 nm a red shift is needed in order to obtain higher power conversion effi-
ciencies. In this study a series of dyes, the LEG-series (LEG1, LEG2, LEG3
and LEG4) see Figure 5.4, based on the D35 dye was synthesized.

1

)
oo R/{S\

j\q% {)\Q }jcom
COOH K/
\( LEGI LEG2
\QL ﬁ; R
S
NG
COOH
nHm w
r n-Hex

COOH n-Hex
LEG3 LEG4

Figure 5.4. The LEG-series of dyes.

f
f

The absorption spectra were red shifted by modifying the 7 conjugated linker
unit. Even though all LEG-dyes had broader absorption spectrum, only two
outperformed D35 (LEG3 and LEG4) when evaluating the power conver-
sion efficiencies. The reason for this was investigated by addition of co-
absorber (CDCA), electron lifetime measurements, TAS-measurements and
PES-measurements. CDCA has earlier been used in studies to avoid dye ag-
gregation [63]. By comparing IPCE spectra, V,.:s, and J.:s of solar cells
assembled without and with CDCA the results indicate that aggregation could
be a problem for LEG2. It is seen in Figure 5.5b compared to Figure 5.5a how
the addition of CDCA increase the IPCE for LEG2. The lower IPCE values
for LEG1 and LEG2 could be due to aggregation since monomers inject better
than aggregates [64]. However, only LEG2 has increased power conversion
efficiency upon addition of CDCA.

The LEG4 and LEG2 dyes obtained relatively low V,:s values compared to
the D35 dye and the other LEG-dyes. This was investigated by measuring the
electron lifetimes. The V. is the difference between quasi-Fermi level and the
redox level of the redox couple in the electrolyte. Since all solar cells were
assembled with the same electrolyte, the quasi-Fermi of the photoelectrode
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Figure 5.5. IPCE of the LEG-series of dyes without (a) and with (b) CDCA.

determined the V,.. The quasi-Fermi level is limited by the conduction band
edge, by measuring extracted charge see Figure 5.6 it could be concluded that
the sensitizes did not significantly change the conduction band. This leading
to that the differences in electron lifetime governs the V,:s.
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Figure 5.6. Extracted charge measurements of the LEG-series of dyes.

When CDCA was added the electron lifetimes increased for LEG2 in agree-
ment with the increased V.. In Figure 5.7a and Figure 5.7b it can be seen how
all LEG-dyes improved their electron lifetimes when adding CDCA as co-
adsorber, compared to D35. The performance of D35 has earlier been shown
not to improve when adding CDCA [65].

Transient nanosecond laser measurements were used to evaluate regeneration
and recombination of the LEG-series. It was found that LEG2 and LEG1 at-
tained low regeneration efficiencies due to for LEG2 slow regeneration and
for LEG1 fast recombination. The slow regeneration for LEG2 could be an
indication of aggregation.

55



1 1
—e— D35 —e— D35
—o— LEG1 o LEG1
® —— LEG2 »
3 s g e
0.1 —.— 0.1
£ LEGH £ —=— LEG4
£ L
-} -
5 5
g 001 g 00l
8 3
i [}
0.001 i 0.001
065 070 075 080 085 090 0.95 065 070 075 080 08 090 095
Vocl V Vocl/ V
(a) (b)

Figure 5.7. Electron lifetimes of the LEG-series of dyes without (a) and with (b)
CDCA.

PES was utilized for deriving the binding angles of the LEG-series of dyes
on the TiO; surface and the surface coverage. The intensity of the measured
photoejected electrons depend on several parameters. One of them is the aver-
age distance the electrons travel without energy loss, this is called the inelastic
mean free path (IMFP). Equation 5.2 shows how the intensity /, is related to
the IMFP A, the intensity of the background Iy and the distance between two
atoms, d. The equation is valid for a flat surface.

I _ (5.2)

Io
In paper II Equation 5.2 was used for calculating the distance between two
atoms in the dye molecules. The dyes in the LEG-series contain two different
nitrogens, one in the donor unit (Np), the triphenylamine unit, and one in the
acceptor unit, the cyanoacrylic acid (N4). Intensities of two different photon
energies were measured, IMFP was taken as 6 A and 8 A for the two photon
energies [66, 67], by solving the system of equations, Equation 5.2 gave d as
the distance between the two nitrogens. Trigonometry was used to calculate
the binding angles of the dyes, see Figure 5.8.

By this estimation it was found that LEG4 has the greatest angle to the TiO,
normal and LEGT1 the smallest, meaning that LEG1 is "standing up" the most.
LEG2 and LEG3 have similar bingding angles.

Since all LEG-dyes and the D35 dye contain sulfur, and the sulfur atom is po-
sitioned close to the TiO, surface with small difference in distance, this makes
it suitable for comparing dye coverage. The S 2p core level spectra were
measured, see Figure 5.9, and the intensities were normalized with respect to
LEG4, this gave a comparison of the surface coverages and LEG4 was shown
to have the lowest surface coverage. The surface coverage was also calculated
by desorption measurements giving the same results. The low surface cover-
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TiO2

Figure 5.8. Tlustration of how the binding angles were estimated. Green area indi-
cates the angle. The blue circle marks the donor nitrogen while the red the acceptor
nitrogen. d is the distance calculated by PES-measurements, / is the length calculated
by estimation of bond lengths.

age and the large binding angle to the TiO, normal for LEG4 dye explain the
low V..

D35
------------ LEG1
LEG2
LEG3
— — —LEG4

Intensity /arb. units

\ T =T T —
170 168 166 164 162 160
Binding energy /eV

Figure 5.9. PES spectra of the S2p core level photoelectrons of the LEG-dyes. The
intensities were used to calculate the surface coverage.

