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Abstract

There is a pressing need to find alternatives for polluting and often non-sustainable fossil
fuels. An obvious alternative energy source is the sun, which sends more than enough
energy to Earth to satisfy mankind’s (current) demands. Modern commercial solar cell
technology is still mainly based on silicon, which has to meet very high purity standards
and is therefore expensive relative to fossil fuels. A viable alternative could be dye sensitized
solar cells (DSCs), which operate with the much cheaper semiconductor titanium dioxide
(TiOg). Since the light is absorbed by a dye rather than the bulk semiconductor material

itself, a DSC is much more versatile then a silicon based solar cell.

This thesis discusses the development of dye sensitized solar cells in terms of semiconductor
fabrication as well as dye development. Several types of dye sensitized solar cells have been
fabricated and tested for various copper(I) and ruthenium(II) dyes. The emphasis was on
solid state dye sensitized solar cells (ssDSCs) since liquid electrolyte type DSCs (leDSCs)
have a stability disadvantage due to possible leakage and evaporation. SsDSCs rely on
a solid hole conductor for charge transport rather than on a liquid electrolyte and charge
transport is more dependent on charge hopping through the hole transport material (HTM)
than on diffusion of charge carrying ions, like in leDSCs. Among the top performing dyes
today are often transition metal complexes based on ruthenium, one of the standards being
the ruthenium(IT) dye N719. All cell development parts of this thesis (Chapters 3-5) have
been almost exclusively conducted with this dye. Since ruthenium is not very abundant in
the Earth’s crust compared to other metals, the focus in dye development was laid on the

cheaper transition metal copper in the last chapter.

Chapter 1 gives a general introduction about energy needs of mankind and why we need

to find alternative ways of saturating them.

Chapter 2 gives an overview of the methods and materials used for solar cell fabrication

and characterization.

In Chapter 3, liquid electrolyte DSCs (1eDSCs) based on an I~ /I redox electrolyte have
been fabricated and optimized with home made TiO, particles and layers. Not only the
bare electrodes, but also scattering layers, whose function it is to retain the light longer in
the DSC itself, have been fabricated and tested.

Chapter 4 contains cell development on ssDSCs based on copper(I) iodide (Cul) as the
HTM.

In Chapter 5, ssDSCs employing polyethylenedioxythiophene (PEDOT) as the HTM have

VI



been assembled and tested for performance.

In Chapter 6, several copper(I) metalorganic complex dyes incorporating back to back
ligands have been tested for 1leDSCs and PEDOT ssDSCs. Those dyes have been compared

to the standard ruthenium dye (N719) in cell performance.
Chapter 7 Is the conclusion of this thesis.

Experimental and specific cell fabrication details are included in each chapter separately.

VII
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Chapter 1

Introduction

1.1 Mankind’s Energy Needs

From the dawn of human civilisation around 5-7 million years ago to about 1800 A.D.,

it took the biggest part of human history to reach a population of one billion individ-

uals. After the industrial revolution with all its discoveries (e.g. steam engines [1] and

vaccines [2]), the population has grown explosively. Around 1930, it reached the 2 billion

mark. What had taken millions of years before was repeated in a mere 130 years. To

drive all these new engines a lot of fuel was needed. Since there was a lack of firewood

in 18th century Britain (where the industrial revolution started), coal seemed to be the

ideal alternative. It was very abundant and usable in its natural form. [3] Coal, along

with other fossil fuels like petroleum and natural gas have been formed from dead organic

World primary energy consumption by fuel

mOil

™ Natural Gas
Coal

 Nuclear Energy

W Hydro-electricity
Renewables

Figure 1.1: World energy consumption by fuel
type in percent. Oil was measured in million
tons, other fuels in million tons of oil equiva-
lent. [4]

material through geological transformation
processes over millions of years. However,
burning them is a much faster process. The
population has continued to grow and by
2013 it reached 7.2 billion people. By
2100, around 10.9 billion individuals are es-
timated to live on planet earth. [5] Since the
start of the industrial revolution, mankind
has relied more and more on fossil fuels.
The statistical review of world energy 2014
from BP (former British Petroleum, now
Beyond Petroleum) [4] shows the world en-

ergy consumption of the year 2013 by fuel



type (See Figure 1.1). Provided current consumption levels stagnate, the remaining natural
oil reserves are estimated to last for another 40-50 years, gas reserves for 70 years and coal
should be sufficient for more than 200 years to come. [6] It is highly unlikely though that
consumption levels will not increase, since rapidly growing economies like China and India
will bring a constant increase in global demand. According to the International Energy
Agency (IEA), fossil fuels will continue to play a major role in the foreseeable future. One
thing however is clear, they will not last forever. [6] Apart from not being infinitely acces-
sible, fossil fuels also have negative effects on the environment by enhancing the natural
greenhouse effect and causing global warming. A simplified model of the greenhouse effect

is outlaid in Figure 1.2. When sunlight hits the Earth about two thirds of its energy is

N
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(a) Simplified scheme of the greenhouse effect. (b) Absorption spectra of water and carbon diox-
ide compared to the infrared radiation emitted by

the Earth. [7]

Figure 1.2: The greenhouse effect

absorbed by the planet’s surface, the remaining third is reflected directly back into space
by the atmosphere. For the earth to be at a constant temperature, the incoming radi-
ation energy of the sun must equal the outgoing energy. However, the radiation leaving
the planet’s surface has a much longer wavelength, primarily in the infrared part of the
spectrum. This back-scattered irradiation can be absorbed partly by the atmosphere and
is therefore warming the planet. The Earth’s atmosphere consists largely of nitrogen (78
%) and oxygen (21 %). Both of these gases do not absorb wavelengths in the infrared
region very well and hence do not have a big part in the greenhouse effect. More potent
greenhouse gases in the atmosphere are water, carbon dioxide (CO;), methane, chloroflu-
orocarbons, nitrous oxide and ozone. Although CO, (see Figure 1.2b) and other gases as
well are basically transparent to the incoming radiation of the sun, the radiation reflected

from earth is in the infrared region, exactly where the primary absorbtion band of COs is.
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Figure 1.3: CO, concentrations from 800000 trations of the last 800’000 years obtained
years ago until the present. [§] from ice cores drilled in Antarctica. From

1958 on, data was obtained from the Mauna
Loa Observatory in Hawai. COy concentration maxima have always been around 270 ppm.
From the industrial revolution to the present, in a time span of only ~ 200 years, the
maximum value has risen to 400 ppm. A value this high has not been reached in the last
8007000 years. The human contribution to the greenhouse effect is primarily due to burning
of fossil fuels and thereby generating CO, and other greenhouse gases. These additional
COs concentrations intensify the greenhouse effect and warm Earth’s climate, which results
in more water vapour in the atmosphere even reinforcing the warming cycle. [10] The burn-
ing of fossil fuels produces around 21.3 billion tonnes (21.3 gigatonnes) of carbon dioxide
(COy) per year, but it is estimated that natural processes can only absorb about half of that
amount, so there is a net increase of 10.65 billion tonnes of atmospheric carbon dioxide per
year. [11] According to the intergovernmental panel on climate change, the human influence
on the climate is evident from the increasing greenhouse gas concentrations in the atmo-
sphere. The last three decades have been warmer than any decade since 1850. They also
state that it is extremely likely that human influence has been the dominant cause of the
global temperature rise since the mid-20th century. [12] Although there are doubtful voices
about global warming being an anthropogenic cause, 97% of climate scientists agree that
the climate-warming trends over the past century are very likely due to human influence.

[13]



1.2 Harnessing the Sun’s Energy with Dye Sensitized
Solar Cells

To uphold today’s society and demands a huge amount of energy is needed. With fossil fuels
being widely regarded as having negative effects on the environment and given their limited
availability in the future, the question of alternatives arises. Nuclear energy, although not
producing greenhouse gases, generates radioactive waste which remains hazardous for thou-
sands of years. Ideally, the energy source should be naturally and constantly replenished,
it should be renewable. In 2013, only 2% of all consumed energy stemmed from renewable
energies (see Figure 1.1). However, the urge to find an alternative for the limited and often
polluting non-sustainable fossil fuels on Earth is imminent. One of the most obvious solu-
tions is the largest natural power source available to Earth, the Sun. The amount of solar
energy that hits the surface of the Earth in one hour is greater than the total amount of
energy that the entire human population requires in a year. [14] There only needed to be a
way of energy harnessing. In 1839, the French physicist Edmond Becquerel experimentally
demonstrated the photovoltaic effect ! for the first time. [15, pp. 6] A solar cell is a device

-----------------------

h* Electron hole

- contacl |
n-doped Si
. ++++++++++++++ ......... =
= E-field +
_____________ l Load
-doped Si . _o
P P y ’*\""’.h"'
w—_l

Figure 1.4: Working principle of a silicon heterojunction solar cell.

that uses this effect to generate electricity. 115 years and several inventions later, the first
practical solar cell was presented in 1954 by Bell using a silicon waver as the light absorbing
material. It had an efficiency of around 4%. Today, this technology has advanced greatly

and the average modern commercial wafer-based silicon modules have an efficiency of about

!The photovoltaic effect is voltage generation in a material upon exposure to light
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16%. In 2013, 90% of all photovoltaic device production relied on this Si-wafer based tech-
nology. [16] The laboratory record of mono-crystalline silicon stands at 23%. The principle
of such a cell is outlaid in Figure 1.4. As most commercial solar cells today, it featured
silicon as the light harvesting and electron conducting material. When light hits the silicon
surface, photons are absorbed and electrons extracted from the silicon. By extracting an
electron, a positive charge vacancy is generated in the silicon, the electron hole. To give
the electron a direction and to prevent it from recombining with the hole, two types of sili-
con semiconductors are employed in a silicon solar cell, namely p(positive)-type silicon and
n(negative)-type silicon. P-type silicon is doped with atoms having one electron less than
silicon in their outer energy level like boron or gallium. To form bonds with the surrounding
silicon atoms this electron is removed from the bulk generating electron holes and therefore
an electron deficiency in the material. N-type silicon is doped with atoms having an extra
electron in their outer shell compared to silicon, like phosphorus. The extra electron not
involved in the bonding process is free to move in the silicon semiconductor thus generating
negative charges. By bringing n and p type silicon together a heterojunction is formed.
Electrons from the n-doped silicon diffuse to the p-doped region whereas holes from the
p-doped region diffuse to the n-doped silicon. This forms a directional barrier, the depletion
zone, in the form of an electric field (see Figure 1.4). By applying a forward bias, electrons
are hindered from falling back to the p-doped region by the negative charge in the deple-
tion zone thus minimizing recombination. If the p and the n doped silicon are contacted,
electrons will flow against the direction of the electric field around an external circuit and
produce a current. [17]. As mentioned above, silicon solar cells are commercially the most
successful type of solar cell up to now (90% market share in 2013 [16]). They do have cer-
tain disadvantages though. One of the main drawbacks is cost. The fabrication of this type
of solar cell requires high purity silicon (99.9999%), which results in high costs and energy
payback times. [18] Furthermore, production costs are highly dependent on silicon prices
[19], which is also needed in electronics industry. In 1991, Grétzel and O’Regan described
a photovoltaic cell based on low to medium cost materials and potentially low cost manu-
facture. [20] With 7.1-7.9% it featured a realistic commercial energy-conversion efficiency
at that time. [21] Since then, the efficiency of DSCs has steadily increased and today lies
around 13% for metalorganic dyes. [22] A basic DSC layout is depicted in Figure 1.5. On
a lab scale, both contact electrodes usually consist of glass sheets. To make electron trans-
port possible, the glass is covered with a thin conducting layer of fluorine doped tin oxide
(FTO). The working electrode features an optically transpartent film of titanium dioxide
(TiO2) nanoparticles on an FTO coated glass sheet. This porous, semiconducting film is
then covered with a dye responsible for light harvesting. When light hits the solar cell,

the dye is promoted to an excited state, injects an electron into the TiO, and is oxidized.



Clpye

Figure 1.5: Working principle of a DSC.

The dye is reduced again immediately by the redox couple of a liquid electrolyte. Elec-
trons diffuse through the TiOs to an external circuit connected to an electrical load. The
oxidized electrolyte gets reduced again by the electrons provided by the counter electrode.
The detailed working mechanism will be discussed in Chapter 3. Since the light absorption
and charge separation processes are separated in this type of cell, it is much more flexible
than conventional silicon solar cells. [21] Different chromophores can be used and so the
cell is not limited to one material, for example silicon, which has only limited potential for
improvement in the light absorbing perspective. Although being a promising alternative to
conventional solar cells, DSCs also inherit problems like corrosion, leaking and solvent evap-
oration due to the liquid and corrosive nature of the electrolyte. This has been addressed
by substituting the liquid electrolyte with a solid charge transporter, thus rendering the cell
solid state, while keeping the principle of the DSC. Figure 1.6 shows a schematic of such a
solid state DSC (ssDSC). The main differences to the liquid electrolyte DSC (1eDSC) is the
solid state hole transport material (HTM). In ssDSCs, only charges (electrons and holes)
are transported rather than ions as in 1leDSCs. Therefore charge transport is not limited
by the diffusion properties of ionic or molecular species. [23] Figure 1.7 shows the solar
spectrum that hits the earth’s surface. 55% of the radiation lies in the infrared region. The
most intense part of the spectrum is visible light, which makes up 40% of the spectrum. [24]
Ideally, the dye should be panchromatic, meaning absorbing over all the visible light. [25]
Since thin films of TiOy appear transparent due to their small particle size (typically <50
nm) and absorb mainly in the UV region of the solar spectrum, it is ideally suited as a dye
supporting semiconductor. The surface area of this porous network is more than an order

of a magnitude greater than the apparent surface area. It is designed as a porous layer to
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Figure 1.6: Schematic of a ssDSC.

act like a sponge, soaking up dye molecules and trapping light inside. [26] There are three
known naturally occuring crystalline forms of titanium dioxide, namely anatase, rutile and
brookite. Whereas the anatase and rutile structures have been extensively studied, brookite

is naturally much less abundant and hence has been investigated less. Although brookite
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Figure 1.7: Solar spectrum reaching the Earth’s surface after having passed the atmosphere.
[24]

and rutile inherit a higher thermal stability, their surface area in thin films is believed to
be lower than the one of anatase. The conduction band of anatase also lies -0.2 eV above
the one of rutile, giving anatase a wider band gap (3.2 V) compared to rutile (3.0 eV).
This leads to potentially higher photovoltages (see Chapter 3) than rutile could provide.
27] [28] [29] In DSCs, the large band gap of the TiO, particles <50-70 nm in size (3.2 eV,
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wavelength <385nm in the ultraviolet range) leads to an absorption of UV light but not
visible light. Unfortunately, only 2-3% of the ultraviolet sunlight can be collected.

1.3 Transition Metal Complexes in Dye Sensitized So-
lar Cells

In DSCs, as opposed to silicon solar cells, it is the dye that contributes the bulk of the
light absorption, not the semiconductor. [30] Transition metal complexes are promis-
ing candidates for sensitizers and widely used for DSCs, since additionally to the ab-
sorptions of the organic ligand molecules (ligand centered charge transfer (LCCT)), their
Metal-to-ligand charge-transfer (MLCT) broadens the absorption of light (See Figure 1.9)
[31] [32]. A common example of a Dye used in DSCs is di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II), abbreviated with "N719”.

Dyesol, a global leader in dye solar cell technology, lists the former as their industry stan-

(\/CHs

2 H3C\/¥N+_/\/CH3

vcm

Figure 1.8: Structure of N719

dard. Tt is the most common high performance dye [33] in general and has therefore been
adapted as the standard dye for solar cell configuration testing in this work. Figure 1.8
shows the structure of N719. Figure 1.9 shows an absorption spectrum of N719 with its
LCCT and MLCT, resulting in a broad absorption over large regions of the visible spectrum.

8
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Figure 1.9: Absorption spectrum of N719 in Ethanol [34]

The anchoring to the TiO, surface of metalorganic complexes happens through functional

groups attached to the ligands of the complex, two of the most common being carboxylic

[19, pp. 6632] and phosphonic acids [35].






Chapter 2

Materials and Methods for Dye
Sensitized Solar Cells

In the following, general materials and methods used for solar cell development, character-
ization and performance testing are presented. The structure of a DSC can be described in
terms of three main parts, the working electrode, the counter electrode and a hole trans-
port material or liquid electrolyte connecting the two. The working electrode is the one
including the TiO4 layer. Electrode dimensions were almost exclusively 1.5 cm x 2.0 cm, in
rare cases 1.6 cm x 2.0 cm. Electrolytes and hole transport materials will not be discussed

in detail in this section, since they vary from chapter to chapter.

2.1 General Materials

Fluorine doped tin oxide (FTO) glass plates for working and counter electrodes were pur-
chased from Solaronix: TCO22-7, 2.2 mm thickness, sheet resistance 7 Q/sq. Ultraviolet
Ozone (UVO) cleaning treatments have been carried out with a UVO-Cleaner from Jelight
Company, Inc. Model 42A SERIES. The platinum catalyst employed for self made counter
electrodes (Platisol T) also was acquired from Solaronix. Commercial TiOy- pastes used
were either 18NR-T transparent titania paste or 90-T transparent titania paste (thin use),
both from Dyesol. Commercial P25 TiOy nanoparticles used for TiOy paste preparation
were purchased from Degussa (Evonik). Ethyl cellulose and terpineol for titania pastes were
purchased from Aldrich. The standard dye N719 was purchased from Solaronix. Commer-
cial test cell kits including working electrodes, counter electrodes and sealing materials for
liquid DSCs were bought from Solaronix (ref 74991). Thicknesses of TiOq layers have been
measured with a KLA Tencor Alpha-Step D-100 profilometer. Specific reagents and solvents
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for electrolytes, paste fabrication and synthetic procedures will be listed in the respective
chapters and were either purchased from Sigma-Aldrich, Brunshwig, Acros Organics or

aber.

2.2 Working electrodes

Working electrodes were either acquired commercially from Solaronix test kits or self-
fabricated. For self-fabrication of working electrodes, TiOy particles were formulated in
pastes containing organic binders (e.g. ethyl cellulose), which were deposited in one or
multiple layers on an FTO glass substrate. These pastes were either bought from Dyesol
(Dyesol 90-T transparent titania paste or Dyesol 18NR-T transparent titania paste) or
self-fabricated. The fabrication of TiOy particles and pastes is discussed in each chapter
separately. For paste deposition onto the FTO-glass sheets, two main procedures were
applied, namely doctor blading (Section 2.2.1) and screen printing (Section 2.2.2). After
paste deposition, the TiO, particles are adhered to each other ant fixated to the FTO glass

substrate by a sintering! process, which is explained in Section 2.2.3.

2.2.1 Doctor Blading

The word ”doctor blade” was derived from the ”duc-
tor blade”, which is used in rotogravure printing to
remove excess ink from non-engraved areas of an
image carrier. [37, pp. 62] It has been extensively

% used in DSC fabrication on a laboratory scale. Fig-

ure 2.1 depicts the actual procedure. A hole of a cer-

& tain diameter (6.0 mm in this work) and area (0.33
-~ Scotch™Magic™3M) strip which is pasted onto the
* glass sheet serving as the working electrode. After

.
T—
e —

cm?) is punched into an adhesive tape (in this work

flattening the tape carefully with a glass rod, TiO,

paste has been applied in front of the tape open-
Figure 2.1: Schematic presentation

ing. A slider (usually a glass rod) is then used to
of the doctor blade technique.

fill the opening of the tape with TiOy paste. The

tape is removed carefully and the electrode is estab-

!Sintering is the process of heating a loose powder material below its melting point until its particles
adhere to each other. [36]
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lished, ready for sintering. The thickness of the TiO, layer depends on the thickness of the
scotch tape. However, the pressure applied while blading also has an influence on the layer
thickness of the final electrode. This is an error source which depends exclusively on the
consistency of the operator. For doctor bladed electrodes, an area of ~0.33 cm? has been

set, which was assessed by optical microscopy measurements.

2.2.2 Screen Printing

Screen printing can eliminate the aforementioned pressure error. For self made electrodes, a
custom made fixed aluminium frame and squegee slider have been employed (see Figure 2.2).
With this technique, by applying an appropriate printing template frame, multiple TiO,
electrodes (in this case 40) can be screen printed at once. The TiO, paste is pressed through
a mesh (90-48Y PET mesh from Serilith AG) coated with a resin except at the 40 spots
intended for the print. TiO electrodes have been built up layer wise and depending on the
amount of layers the thickness of the electrode can be tuned. First, the mesh is filled with
a filling stroke without any glass in the metal (aluminium) base. For the mesh filling step
a slider with an angle « of 45° has been found to be suitable. The angle is crucial in this
setup. If it is too big the mesh will not be filled to a sufficient amount and electrodes will

only be printed partially. If it is too small the TiO, is already partially pressed through

screws to adjust

rubber blade

metal base
mesh glass
i
40 cells on 15 x 8 cm can be removable
printed at once and cut afterwards
mesh frame

Figure 2.2: Screen printing setup.

the mesh, which results in the paste touching the outer edges of the mesh opening during
the print and therefore in broader and less defined spots. After the filling step, a cleaned

glass plate of 15 cm x 8 cm is placed into the base of the device. The mesh was then placed
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on top, the distance between mesh and glass substrate being 1 mm. Another slider with
a steeper angle of 70-80°was slid over the filled mesh and the TiO, paste in the pores is
pressed onto the glass to print a layer. The pressure of the sliders can be regulated by a
hand screw if necessary. It had to be strong enough to ensure a stable print on all the cells
but not as strong as to bend the rubber blade too much, leading to an unwanted forceful
execution of the print. The freshly printed layer is placed into a desiccator containing a
saturated ethanol atmosphere for leveling the layer and thus correcting irregularities. The
substrate is left in this ethanol atmosphere for 1.5 minutes for the first layer and for 3
minutes for every successive layer there after. Following each leveling step, the glass plate
is placed on a heating plate preheated to 125 °C for 6 minutes to evaporate residues of
the ethanol solvent and other liquid components, establishing a firm ground structure for
further printing cycles. After the last layer has been printed, the whole electrode glass
plate was gradually heated (sintered) according to a temperature ramping program (see
Section 2.2.3). If sintered to 450 °C on a hot plate directly?, the layer structure of the
electrode can be observed. Figure 2.3 shows such a quickly heated screen printed electrode
featuring 9 layers. By close examination one can see the singular layers. The small stripe
which measures around 500 nm in thickness that separates the screen printed TiO, layers
from the glass is the conducting fluorine doped tin oxide layer. For screen printed electrodes,
an area of ~0.288 cm? has been set, which was assessed by 3D laser microscopy (Keyence
VK-X200).