Paper II shows that it was not enough to red shift the spectral response of dyes
for obtaining higher power conversion efficiencies. By changing the architec-
ture of the dyes the binding morphology was effected, having implications on
the performances of the solar cells. The LEG4 dye gave the highest power
conversion efficiencies mainly attributed to the red-shift and higher molar ex-
tinction coefficient. But LEG4 showed low V,. and low surface coverage,
probably due to the hexane chains in the linker unit resulting in less dense
packing.
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5.3 Paper 111

Organic hydrophilic dye for water-based dye-sensitized solar cells

As already stated in paper I, water would be an ideal solvent for fabrication
of DSC:s since it is non-toxic and environmentally friendly. In 2010, 2012
and 2013 some papers were published were water was investigated as solvent
for the electrolyte in the DSC [47, 49, 48, 50, 32]. These papers inspired to
the study of paper III. Some of these papers employed hydrophobic dyes in
order to avoid desorption [47, 49]. Surfactants were also utilized, in order to
increase the wetting of the water-based electrolyte in the mesoporous sensi-
tized TiO, structure, or to dissolve the water insolvable additives such as TBP
[47, 49, 32, 50]. In paper III a hydrophilic dye, V35, was synthesized and
investigated. The dye is a modification of the organic donor-linker-acceptor
dye D35. The n-butoxy chains on the triphenylamine unit were substituted
for glycolic chains, increasing the wettability of the sensitized TiO, surface
in contact with both pure water and electrolyte remarkably. The dye did not
desorb in water. The increased wettability by the glycolic chains was shown
by contact angles measured both with pure water and electrolytes. PIA mea-
surements showed that the regeneration of the hydrophilic V35 dye was more
complete, than for the hydrophobic D35 dye, in water-based electrolytes.

0.002 4

—=— V35 + water.
—e— D35 + water
—4—V35+8MGul
—v—D35+8MGul

Delta abs.

T T )
400 600 800 1000
Wavelength /nm

Figure 5.10. PIA spectra of V35 and D35 with water-based electrolyte. V35 is fully
regenerated compared to D35, which still shows positive absorption signal above 800
nm.

In Figure 5.10 it can be seen how the measurements carried out without re-
dox couple give strong positive signals in the region above 800 nm, being ab-
sorbance of the oxidized dyes. When redox couple is added in the electrolytes,
the positive signal disappears for the V35 dye, implying regeneration. D35,
however, still shows positive signal in the region above 800 nm. It should
also be noted that around 900 nm injected electrons in the TiO; are absorbing.
However, the conclusion of the experiment is the same.
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Different compositions of electrolytes were investigated utilizing salts like KI,
Nal and I,. Since it had been reported earlier that guanidinium salts and
CDCA effect water-based DSC positively [49] this was investigated in the
V35 system. Guanidinium iodide was used instead of earlier tested Nal and
KI. While the difference in performance for V35 and D35 had been relatively
large with the KI and Nal salts (for example 2.2% versus 0.3%) the differ-
ence in performance with the guanidinium salt showed not the same difference
(1.97% versus 1.95%).

When adding the co-absorber CDCA the electron lifetime and V,. increased
for the V35 dye. This could indicate aggregation (as for LEG?2 in Paper II) or
greater binding angle versus the TiO; normal (as for LEG4) for the V35 dye.
CDCA has in other studies been shown to prevent dye aggregation [63]. It has
been shown earlier that CDCA does not shift the conduction band [68]. Since
the conduction band does not shift, the quasi-Fermi levels of the solar cells
assembled with and without CDCA should be the same. Since the solar cells
are assembled with the same electrolyte the redox level of the redox mediator
is the same. The explanation for the increased electron lifetime and V,. upon
addition of CDCA in the V35 system could be; the glycolic chains of the V35
dye cause aggregation. CDCA prevent this, by splitting up the aggregates.
The glycolic chains interact with the positive charges on the TiO, surface and
thereby have an increased binding angle versus the TiO; normal. The in-
creased angle versus the normal cause a decreased recombination path for the
electrons in the conduction band to the positively charge on the oxidized dye
situated on the triphenylamin unit [69, 70]. This may cause increased recom-
bination and decreased V,,.. Adding CDCA could prevent this by "tilting" up
the V35 dyes from the surface and "screening" the TiO; from the redox medi-
ator.

Different pH values in the electrolyte were also tested (pH 8 and pH 9), the
results showed very similar. The higher pH gave higher V,,. but lower current
while the lower pH the opposite. The combination of CDCA and pH 8 and pH
9 in the electrolyte did not give any increased performance since CDCA prob-
ably desorbs from the TiO, surface at basic conditions. This paper showed
that a hydrophilic dye in combination with water-based electrolytes based on
simple salts, increased the wettability, current and power conversion efficiency
compared to a hydrophobic dye.
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5.4 Paper IV

Laser desorption/ionization mass spectrometry of dye-sensitized solar
cells: identification of the dye-electrolyte interaction

In this paper MALDI MS was employed to investigate further the interactions
between the hydrophilic dye, V35, and the electrolytes used in paper III. Since
DSC:s are fabricated on conductive glass they can be investigated by MALDI
MS without further pre-treatment. A holder for the DSC:s was fabricated,
DSC:s were opened and mounted into the apparatus directly. The results show
that the glycolic chains of V35 form complexes with the Na™ and the K but
not with the guanidinium ions. The D35 samples did not show any complexa-
tion with any cation. These results indicate that the better performance in the
V35 dye water-based electrolyte system could be partly due to the complex of
the glycolic chains with the cations. This facilitate the attraction of the nega-
tively charged I3 that regenerates the dye. The regeneration process is simply
facilitated by the glycolic chains on the V35 dye compared to the n-buthoxy
chains on the D35 dye.
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