2.2.3 Sintering of Titanium Dioxide Pastes

Once printed, the electrodes were sintered with a temperature ramp program labeled P1,
shown in Figure 2.4, which is an altered version from the literature. [38, pp. 46] P1 sintered
electrodes reach 450 °C after around 80 min. Electrodes sintered directly up to 450 °C on a
hot plate reach that temperature much faster. Figure 2.5 depicts a hot plate sintered elec-
trode compared to one sintered with P1 in a programmable oven (Nabertherm N 15/65HA).
As can be observed, the slower sintered electrode featured much less cracks. This could be
partially attributed to the step at 75°C at 30 min. With this temperature just below the
boiling point of ethanol and the extended time, most of the residual ethanol will be slowly
removed, whereas direct heat up will cause it to evaporate quickly, presumably destroying
the layer. In Figure 2.5b, one can still see the mesh imprints from the screen print. This
indicates that the electrode has not been left in the ethanol athmosphere for long enough

and therefore not all irregularities have been smoothened out.

2The electrode with the freshly printed TiO, layers was placed on a heating plate and heated up directly
to 450 °C as fast as possible.
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Figure 2.3: Scanning electron microscope (see Section 2.5.5) picture showing the cross
section of a quickly sintered screen printed electrode.
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Figure 2.4: Sintering program P1

2.3 Counter electrodes

Counter electrodes have either been used directly from Solaronix test cell kits or self-

fabricated. Non-commercial electrodes have been made by applying a platinum precursor
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(a) Heating plate sintered electrode (b) Oven sintered electrode

Figure 2.5: Optical microscope pictures of electrodes sintered on directly on a hot plate or
in an oven with a temperature ramping program.

solution (Platisol T from Solaronix) on an FTO glass sheet followed by a heat treatment at
450 °for 30 minutes, resulting in an activated platinum layer [39]. For the solid state dye sen-
sitized solar cells in Chapter 5, counter electrodes have been fabricated by solid state poly-
meristation. A precursor solution of 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT)
was deposited onto an FTO glass sheet and polymerized by a mild heat treatment, result-
ing in a conducting polymer film. In some experiments of Chapter 4, the counter electrode
(gold or silver) was evaporated on top of the working electrode. Detailed counter electrode

fabrication is discussed in each chapter separately.

2.4 Cell assembly

Whereas working electrode and counter electrode of solid state DSCs have merely been
glued or clipped together, liquid electrolyte type DSCs have been sealed together with a
hot melt sealing foil (Solaronix, Meltonix 1170-25 Series, 25 microns thick) with a soldering
iron. To prevent overheating and therefore degradation or desorption of dyes from the TiO,
surface, a custom made tip was applied, featuring a hole in the middle to spare the active
area the bulk of the heat (around 200-250 °C on the soldering iron display). After sealing
the electrodes together, electrolyte was filled into the cell through the pre-drilled hole in
the platinized counter electrode (around 1 mm in diameter). An Eppendorf pipette tip was
pushed into the hole and the construct was placed under a bell-shaped top connected to a
Schlenk line. The tools are depicted in Figure 2.6. The cell was evacuated (to at least 1072
mBar) and refilled with nitrogen three times before placing a small amount of electrolyte
into the Eppendorf tip. Then vacuum was applied gently until the electrolyte dropped to
the bottom of the plastic tip and by switching to nitrogen the electrolyte was pushed into
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the cell. Another piece of sealing foil and a small glass cap were used to seal the cell off.

Finally, at the contacts of the cell, conducting silver paint was applied.

Figure 2.6: Back filling and sealing tools for liquid electrolyte DSCs. On the far left, a DSC
right before back filling is depicted.
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2.5 Photocurrent Density-Voltage (J-V) Measurements

and Performance Parameters

Photocurrent density-voltage measurements
were made by irradiating solar cells using

= Sl Solar Simulator/ a SolarSim 150 solar simulator from Sola-
Light source

ronix as the light source. The light irra-
“o 0o oL Meter diance was calibrated to be 100 mW cm?
= 1 Sun via a silicon photodiode. Fig-
ure 2.7 shows the measurement setup. The
cells were masked (see Section 2.5.1) and
prior to measurement irradiated for 10 min-
utes 2. The current produced by the cell
was measured against applied voltage by a
Keithley 2400 source meter. A typical pho-
tocurrent density-voltage-curve is depicted
in Figure 2.8. The main parameters used
for DSC characterisation were the short cir-
cuit current (Igo), the short circuit pho-
tocurrent density (Jg¢), the open circuit

Figure 2.7: IV measurement setup featuring a voltage (Voc), the fill factor (FF) and the
solaronix solar simulator and a Keithley 2400 photon to electrical power conversion effi-

source meter ciency (PCE, n). Isc corresponds to the

current at 0 V and it is the maximum cur-
rent the cell can produce. During the measurement the voltage is increased until the cell
does not produce any current anymore representing an open circuit. The voltage at this
value is the open circuit voltage Voo It is the maximum voltage the cell can provide to an
external circuit. [40] Electrical power is defined as the product of voltage and current. The
point of the IV-curve with the most power output is the maximum power point (P, ).
The voltage and current at P,,,, are labelled 1,4, and V,,4,. The fill factor (FF), which is
defined in equation 2.2 is a measure of quality for the solar cell. The maximum theoretical
generated electrical power is the product of Igc and Vpe. The actual maximum electrical
power is given at the maximum power point through the product of V,,., and I,,,,. The
FF is the quotient of these two values and accounts for internal losses in the cell. If no

losses were present in the solar cell the fill facor would be 1.

3Except for the copper(I) iodide solid state dye sensitized solar cells in Chapter 4, which due to stability
problems have been measured directly, without prior irradiation.
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Figure 2.8: J-V measurement of an N719 DSC

Device Name | Js¢ [mA/cm?] | Isc [mA] | Voo [mV] | FF [%] | n [%]
N719 DSC 15.7 0.940 628 72.9 7.2

Table 2.1: Parameters of an N719 DSC

The most important parameter of a solar cell is its photon to power conversion efficiency
(n), which is also commonly abbreviated with PCE. It can be obtained like described in
equation (2.1)

Pmax Isc"/oc'FF
= = 2.1
n="p b (2.1)

[max : Vmax
FF=—— 2.2
Isc : ‘/:)c ( )
Pows = Lo+ Vi - FF = Iy - V- 2oz Vinar _p -y (2.3)
max — dsc oc — 1sc oc ]Sc ) ‘/O . — Imax max .

P;,, is the power of the incident (sun)light, which is set as ¢ = 1000 W/m? or 100 mW /cm?
or 1 Sun for all measurements in this thesis. To calculate the efficiency of a DSC with
any given active area, this area is taken into account by defining the integral photocurrent

density Jsc=Igc/(active solar cell area in cm?). [25, pp. 20] [41]

Pmax_]sc"/;)c'FF_Jsc'V;c'FF

= 24
P, P, 1, (24)

’)’I:

Since each mask had a slightly different defined area, photocurrent density J was plotted

against voltage for each measurement. The PCE, particularly of the liquid electrolyte
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DSCs, can increase over several days (see Figure 2.9), usually stabilizing a few days after

cell assemblage, before eventually decreasing again.

N719 DSC

Efficiency [%]

6.6 |

64 0 2 4 6 8 10 12 14 16 18

Number of days after cell fabrication

Figure 2.9: Efficiency values of an N719 DSC over several days

Days after sealing — 0 5 7 9 12 14 15 16 17

n (%] — 6.71 | 7.55 | 7.48 | 7.41 | 745 | 7.55 | 7.35 | 7.21 | 6.72
FF (%] — 71.1 | 69.7 | 70.2 | 69.7 | 69.9 | 69.3 | 69.4 | 69.6 | 70.7
Voc [mV] — 667 | 684 | 694 | 695 | 696 | 694 | 699 | 698 | 675

Jsc [mA/cm?] —» | 141 | 158 | 153 | 153 | 15.3 | 15.7 | 15.2 | 14.8 | 14.1

Table 2.2: Performance parameters of an N719 DSC.

If measured over several days, the efficiency value of DSCs usually improved over the first
few days after sealing and eventually dropped again. Voo and Jge followed that trend as

well. The FF was the only constant parameter.

2.5.1 Solar cell masking

Photon to electrical conversion efficiencies (PCEs) are the most common variable on which
advances in solar cell technologies are judged. [42] However, not all solar simulators are
constructed in the same way. Some feature a more open architecture, others have closed
sides (see Figure 2.10). Particularly the ones with a more closed design generate reflections
of the incident light off the sides of the chassis. Even if they are both perfectly calibrated,
the lighting conditions are not exactly the same. This makes it difficult to compare mea-

surements of different instruments. [43] Scattered light entering the sides of an unmasked

20



\//
e

B Incident Light

B Active area

B Electrolyte
(a) Solaronix 150 (b) LOT Quantum (c) Light piping in an unmasked cell.
solar simulator. Design LS0811 solar
simulator.

Figure 2.10: Solar simulators and light piping in an unmasked DSC.

DSC enhances the current of the cell and therefore the PCE by light piping through the top
electrode. [42] [20] If not indicated otherwise, DSCs in this thesis were masked to prevent
this. Masking was achieved with copper foil masks coated with a black finish. A 0.1 mm
thick copper sheet has been cut to 1 cm x 1 ¢m squares. They featured a circular opening
of 0.06 cm? which had been punched beforehand into the copper sheet with a corresponding
hole punch. The masks were coated with a beamless black finish to prevent reflections from
the shiny copper surface. Mask application was realized by taping them over the middle
of the active area and a bigger black scotch tape with an opening for the mask was pasted

on top to hinder lateral light entrance (see Figure 2.11). In total, 120 masks have been

(a) DSC with mask over the active area. ~ (b) DSC with mask taped off by a bigger
piece of scotch tape.

Figure 2.11: Pictures of a cell with the copper mask applied 2.11a and a fully masked cell
2.11b

produced in two batches and their area was measured out by scanning them in and using
the program ImagelJ [44] on the scan to get the area values on each mask individually. To

verify that method, 4 masks of each batch were measured by 3D laser microscopy (Keyence
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VK-X200) and compared to the values obtained from the scan. Measurements for one
batch are depicted in Table 2.3. The error in those samples was one percent at maximum.

The standard deviation of all the scanned values was 1.86%.

Mask # | Area Laser Microscope [cm?] | Area Scan [cm?| | Error [cm?] | Error [%]
41 0.06083 0.06018 0.00065 1.07
50 0.05992 0.06035 -0.00043 0.718
20 0.06165 0.06188 -0.00023 0.373
50 0.06086 0.06062 0.00024 0.394

Table 2.3: Measuring the opening of the copper foil masks.

Figure 2.12 shows the influence of the masking on an N719 DSC. The current and efficiency
values are much higher when measuring unmasked cells. [42] The fill factor on the other

hand has improved by 20% when measuring the DSC with a mask.
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Figure 2.12: IV-measurement of the same N719 DSC masked and unmasked.

Device Name Jse [mA/em?| | I [mA] | V. [mV] | FF [%] | n [%]
Unmasked N719 DSC 19.4 6.98 719 50.0 6.96
Masked N719 DSC 11.6 0.688 655 70.6 5.34

Table 2.4: Parameters of an N719 DSC masked and unmasked.
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2.5.2 Incident Photon to Current Efficiency (IPCE) measure-

ments

Incident photon to current efficiency describes the overall charge injection measured at
monochromatic light irradiation. It is synonymous to the external quantum efficiency
(EQE). The EQE is the ratio of the number of photons converted to electrons by the solar
cell to the number of incident photons, meaning the photons of a given energy/wavelength
that actually hit the cell (See Equation 2.5). If an EQE value at a given wavelength is
high or low depends on how much light is absorbed by the solar cell and how much of the
absorbed light is actually converted to electrons. If all absorbed photons of a given energy
were converted to electrons, the EQE value would be 100 % at that wavelengt.[45] The short
circuit current I,. can also be expressed as the integral of all EQE values measured over
the whole solar spectrum multiplied by the incident light intensity at the given wavelength.
25, pp. 20]

~electronsout(A)  Je(X)  he  Je(N)
EQEQ) = IncidentPhotons(\) ~ q¢®(\) ¢ A-Pn()\)
_ (W s nm] Jse(N)[A - em™2]
~ T N PV ) 29
I, = /OO EQE(\) - I,(\)d\ (2.6)

The EQE also depends on the optical properties of the solar cell itself. It does not take into
account light that does not enter the cell because of reflection or light that is transmitted
through the cell and not being absorbed. The internal quantum efficiency does incorporate
transmission and reflection of photons. Only the photons that actually contribute to charge
generation are taken into account. The IQE is defined in Equation 2.7, where T is the
hemispherical transmission and R the hemispherical reflectance of the solar cell at a given

wavelength. [46]

IQE(N) = — g?j@T 5 (2.7)

In this work, only the EQE was used as an analytical method and measurements were

carried out over a range of wavelengths, usually 350 to 740 nm. The external quantum
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efficiency is used to determine the light absorption and electron injection properties of
chromophores over a part of the Sun’s irradiation spectrum, mainly the visible and near in-
frared region, since that is where the intensity of the sunlight is the highest (See Figure 1.7).
The cells have not been masked for the EQE measurements. Figure 2.13 depicts an EQE

measurement of an N719 cell using commercial Solaronix test cell kits as an example. EQE
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Figure 2.13: EQE measurement of an N719 cell.

measurements have been performed on an Spe-Quest quantum efficiency setup from Rera
Systems (Netherlands) equipped with a 100 W halogen lamp (QTH) and a lambda 300
grating monochromator from Lot Oriel. The monochromatic light was modulated to 3 Hz
using a chopper wheel from ThorLabs. The cell response was amplified with a large dy-
namic range IV converter from CVI Melles Griot and then measured with an SR830 DSP
Lock-In amplifier from Stanford Research. [47]

2.5.3 Solid state UV-Vis and reflectance spectra

Solid state UV-Vis spectra have been recorded either on an Agilent Carry5000 UV-Vis-
NIR instrtrument or an Agilent 8453 UV-spectrophotometer. Diffuse reflectance spectra
have been recorded with a Carry5000 UV-Vis-NIR instrtrument from Agilent employing
the diffuse reflection accessory Varian internal DRA 2500.
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2.5.4 Brunauer-Emmet-Teller (BET)

Glass cell
»
4
™

Measurement
sample

" Burface of
measurement sample

Figure 2.14: Principle of a BET surface area
measurement. [48]

The BET Theory was named after Brunauer,
Emmet and Teller, who proposed a mathe-
matical model for the process of gas adsorp-
tion and desorption. The theory describes
the adsorption of gas to solid surfaces, the
physisorption. If a clean solid surface is ex-
posed to gas, the gas molecules will adsorb
into the pores and other surface features of
the material structure. The specific surface
area can be estimated from the amount of
gas molecules adsorbed in relationship with

its pressure. When a sample is measured, it

is first chilled, and the gas is adsorbed at the sample surface. When the sample is warmed

up again, the gas molecules desorb. The amount of gas adsorbed respectively desorbed can

be measured by the change in pressure of the gas leaving the sample. [48][49][50][51]
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2.5.5 Scanning Electron Microscopy (SEM)

SEM images were recorded with a field emission scanning electron microscope (FESEM)
from ZEISS (LEO Supra 35 with a GEMINI electron optical coloum), a Philips XL30
ESEM, or a FEI Nova Nano SEM230.
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Figure 2.15: Simplified structure of an SEM[52].

Figure 2.15 shows a simplified set up of a scanning electron microscope. It consists of an
electron gun at the top, which generates an electron beam. The beam position is controlled
by a deflection coil and scans the image in lines, hence the name ”scanning” electron
microscope. After having passed several electromagnetic lenses, the electrons hit the sample
placed on a mechanical stage. Multiple signals are emitted which are detected by one of
several possible detectors. The most important emissions for the measurements conducted
hereafter are secondary electrons, back scattered electrons and X-rays. Secondary electrons
give information about topography, whereas back scattered electrons give more information
about material contrast. X-rays enable the possibility to perform elemental analysis via
electron diffraction X-ray spectroscopy (EDX) using a special semiconducting detector.
EDX will be applied in Chapters 4 and 5, which feature solid state DSCs. On an FEI Nova
Nano SEM230 instrument, cross sections can be milled into the sample with a focused ion
beam (FIB) to generate a clean and defined surface for the SEM image. [52] [53]
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2.5.6 Atomic Force Microscopy (AFM)

Atomic force microscopy measurements were performed on a Bruker Dimension 3100 AFM.
It was used to determine the morphology and thickness of a spin coated compact layer
presented in Chapter 4/Section 4.2.2. In an AFM measurement, a sharp probing tip is
attached to a cantilever-type spring which is moved over a surface. A laser is pointed at
the back of the tip. The force between tip and sample causes cantilever deflections which
are monitored by a photodiode deflection sensor. [54] [55] A simplified scheme is depicted
in Figure 2.16.

Laser

Cantilever

" Photodiode
detector

W

Figure 2.16: Simplified structure of an AFM.

2.5.7 Scanning Electrochemical Microscopy (SECM)

The setup for SECM scans was a standard three electrode electrochemical cell featuring
an active redox electrolyte. The potential between these electrodes is kept constant by a
potentiostat and an ultramicroelectrode (UME) is used as the working electrode. When
the UME approaches a substrate, the diffusion behavior of the electrolyte to the UME is
changed and leads to a variation of the tip current, which is monitored. A conducting
substrate leads to an increase in tip current, an insulator to a decrease (see Figure 2.17).
All measurements have been conducted in feedback mode at a negative potential. In this
mode, by scanning over a surface at a distance of 3-5 pm, the change in tip current can be
depicted as a 3D surface plot (see Figure 2.18), indicating areas of tip current increase as a
well and areas of tip current decrease as a hill. An FTO/TiOy/dye working electrode was

used as an unearthed substrate and the charge generation on the dyed TiO, surface upon
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Figure 2.17: Interaction of the UME with conductors, insulators and the bulk electrolyte
[56]

external illumination* was indirectly measured over the electrolyte and the UME. With this
setup, the interfacial region between the dye and the electrolyte could be investigated. By
changing the dye and hence the electron injection and reduction properties of the system, the
observed tip current is varied at the working UME, giving the possibility to compare charge

injection and reduction properties of dyes relative to each other. [56] Upon illumination
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Figure 2.18: SECM area scans of a dyed TiO, electrode in the dark and under illumination

the dye is elevated into an excited state, injects electrons into the TiO, layer and is thereby
oxidized. A positive charge layer is generated at the electrolyte/dye interface. As a result of
this the relative concentration of oxidized electrolyte (E) close to the surface increases. This
leads to an increase in current flow at the UME as the rate of reduction back to the reduced
form (E*) increases. If measured in the dark, the dye molecules are mostly present in their
ground state reduced form and can hence contribute less to electrolyte oxidation. As a

consequence the tip current response is lower. This can be observed in Figure 2.18. Upon

4A Thorlabs OSL1-EC halogen lamp source coupled to a Thorlabs BFH48-1000 optical wire (1000 pm
core) using an SMA connector was employed. The conical lighted area had a diameter of 4 mm.
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illumination the plot on the right shows a circular shape, representing the light cone. Where
the light hit the electrode, an increased current was observed. Assuming that the TiO, is
fully covered by dye, this also means that dyes that are less likely to reach their excited
state and inject electrons under illumination (for example due to poor light absorption,
poor electron injection, recombination or due to a mismatch in potential energy respective
to the TiO,) induce a lower current response at the UME tip. This opens up the possibility

for a qualitative comparison of dyes and the TiO, surface.

Apart from area scans, retraction curves of several dye loaded TiO, surfaces have been
recorded in the dark and at several light intensities. For these the tip was placed at a dis-
tance of 2-3 pm to the TiO, surface and slowly retracted to a distance of 1 mm. SECM scans
have been employed in Chapter 6. The redox electrolyte (for both, the area and retraction
measurements) consisted of 7,7-8 8'-tetracyanoquinodimethane (TCNQ) and tetrabutylam-
monium hexafluorophosphate (TBAPFg) in 3-methoxypropionitrile. For retraction curve
measurements the concentrations of TCNQ and TBAPFg were 1 mM and 0.02 M respec-
tively. For area scans the more diluted concentrations of 0.33 mM and 6.67 mM respectively

have been used.
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Chapter 3

Liquid Electrolyte Dye Sensitized
Solar Cells (1eDSCs)

In Sections 3.1 and 3.2, a theoretical background on leDSCs is given. Section 3.3 describes
experimental procedures for TiO, particle and paste preparation as well as detailed cell
fabrication. Although several things had to be altered due to different equipment, experi-
mental procedures have been retrieved from literature and are referenced to it. The original
work on 1leDSCs starts in Section 3.4 (”Cell development”), where several literature proce-
dures have been altered or combined by changing the electrolyte or introducing a scattering
layer. Section 3.5 gives a small summary of the Chapter. All TiOy particles and pastes
have been self fabricated in this Chapter except for one comparative measurement with
a commercial Solaronix test cell kit at the end. These are our first attempts to prepare
TiO, particles and pastes for DSCs. Also screen printing as a manufacturing process for

electrodes has been introduced to our research group with this work.

3.1 Working principle of a 1eDSC

The basic working principle of a DSC is shown in Figure 3.1. When light hits the back
of the working electrode of the DSC, dye molecules are promoted to an excited state. An
electron is promoted from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), which ideally lies above the Fermi level ! of the

conduction band of the TiO5 semiconductor. The dye is oxidized after injection of an elec-

!The Fermi level is the top of the collective of electron energy levels at 0 K. [57] If there is a non-
equilibrium between the conduction and valence band, and this is the case for most semiconductor devices
under conditions of current flow, the fermi level can be split into two quasi fermi levels, one regulating the
electron density of the conduction band, the other one regulating the electron density in the valence band.
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Figure 3.1: Schematic presentation of a dye sensitized solar cell employing an 17 /I3 elec-
trolyte. Rate constants [19, pp. 6603] refer to processes with irradiation of 1 Sun.

tron into the conduction band of the nanocrystalline semiconductor. The injected electrons
diffuse through the TiO,, reach the anode and travel through an external circuit passing
an electrical load. The oxidized dye molecules are reduced by the I~ anions of the redox
mediating ion couple I7/I3. Consequently, the I~ anions are oxidized to I3 ions, which
travel to a platinum coated counter electrode and get reduced again to I~ by the electrons
from the cathode. The charge separation process is believed to be mainly dependent on

electron kinetics at the TiOq/dye/electrolyte interface rather than on an electric field as is

When the quasi fermi level of TiO9 is mentioned hereafter, it will be referred to as the quasi fermi level
of the conduction band of the TiOs semicunductor. [58]
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the case with silicon solar cells (See Figure 1.4). [25, pp. 119] Ideally, the electrons follow
the blue path in Figure 3.1. However, there are a few unwanted shortcuts which electrons
can take and these are commonly referred to as recombination reactions. If charges recom-
bine before they reach the electrodes, the photocurrent is diminished. [59] These processes
are indicated as red arrows, labelled KRy, KR; and KRy. For a DSC to operate efficiently,
the rate of electron injection into the semiconductor (K;,; in Figure 3.1) must be faster
than the decay rate of the excited state of the dye (KRy). Moreover, the rate of reduction
of the dye from the electrolyte (K, in Figure 3.1) must be faster than the rate of the re-
combination reaction of electrons from the conduction band of the TiO, with the oxidized
dye (KRj in Figure 3.1). For most sensitizers, the electron injection into the TiOs takes
place in the femtosecond to picosecond region, which is much faster than the decay rate of
the excited state of the dye. The I~ ions are typically very highly concentrated (around
0.5 M) in standard electrolytes to ensure a quick dye reduction, therefore the influence of
KR5 is limited and can be neglected. [25, pp. 119] Since nanoparticulate TiOy has quite a
low diffusion coefficient (D,, <10™* cm? s7!), the back donation of electrons to Iy occurs
more frequently and has a greater influence on the cell performance. The ion I3 can also
be reduced at the bare FTO on the anode directly where no TiO; is present. To minimize
these back-donations, a TiO, blocking layer is commonly introduced via TiCly treatment
(Section 3.3.4) before TiO, layer application and after. Further reasons for this treatment
are to generate a better contact between the FTO and the nanoporous TiO, layer and to
roughen up the TiOs surface for better dye adsorption. [60] Since I~ is reduced at the
surface of the dyed TiO; film, more 1™ is present at the anode, whereas the I; ions travel
to the cathode to be reduced again. I~ has a higher diffusion coefficient than I, so the
limiting factor in charge transport is the I3 ion. [25, pp. 119, 120] The maximum voltage
the cell can produce is the difference of the Fermi level and the redox potential of the elec-
trolyte (highlighted green in Figure 3.1). [19, pp. 6602] In the case of I7 /I3 the maximum
obtainable voltage is ~1 V [61].

3.2 Main components of 1eDSCs

3.2.1 The semiconductor

One of the main factors for the discovery of a working DSC by Grétzel in 1991 [21] was
the surface area of the semiconductor. It is desirable to collect as much light as possible
and hence to load it with as much dye as possible. By using a nanocrystalline mesoporous

transparent electrode instead of the bulk material the surface area increases by a factor of
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~1000. [19, pp. 6613] TiO is nontoxic and is naturally occurring. In macroscopic crystals,
rutile is the thermodynamically most stable form. For crystals on the nanoscale smaller
than ~10-20 nm in size, anatase is considered to be more stable. [25, pp. 45] Because of its
larger bandgap (3.2 eV in comparison to rutile 3.0 eV) however, anatase is generally the
preferred form of TiO, since this leads to a higher V. The most common way of preparing
TiO nanoparticles is the hydrolysis of a titanium precursor like titanium(IV) isopropoxide
with water and acid with a subsequent dispersion step and finally hydrothermal crystal
growth in an autoclave. [19, pp. 6614] [62] By adding polymers like ethyl cellulose the
resulting particles are transformed into a nanoparticulate paste which is then spread on an
FTO-glass sheet by either doctor blading or screen printing. To remove organic components
and establish electrical contact to the substrate, the film is sintered. Porosity of the film can

be controlled by the amount of organic binders present in the TiO, paste. The main driving
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Figure 3.2: Illustration of trapping sites in a TiO, electrode. FL: Fermi level of the TiOs,
CB: Conduction band of the TiO,. Electrons are depicted as red dots.

force for electron transport in TiO, seems to be the gradient in electron concentration, the
electron transport occurs via diffusion. [63] The diffusion coefficient in single crystalline
TiO, anatase (~0.4 cm? s7!) is a few orders higher than the one of nanocrystalline TiO, film
(D,, <107* cm? s71). This phenomenon is commonly explained by a multiple trapping model
[64], which postulates that electrons are mostly trapped in states below the conduction band
and upon thermal activation they can be promoted to it (see Figure 3.2). [19, pp. 6610]
Voc is the difference in potential of the Fermi level of the TiOy and the electrolyte. The
closer the electrons in the semiconductor get towards the conduction band, the higher the
Fermi level is raised and consequently Voo will be higher as well. If separated charges
recombine before reaching the electrodes, the photocurrent will be diminished. This also
has an indirect influence on the open circuit voltage, because less losses will result in better

filling of the trap states, raising the Fermi level and hence increasing Voe. [59] Structure
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Figure 3.3: Illustration of a light scattering layer and its effect on incoming light.

and morphology of the semiconductor layer play an important role on the performance of
a DSC. For the work described in this chapter, the TiO, particles and pastes as well as
the working and counter electrodes were self fabricated following the procedure described
by Grétzel et. al. [60] Next to a transparent working electrode, TiOy can also serve as a
light scattering layer by using larger microcrystalline TiOs particles around 100-400 nm
in diameter. [65] Due to their reduced surface, these particles only take up a limited
amount of dye and hence even after dipping into dye solutions often stay white or at least
less colored than the nanocrystalline underlayer. Although scattering layers participate
actively in electron injection as well [60], their striking feature is their light scattering
properties. The purpose of a scattering layer is to keep as much light as possible in the
electrode for as long as possible. [66] A scattering layer is usually applied on top of the
working electrode layer consisting of nanocrystalline TiOs particles. [60] When light shines
on the back of the cell, it passes through the transparent nanoporous working electrode.
The microcrystalline scattering layer scatters non absorbed photons in all directions, forcing
it to pass the dyed TiOy multiple times. In this way, the chances for photon uptake are
enhanced (see Figure 3.3). Several approaches have been taken to realize such a scattering
layer. Results of the influence of the respective scattering layers can be looked up in
Sections 3.4.3.

3.2.2 Electrolytes and their additives

The most important part of an electrolyte is the redox couple, which reduces the dye and
mediates charges between the electrodes. Since the invention of the DSC, I7 /I3 has been
the redox couple of choice for a very long time. Even today, it still yields among the most
stable and efficient DSCs. [67] The mechanism for the reduction of the dye by the redox
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couple has remained controversial. There is, however, a general consensus that for the
[7 /I3 redox couple, dye regeneration is a multi charge transfer process. There are four

iodide molecules and two holes required to form one triiodide and one iodide species. [59]

DY +I1~ = (D---I)
(D---I)+1" = (D---1;%
(D---I;* =D+ 1I;*
21, — Iy +1°

(3.1)

First, the oxidized dye (D7) and the iodide (I7) form a complex. The iodide would most
probably not form a radical due to energetic reasons. With a second iodide, the complex
D ---I;® is formed, which subsequentially dissociates to D and I, ®. In a last step, 2
I;® disproportionate to I; and I~. [19, pp. 6609], [68], [59] During these charge transfer
processes, [~ is oxidized at the surface of the TiO, film covered with dye. Once oxidized,
the I; ions have to migrate all the way to the counter electrode, where they are reduced
to I7 again. The same migration applies in the other direction for I~. The concentration
of I is in excess and around ten times greater than the concentration of Iy in typical
electrolytes. Furthermore the diffusion coefficient of I~ is higher than the one of the I3
ion. This leads to the conclusion that charge transfer processes between the electrodes and
hence the current are mainly restricted to the diffusion of the I3 ion. [25, pp. 120] It has
been found that the performance of a DSC can be increased by adding certain additives
to the electrolyte. With 4-tert-butylpyridine (4-‘BP) or N-methylbenzimidazole (N-MBI)
as additives for example, Voo can be increased without affecting Jgc, which is due to the
suppression of recombination (KRy in Figure 3.1) at the dye/TiOy/electrolyte interface.
This occurs because the basic pyridine molecules, adsorb on parts of the TiO, that were
not covered with dye. [69] They deprotonate the TiOy and shift its conduction band edge
to more negative potentials. [70] Furthermore, without the presence of 4-"BP, triiodide ions
would have been adsorbed promoting the back donation of electrons from the TiO5 to the
electrolyte. This has been observed with other nitrogen containing heterocyclic compounds
as well. [25, pp- 124] Guanidinium thiocyanate (GuNCS) shares the effect of shielding the
TiO, surface from triiodide ions. But instead of inducing a negative shift in the potential of
the conduction band, it accumulates positive charges (its cations) on the surface and induces
a shift to a positive potential. This results in a higher electron injection efficiency due to
a bigger potential drop and hence increases the current. [70] Other additives providing

cations, such as lithium idodide, have a similar effect. [25, pp. 122]
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3.2.3 Dye

For development of TiOs electrodes, N719 has been used as the dye. As mentioned in
Chapter 1.1, N719 is a high performance dye and is used as the industry standard by
Dyesol. [33]

3.2.4 Counter electrodes

At the counter electrode, the following reaction takes place:

Iy +2¢ — 31 (3.2)

To guarantee a fast reduction to iodide, the counter electrode must be catalytically active.
(19, pp. 6613] Platinum is generally used because it shows good electrocatalytic properties
and is chemically stable. [71, pp. 256] [25, pp. 30] The electrodes in this section were
prepared by applying a droplet of Platisol T (Solaronix) to a cleaned FTO coated glass
sheet and subsequent sintering at 450 °C for 30 min. Other than that commercial Solaronix

test cell kit platinum counter electrodes have been used where indicated.

3.3 Experimental procedures

The experimental procedures consist mainly of the preparation of TiO4 particles and pastes.
Particles have been fabricated by precipitation from a titanium oxide precursor and subse-
quent hydrothermal growth at high temperature and pressure in an acid digestion vessel.
They have been transferred to a TiOy paste by adding an organic binder (ethyl cellulose

here) and a solvent for the binder, in this case terpineol.

3.3.1 TiO, paste preparation for transparent mesoporous layers

TiO, particle preparation

To prevent metal contamination, the use of syringes or any other metal instrument was

avoided throughout the entire TiO, paste preparation procedure. Plastic spatulas, beakers
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and pipettes were used instead. All glassware was cleaned with 0.1M hydrochloric acid
(HC]) in ethanol (EtOH) prior to use.

In advance of this experiment, two 10 wt% solutions of ethyl celluloses (Aldrich, #46070 &
#46080) were prepared as stock solutions for later use in the experiment, since dissolution

to a turbid viscous liquid takes up to 12 h. At least 20 g of each solution was prepared.

Acetic acid (2.60 g, 2.49 ml, 43.3 mmol) was slowly added to titanium tetraisopropoxide
(12.8 g, 13.4 ml, 45.1 mmol) while stirring. The mixture was stirred for a further 15 min
and HyO (63.5 ml) was added very quickly all at once while stirring vigorously. Stirring
continued for 1 h at least. Afterwards concentrated nitric acid (65 %, 0.9 ml) was added
and the mixture was heated up gradually from room temperature to 80 °C in a timespan
of 40 min. The mixture was kept stirring at 80 °C for further 75 min. The final volume
was adjusted to 80 ml with HyO and transferred to a Teflon lined stainless steel acid
digestion bomb (Parr instruments Model 4748, 125 ml) for 12 h at 250 °C. Important
note: This should be divided to multiple vessels or carried out on a smaller
scale. After performing this reaction around 6 times, the Teflon liner of the
acid digestion bomb did not stand the pressure generated with this amount of
reagents anymore! It is strongly advised to check the manual of the respective
autoclave as well! The acid digestion bomb was left to cool down to room temperature
inside the oven. The mixture was poured into a beaker, treated with concentrated nitric
acid (65%, 0.530 ml) and sonicated (30 x 2 s and 2 s rest in between). It’s volume was
reduced to 13 %, TiO5 on a rotary evaporator and centrifuged 4-5 times with water (9000
rpm for 30-40 minutes each time using plastic centrifuge tubes from Greiner Bio One) to
remove nitric acid. The water was decanted and checked for pH neutrality with pH paper.
Afterwards it was centrifuged 3 times with ethanol with the same speed and time to remove
the water. The particles were redispersed in ethanol by sonication 30 x 2 s and stirring
for 15 minutes. This procedure was carried out three times or until a fine dispersion was
reached. The total volume of the colloid was reduced to 40 %,,;. Under no circumstances

should the colloid be reduced to dryness.

TiO, paste preparation

Ethyl cellulose (10 %, 10.1 g) in ethanol (Aldrich, #46070), ethyl cellulose (10 %, 7.88 g)
in ethanol (Aldrich, #46080) and terpineol (14.6 g, 94.7 mmol) were added to the obtained
dispersion (Section 3.3.1) while stirring. After dilution with ethanol (~ 18.0 ml) to reach
a final volume of 63 ml, the mixture was alternately sonicated and stirred until most of

it was dispersed and everything was removed from the walls of the vessel. Then a mixer
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(IKA ultraturrax, speed 2 with plastic disperser) was applied to the solution for 5 min
followed by consecutive sonication for 10 min. The mixing/sonicating cycle was repeated
three times or until a fine colloid/dispersion was reached. All solvent was removed on the
rotary evaporator. It should be evaporated until a pressure of 10 mbar at 40 °C could be
reached. The paste was milled with a three roll mill (EXAKT 50 EC) for 15 min to finalize
it. The two gaps of the rolls were set to 1 and 4-6 respectively. [60]

3.3.2 TiO, paste preparation for scattering layers

TiO, scattering particle preparation

Methylamine (0.0130 g, 0.052 ml, 0.416 mmol) and a stoichiometric amount of water were
added to a mixture of ethanol (10.4 ml) and acetonitrile (8.32 ml) while stirring. After
stirring for 5 min., titanium tetraisopropoxide (TTIP, 0.179 ml, 2.490 mmol) stabilized in
ethanol (2.08 ml) followed by water (0.179 ml, 9.98 mmol) was added to the solution. Upon
addition the mixture turned turbid in a matter of a few seconds. The diameter size of the
TiO scattering particles was controlled by the ratio of TTIP and water. A ratio of 1/4 is
expected to result in a particle diameter of 450 nm according to literature. To obtain the
amorphous particles, the reaction mixture was stirred for 1h. Then the TiOy spheres were
collected by centrifuging and transferred into a teflon lined stainless steel acid digestion
bomb (Parr instruments Model 4748, 125 ml) containing a mixed solution of water (21.9
ml) and ethanol (21.9 ml). The mixture was hydrothermally treated by heating to 230 °C
for 5 h. The particles were collected by centrifuging and washed three times with ethanol.
They were dried at 100°C to yield 0.137 g of nanoporous TiO, spheres. [72]

TiO, scattering paste preparation

Ethyl cellulose (10% in ethanol, 0.400 g, Aldrich #46080), lauric acid (5.00 mg, 0.0250
mmol) and terpineol (0.500 g, 0.535 ml, 0.00300 mol) were dissolved in ethanol (10.0 ml).
Then the TiOq scattering particles prepard as above (0.100 g) were added and the reaction
mixture was stirred for 1 h. Ethanol (30.0 ml) was added and the resulting dispersion was
mixed for 5-10 min. (IKA ultraturrax, speed 1 with plastic disperser). In a last step, the

solvent was removed under reduced pressure. [72]

39



3.3.3 Si0,/TiO, paste preparation for scattering layers

Si0,/Ti0O, core/shell scattering particle preparation

For the preparation of submicron SiO, particles, a modified Stober method was used. [73]
To obtain a diameter size of 350 nm, ammonia (28%, 6.50 ml), water (18.5 ml) and ethanol
(25.0 ml) were mixed in a beaker. This solution labelled "A” was stirred at a speed of
1100 rpm for 5 min. For the preparation of solution ”"B”, tetraethyl orthosilicate (4.20
g, 4.50 ml, 0.0202 mol) (TEOS) was mixed with water (45.5 ml). Afterwards solution B
was quickly poured into solution A and everything was stirred together for one further
minute at a speed of 1100 rpm. The beaker was sealed with parafilm and the stirring speed
reduced to 400 rpm. The reaction was stirred for 2 more hours, after which submicron
SiOy particles have precipitated. They were collected by centrifuging at a speed of 8000
rpm for 5 min. After decanting off the solvent, they were redispersed and washed with
ethanol four times in the centrifuge. The product was dried at 80 °C to receive a final
yield of 1.22 g submicron SiOy particles. For the preparation of the submicron SiOy/TiOq
core/shell particles, a solution labelled "A” containing a mixture of tetrabutyl titanate
(5.00 g, 5.00 ml, 0.0147 mol) (TBOT) dissolved in ethanol (10.0 ml) was prepared. The
previously prepared submicron SiO, particles (0.500 g) were dispersed in solution A using
an ultrasonic bath for 10-20 min. Afterwards, an ethanol/water mixture (volume ratio
5:1, 20.0 ml) was added dropwise over 20-30 min to solution A. The reaction mixture was
kept stirring for 1 h followed by centrifuging for 10 min at a speed of 7000 rpm. After
having centrifuged the produced particles and washed them three times with ethanol, the
suspension was dried at 80 °C over night in a ventilated drying furnace. To obtain the final
product the dried particles were calcined at 500 °C for 3 h to give of 1.66 g of the submicron
SiO5/TiO4 core/shell particles. [73]

Si0,/Ti0O, scattering paste preparation

For the preparation of the scattering paste an ethyl cellulose (Aldrich, #46080) solution
in ethanol (10%, 2.00 g), lauric acid (25.0 mg, 0.125 mmol) and terpineol (2.5 g, 2.651
ml, 0.0162 mol) were mixed. Then the previously prepared SiO,/TiOy core/shell particles
(0.500 g) and ethanol (15.0 ml) were added. The resulting reaction mixture was stirred for
1 h, diluted with ethanol (35.0 ml) and mixed (Mixer IKA, speed 1, with a plastic disperser)
for 5-10 min. To obtain the final screen-printing paste for the scattering layer all solvents

were removed under reduced pressure. [72]
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3.3.4 Working electrode preparation

For the preparation of the DSC working electrode an FTO glass plate (15x8 cm) was first
cleaned in a 2% soap solution (Sanoswiss cleaner in water Milli-Q) by sonicating for 15
min. Then the plate was washed with water and ethanol before treatment in an UV-Oj
system (Model 256-220, Jelight Company Inc) for 18 min. Afterwards the glass plate was
immersed into a 40 mM aqueous TiCly solution at 70 °C for 30 min. The plate was again
washed with water and ethanol and left to dry. The previously prepared (see Section 3.3.1)
nanocrystalline TiO, paste was screen printed as described in Section 2.2.2. Not every batch
of TiO, paste had exactly the same viscosity. Depending on the paste batch, 7-8 layers
were usually printed, until a final layer thickness of 14 + pm of the TiO, layer was reached.
The thickness of the TiO, layer was determined with either the SEM or a profilometer. If
a scattering layer was used, this is the moment it was applied. Four more layers of the
respective scattering paste were printed on top of Paste 1. For the acid treated scattering
layer, the 8th printed layer was simply not dried and the electrodes were immersed into 2
M nitric acid for 20 minutes, washed with water and left to dry at room temperature (RT).
Afterwards the respective electrodes were sintered with program P1 (see Section 2.2.3). The

TiCly treatment was repeated and the electrodes were sintered at 450 °C for 30 minutes.

3.3.5 Dying the working electrodes

After cooling down to about 80 °C, the electrodes were immersed into a solution of N719
(0.5 mM) in EtOH for at least 12 h. The dyed working electrodes were rinsed with ethanol
and left to dry in air.

3.3.6 Counter electrode preparation

A hole of 1 mm diameter size was drilled into an FTO glass plate (1.50 x 2.00 cm). The
plate was washed with water, 0.1 M HCI solution in ethanol and finally cleaned in acetone
for 10 minutes using a sonicator. The plate was then heated to 400 °C for 15 min to remove
organic residuals. The platinum catalyst (PlatisolT, Solaronix) was deposited on the FTO
glass by spreading one drop on each electrode carefully with a glass rod. After drying, the

counter electrodes were heated to 400 °C for 15 min.
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3.3.7 Electrolyte

The electrolytes employed in this chapter are labelled as follows:

Electrolyte 1: Solution of 0.6 M 1-methyl-3-butylimidazolium iodide (MBII), 0.03 M I,
0.10 M guanidinium thiocyanate and 0.5 M 4-tert-butylpyridine in a mixture of acetonitrile
and valeronitrile (volume ratio, 85:15).

Electrolyte 2: Solution of 0.1 M Lil, 0.05 M Iy, 0.5 M methylbenzimidazole and 0.6 M
MBII in 3-methoxypropionitrile.

Electrolyte 1 was prepared by the method of Grétzel et al. [60] Electrolyte 2 is the com-
mon standard at our laboratory. [47] Electrolyte 2 additionally contains the ionic liquid
methylbutylimidazolium iodide, which acts as an iodide source as well as a solvent. [25,
pp. 133]

3.3.8 Cell assembly

Working and counter electrode have been sealed together using a thermoplast hot melt
sealing foil (Solaronix, Meltonix 1170-25 Series, 25 microns thick). This was achieved by
sandwiching the sealing foil between the electrodes and applying pressure onto the outside
of the counter electrode glass with a hot soldering iron. The electrolyte was introduced
into the cells by vacuum back filling through the hole of the Pt—counter electrode (see
Chapter 2/Section 2.4). Then the hole in the Pt—counter electrode was sealed using the
same sealing foil and a cover glass. To improve the conductivity and increase the electrical
contact the edge of the FTO glass of each electrode was coated with high purity silver paint.

The cells were masked and measured afterwards like described in Sections 2.5 and 2.5.1.

3.4 Cell development

TiO, electrodes manually prepared with the doctor blade method are prone to layer ir-
regularities (see Section 2.1) and could only be prepared one at a time. Screen printing
on the other hand enables the simultaneous fabrication of electrodes, their number being
dependent on the design of the screen printing frame (See Chapter 2/Section 2.2.2). For
these reasons, screen printed electrodes have been used for all experiments in this chapter.
Detailed TiOy particle fabrication, the resulting TiO, paste as well as electrode fabrica-
tion are described in the experimental procedures (Section 3.3). The transparent working

electrodes were screen printed to a thickness of 14 + 2 pm, which usually took about 7-8
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(a) Surface of a screen printed electrode.  (b) Cross section of a screen printed elec-
trode.

Figure 3.4: Sintered TiO, electrode investigated with SEM.

layers to achieve, depending on the consistency of the TiOs paste batch. Figure 3.4 shows
SEM images of the surface and cross section of such a screen printed electrode. Individual
particle sites have been measured with scanning electron microscopy. They were all in the
range of 20-40 nm. In the cross section, the FTO layer (486 nm) and the TiO, layer (13.67
nm) were observed. The home made electrodes have been put to the test by following the

procedure of Grétzel et al. [60]

3.4.1 Fabricating a standard (Std.) N719 cell with home made
TiOs electrodes

Five identically built cells have been fabricated after Grétzel et al. [60] The only exception
was the scattering layer mentioned in literature, which is not yet included in these exper-
iments. Electrolyte 1 (abbreviated El 1 in tables and figures) has been employed and the
DSCs reached efficiencies over 10 % (Figure 3.5 and Table 3.1), which would be in agree-
ment with literature. [60] The active area was 0.288 cm? which was measured out by laser
microscopy (Keyence VK-X200). In literature, cells have been masked. However, the mea-
surements and values depicted here stem from unmasked cells. Hence the obtained numbers
are not accurate (See Chapter 2/Section 2.5.1 for details on masking). What these results
do show though is that reproducible cells were fabricated with home made TiOs particles,

a home made TiO, paste and successful paste application to build up working electrodes.

3.4.2 Changing the electrolyte

Since acetonitrile is present in Electrolyte 1 those cells were hard to make due to evapora-

tion of the solvent during cell fabrication, for example while sealing or back filling. A less
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Figure 3.5: J-V curves of five identically fabricated unmasked standard (Std.) screen printed
N719 DSCs with self made TiOs paste.

Device name | J,. [mA/cm?| | Voo [mV] | FF [%] | n [%]
Std. Cell 1 E1 1 21.0 762 65.2 10.5
Std. Cell 2 E1 1 20.7 762 66.1 10.4
Std. Cell 3 El 1 21.0 789 68.0 11.3
Std. Cell 4 EI 1 20.1 773 66.6 10.4
Std. Cell 5 El 1 19.9 773 69.3 10.6

Table 3.1: J-V parameters of five identically fabricated unmasked Std. screen printed N719
DSCs with self made TiO, paste.

volatile electrolyte solvent is desirable also because of long term cell stability reasons. As a
consequence, Electrolyte 2 (see Section 3.3.7), which features 3-methoxypropionitrile as a
less volatile solvent has been compared to Electroyte 1 in cell performance (See Figure 3.6
and Table 3.2). Two identical cells have been prepared for each electrolyte. All cells have
been masked, reducing their active area to around 0.06 cm? with only minor deviations,
depending on which mask was applied. Initially, Electrolyte 2 performed fairly similar
to Electrolyte 1. This trend continued over time? (see Table 3.7 and Figure 3.16). After
reaching efficiencies of 6.78% and 7.48% for the two individual cells, by day ten after seal-
ing the Electrolyte 1 cells performed at values of 7.07% and 6.99%. The Electrolyte 2 cells
on the other hand, although initially lower in efficiency (6.60% and 6.49%) have increased

2For a clearer view, time dependent measurements of certain solar cell types are detailed and referred
to as Appendices at the end of the chapter.
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Figure 3.6: J-V curves of masked Std. screen printed N719 standard DSCs comparing
Electrolytes 1 and 2 (labeled Ell and El2) at their peak performance (day 3 after sealing).

Device name | Jg¢ [mA/cm?| | Voo [mV] | FF [%] | n (%]
Std. Cell 1 El 1 14.3 672 74.3 7.13
Std. Cell 2 E1 1 14.2 717 72.7 7.40
Std. Cell 1 El 2 15.8 683 69.7 7.55
Std. Cell 2 El 2 15.3 714 68.2 7.44

Table 3.2: J-V parameters of masked screen printed N719 standard DSCs comparing Elec-
trolytes 1 and 2 at their peak performance (day 3 after sealing).

over time. By day ten they generated values of 7.54% and 7.36% which means they per-
formed better than their Electrolyte 1 counterparts. Electrolyte 2 has the advantage of
being less volatile which facilitates cell fabrication at steps such as filling or sealing the cell
(see Chapter 2/Section 2.4). In terms of long time stability, Electrolyte 2 performed better
(See Appendix 3.A), which could be due to the lower volatility of 3-methoxypropionitrile
compared to acetonitrile. For these reasons Electrolyte 2 was employed exclusively hence-
forth. In addition, if not indicated otherwise, all cells have been masked from now on like
outlaid in Section 2.5.1.
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3.4.3 Introducing a scattering layer

TiO, scattering layer

One of the most effective ways of improving the photovoltaic performance of a DSC is the
introduction of a scattering layer.[73] Since the 400 nm TiO, scattering particles mentioned
by Grétzel and coworkers [60] were not readily available commercially, the approach of Lee
et al. [72] was taken. Highly porous submicron-sized TiOy spheres were fabricated by a
controlled hydrolysis of titanium tetraisopropoxide followed by hydrothermal treatment at
230 °C. After having prepared a paste with these particles (see Section 3.3.2), it has been
screen printed on top of a standard nanocrystalline TiO, layer. Following this literature

procedure [72], the particles should have a diameter of around 450 nm. Measurements of two

i 2 -
EHT = 3.00 kv Signal A= SE2 Date 1 Mar 2013 10pm EHT = 3.00 kv Signal A= SE2 Date :1 Mar 2013

A
WD= 6mm Photo No. = 8005 Time :9:38:53 LE(b F—— wpb= 6mm Photo No. = 9008 Time :9:43:28 LE@

(a) SEM close up of the interface between (b) SEM cross section of a screen printed
nanocrystalline and scattering layer electrode

Figure 3.7: Sintered TiO electrode including a scattering layer

selected particles in Figure 3.7a showed values of 280 nm and 357 nm. Even though they did
not reach the desired size, single particles can be distinguished from the layer. However,
there is a visible amount of smaller sized particles. The scattering layer surface of the
composite layer in Figure 3.7b does look rather irregular compared to the nanocrystalline
layer beneath it. Figure 3.8 and Table 3.3 show the results of two standard cells and two
cells incorporating the fabricated scattering layer. The cells were measured directly after
sealing and the ones with the scattering layer have reproducibly enhanced cell efficiency by

about 0.8% compared to cells without a scattering layer. (See Table 3.3).

Measurements over time were conducted and are given in Appendix 3.B. These values show
a consistently higher performance for cells with a scattering layer compared to cells without
it.
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Figure 3.8: J-V curves of Std. N719 DSCs compared with Std. N719 DSCs with a TiO,
scattering layer. Measurements were peformed on the day of sealing. All cells were masked.

Device name Jsc [mA/cm?] | Voo [mV] | FF [%] | n [%]

Std. Cell 1 El 2 14.07 675 70.7 6.72

Std. Cell 2 El 2 13.97 699 68.3 6.67

Std. Cell 1 El 2 4+ TiO, SL 16.24 675 67.4 7.39
Std. Cell 2 El 2 + TiO, SL 16.14 686 67.9 7.51

Table 3.3: J-V parameters of Std. N719 DSCs compared with Std. N719 DSCs with a
TiO, scattering layer. Measurements were peformed on the day of sealing. All cells were
masked.

Si0,/Ti0O, core/shell particle scattering layer

Since the TiOs particles were not found to be very uniform the approach of Guoping et al.
was taken. [73] They described fabricating silica submicron spheres first and coating them
with a TiOy shell afterwards. Furthermore, SiO, and TiOs have a large difference in their
respective refractive indexes and therefore submicron SiO,/TiO4 core/shell particles should
show a strong light scattering effect. [73] Figure 3.9(a) depicts an open scattering particle
where the SiO5 core is actually visible inside the TiOy wrapping. The SiO, particles have
been very uniform before the TiOs shell was applied (see Figure 3.9(c)). The diameter of
selected silica particles was determined to be around 400 + 20 nm. By surrounding them
with the TiO, shell, they grew further to diameters of 470-660 nm. The shell of the particle

in Figure 3.9(a) was determined to be 175 nm in thickness. The diameter of the whole
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(a) Close-up of an SiO2/TiO2 scattering (b) Interface of the mesoporous TiOg layer and the
particle. Si05/TiO4 scattering layer.

EHT =10.00kV Signal A = InLens Date :14 Feb 2013

WD= 5mm Photo No. = 8583 Time :19:49:42 LE(I)

(¢) SEM image of uniform SiO, particles

Figure 3.9: Image (a) shows an SiOy/TiO, core-shell light scattering particle. Image (b)
depicts a cross section of a sintered TiOs electrode including an SiO, core-shell scattering
layer. The bottom image (c) shows a zoom-in on pure SiO, nanoparticles.

particle measured 645 nm. The scattering layer was about 2-4 pm thick (see Figure 3.9(b)).
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Figure 3.10: J-V curves of Std. N719 DSCs compared with Std. N719 DSCs with a
TiO4/Si04 scattering layer. Measurements were peformed on the day of sealing. All cells
were masked.

Device name Jsc [mA/cm?] | Voo (mV] | FF (%] | n [%)]

Std. Cell 1 El 2 14.51 644 70.8 6.61

Std. Cell 2 El 2 14.67 653 67.9 6.50

Std. Cell 1 El 2 + TiO4/SiOy SL 10.70 645 69.8 4.82
Std. Cell 2 El 2 + TiO2/SiOy SL 11.91 635 71.0 5.37

Table 3.4: J-V parameters of Std. N719 DSCs compared with Std. N719 DSCs with a
TiOy/SiO5 scattering layer. Measurements were peformed on the day of sealing. All cells
were masked.

Unlike the TiO, scattering layer (see Figure 3.8, Table 3.3), the SiO2/TiOq core/shell par-
ticle scattering layer did not enhance cell performance. It even seems to have lowered it as
Figure 3.10 and Table 3.4 indicate. With the fill factor being comparable in all measured
cells, the main difference after applying the scattering layer is in current generation. Al-
though the scattering layer is supposed to enhance the photocurrent of the cell, it actually

decreased in these experiments for no obvious reasons.
Acid treatment induced scattering layer

Another aproach to generate a scattering layer is the one of Watson and co-workers. [66]
They have found a way to introduce a scattering layer via acid treatment of the deposited
TiO, paste before sintering. They doctor bladed a TiO4 layer onto the FTO substrate and
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dipped it directly into 2 M nitric acid. Here, the screen printing approach was kept and
the last printed TiOs layer was not dried on a hot plate (see Section 2.2.2), but immersed
into 2 M nitric acid for 20 minutes. Upon dipping the electrode into the acid solution
it turned from transparent to opaque almost instantly. The effect of this treatment can

be seen on the sintered electrodes in Figure 3.11. By close examination of Figure 3.11a,

EHT = 3.00kV Signal A = SE2 EHT =10.00 kv Signal A = SE2 Date :11 Mar 2013
WD= 8mm Photo No. = 9633 0 F—————1wo= 6mm Photo No. = 9402 Time :9:37:21 ]_E

¥ o T g AT R AL WS W

(a) Cross section of a sintered TiOz elec- (b) Surface of the acid treated top layer of
trode with a previously acid treated top a TiO; electrode.
layer.

lar 2013,

10um EHT =10.00 kv Signal A= InLens Date :14 Feb 2013
Photo No. = 9083 Time :14:51:20 [ WD= 5mm Photo No. = 8572 Time :19:26:58 LE

(¢) Surface of a doctor bladed TiOy layer (d) Surface of a sintered TiOz layer that has

which has been acid treated directly after been dried at 125 °C before acid treatment

blading and subsequentially sintered. and subsequent sintering. No change in sur-
face morphology has been observed

Figure 3.11: Sintered acid treated TiO, electrodes.

one can see a clear change in morphology of the last printed layer having a thickness of
around 2.6 pm. Watson et al. [66] suggest a hydrolytic degradation of the organic binder
in the TiOy paste, the ethyl cellulose, caused by nitric acid. They propose that by the
degradation of the cellulose polymer chains, small amounts of water are released into the
paste. Since not all the cellulose will degrade at the exact same time, the water is repelled
by the organic medium it originated of. These water pockets force the the TiOy particles
to rearrange. [66] The acid treatment only worked when the solvent (terpineol) was still
present directly after printing. When the electrode was heated to evaporate the terpineol,

no change in surface morphology was observed (See Figure 3.11d). When a TiO, layer
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is doctor bladed and dipped directly into the acid however, the whole layer deforms to a
pillar like macrostructure up to a point where the FTO on the bottom of the layer is visible
(see Figure 3.11c). Dipping the electrode in water alone did not alter the surface of the
TiO4 layer, which means the acid is a necessary means of inducing the morphology change.
Figure 3.12 and Table 3.5 show the results of the acid treated electrodes on the day of
sealing. The acid treatment did neither affect Voo nor the fill factor, the current of the
acid treated cells however has been increased due to the light scattering acid treated layer.
Figure 3.11b shows the surface of an acid treated TiOy layer. The crater that has formed
as a consequence of the treatment measured 11 pm in diameter. These features were found

all over the acid electrode surface.
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Figure 3.12: J-V curves of Std. N719 DSCs with and without an acid treated (At) top
TiO, layer (Figure 3.11a). Cells have been measured directly after sealing. All cells were
masked.

Device name Jsc [mA/cm?] | Voo [mV] | FF (%] | n [%]

Std. Cell 1 El 2 14.9 678 71.1 7.18
Std. Cell 2 El 2 12.2 671 71.1 5.82
Std. Cell 1 EI 2 + At SL 16.7 655 70.7 7.75
Std. Cell 2 EI 2 + At SL 17.0 680 71.5 8.29

Table 3.5: J-V parameters of Std. N719 DSCs with and without an acid treated (At) top
TiO, layer (Figure 3.11a). Cells have been measured directly after sealing. All cells were
masked.
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The EQE of DSCs featuring a scattering layer introduced by acid treatment was enhanced

over the whole spectrum compared to DSCs without a scattering layer (see Figure 3.13).
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Figure 3.13: EQE spectrum of a Std. Cell and a Cell with an acid treated (At) top TiOq
layer

3.5 Summary

TiO, particles and pastes have been fabricated in house and applied successfully in repro-
ducible dye sensitized solar cells. This opens up the option of altering the semiconducting
material and therefore a range of possibilities for cell optimization, e.g. porosity and struc-
ture of the semiconductor film. Furthermore, self made scattering layers have been applied
to DSCs and proved to enhance the performance of the cells to a level competing with
commercial solar cell test kits from Solaronix when using Electrolyte 2 (see Figure 3.14 and
Table 3.6). 14 days after assembly, the DSC consisting of self made electrodes without a
scattering layer was still more efficient than the commercial Solaronix test kit cell. The
current density Jgo is comparable, but Ve, the fill factor and hence the efficiency are
all higher in the DSC built of self made electrodes. This is remarkable, because in the
Solaronix electrodes, a 3 pm thick scattering layer is already included (see Figure 3.15). By
applying a TiO, scattering layer to the standard home made electrode, its DSC efficiency
is even higher with 8.30% 15 days after sealing. However, the transparent noncrystalline

TiOy layer of a Solaronix electrode is only 10 pm thick (without the opaque scattering
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layer), whereas the transparent noncrystalline layer of self made working electrodes already

measures around 13.7 pm in thickness. By including a TiO, scattering layer the electrode
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Figure 3.14: J-V curves of a self made standard working electrode compared to a Solaronix
commercial DSC test cell kit. Both have been measured 14 days after fabrication. A self
made standard working electrode incorporating a TiO, scattering layer measured on day
15 after sealing is depicted as well. All cells were masked.

Device name Jsc [mA/ecm?| | Voo [mV] | FF (%] | n [%)]

Self made Std. Cell El 2 + TiOy SL 17.6 711 66.2 8.30
Self made Std. Cell El 2 14.5 736 68.3 7.29
Solaronix test cell kit El 2 14.8 670 70.7 6.94

Table 3.6: J-V parameters of cells with self made electrodes compared to a Solaronix test
cell kit, measured 14 days after sealing. All cells have been measured with Electrolyte 2
and were masked.

even gets thicker. DSCs with the scattering layer induced by acid treatment showed an
efficieny of 8.29% at fabrication day (the Solaronix DSC performed at 7.14% at that point)
and 8.49% the day after, which was the highest reached efficiency. By acid treatment of the
top screen printed layer the electrode thickness was not altered and hence comparable to a
commercial electrode (Self made: 13.65 pum vs commercial: 10.0 pm + 3.34 pm scattering
layer, depicted in Figure 3.15). Unfortunately the available equipment (autoclave) has been
proven not to be strenuous or big enough for hydrothermal TiO, particle preparation on a
sensible scale. Hence for further cell development commercial TiO, particles or a commer-

cial TiOy paste from Dyesol were used. For liquid electrolyte DSCs commercial Solaronix
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test cell kits were utilized exclusively from this point on. This has reduced the necessary

time and effort for screening dyes in 1eDSCs greatly.

Figure 3.15: A commercial electrode from Solaronix (on the left) is compared to a self
printed TiOs electrode with 8 printed layers.
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Appendix 3.A Std. DSCs with Electrolytes 1 and 2

measured over time.
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Figure 3.16: Efficiency comparison of Electrolytes 1 and 2 over time.

Days after sealing [#] — 0 3 10
Std. Cell 1 El 1 6.79 7.13 7.01

Std. Cell 2 EI 1 7.48 7.40 7.00

n [%] —

Std. Cell 1 EL 2 6.72 7.54 7.45

Std. Cell 2 EI 2 6.67 7.44 7.36

Std. Cell 1 EI 1 73.4 74.3 73.4

f (%) Std. Cell 2 EI 1 71.7 72.7 72.7
Std. Cell 1 EL 2 70.7 69.7 69.9

Std. Cell 2 EI 2 68.3 68.2 67.3

Std. Cell 1 EI 1 651 672 690

Voo [mV] Std. Cell 2 EI 1 712 717 709
Std. Cell 1 EL 2 675 684 696

Std. Cell 2 EI 2 699 714 723

Std. Celll Ell 14.2 14.3 14.0
Jsc Std. Cell2 Ell 14.7 14.2 13.57

97 —

[mA/cm?] Std. Celll EI2 14.1 15.8 15.3
Std. Cell2 EI2 14.0 15.2 15.1

Table 3.7: J-V parameters of Std. DSCs measured over time for Electrolytes 1 and 2.
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Appendix 3.B
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Figure 3.17: Efficiency of DSCs with and without TiO, scattering layer measured over time.
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Cell 2 EI 2 4 TiO2 SL

7.57

7.51

8.24| 8.10| 8.03| 8.22| 8.30

8.08
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Std. Cell 1 El 2

71.1

70.7
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Cell 1 EI 2 4 TiO92 SL

69.9

67.4
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Std.

Cell 2 EI 2 4 TiO2 SL

69.6

67.9

66.0| 66.2 64.8| 66.1| 66.2
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65.9

VOC [mV] —

Std. Cell 1 El 2
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Std. Cell 2 El 2
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14| 723 | 717| 723 | 721

721

722

Std.

Cell 1 EI 2 4 TiO2 SL

658

675

690 | 702 | 703 | 706 | 704

703

703

Std.

Cell 2 EI 2 4 TiO2 SL

666

686

700 | 709 | 705| 709 | 711

713

707

Jsc

Std. Cell 1 El 2

14.1

14.1

15.8| 15.3| 15.3| 15.3| 15.7

15.2

14.8

Std. Cell 2 El 2

14.2

14.0

15.3| 15.1] 15.2| 15.1} 15.2

14.8

14.6

%
[mA/CmQ] Std

. Cell 1 E1 2 + TiO9 SL

16.3

16.2

17.7 17.1] 17.2] 17.1| 17.3

17.0

16.7

Std.

Cell 2 EI 2 4 TiO2 SL

16.3

16.1

17.8| 17.3| 17.6| 17.5| 17.6

17.2

17.1

Table 3.8: J-V parameters over time for Std.

DSCs with and without TiO, scattering layer.
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Appendix 3.C Std. DSCs with and without SiO,/TiO,

scattering layer measured over time.
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Figure 3.18: Efficiency of DSCs with and without SiO5/TiOs scattering layer measured
over time.

Days after sealing [#] — 0 3 5 7 /10|12 |13 | 14
Std. Cell 1 EI 2 6.61| 7.67 7.53| 7.57| 7.64| 7.69 7.37 7.24
Std. Cell 2 EI 2 6.50 7.45| 7.09| 7.07| 7.02 7.03 7.19| 7.29
n [%] =

Std. Cell 1 E1 2 + SiO,/TiOy SL | 4.82 5.59| 5.50| 5.56| 5.67| 5.63| 5.51| 5.44
Std. Cell 2 El 2 + SiOy/TiO, SL | 5.40, 6.60) 6.48 6.55 6.62| 6.65 6.52| 6.44
Std. Cell 1 El 2 70.1| 66.7 66.9) 67.1] 66.9| 65.9) 66.1 65.7

Std. Cell 2 El 2 67.9 65.8 64.9) 63.9) 62.8 62.5 66.5 68.3

Std. Cell 1 El 2 + SiO,/TiOy SL | 69.8 68.6 68.6| 69.3] 69.1] 68.2 68.2 67.2
Std. Cell 2 El 2 + SiOy/TiOq SL | 71.0] 70.4) 71.2 71.0 70.7 70.1] 70.2| 70.1
Std. Cell 1 El 2 644 | 713 | 730| 731| 735| 734| 733| 733

Std. Cell 2 El 2 653 | 714 | 731| 736 | 738 | 734| 734 736

Std. Cell 1 El 2 + SiO/TiOy SL | 645| 701 | 713 | 721| 729| 723| 720 | 720
Std. Cell 2 El 2 + SiO/TiOy SL | 635| 698 | 709 | 714| 719| 719 | 722 720
Std. Cell 1 El 2 14.50 16.1] 15.4 15.4 15.5/ 15.9 15.2 15.0

Jsco Std. Cell 2 El 2 14.7] 15.9 15.0[ 15.0] 15.2] 15.3) 14.7 14.5
mA/em?] " [§ed. Cell 1 El 2 4 SiOy/TiOy SL | 10.7) 11.6| 11.2] 11.1) 11.2 11.4] 11.2) 11.2
Std. Cell 2 E1 2 + SiOy/TiOy SL | 11.9) 13.4 12.8 12.9| 13.0| 13.2| 12.9 12.8

ff [%] —

VOC [mV] —

Table 3.9: J-V parameters measured over time for Std. DSCs with and without SiO5/TiOs
scattering layer.
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Appendix 3.D Std. DSCs with and without acid treat-

ment (At) measured over time.

85

N
wn
T

~
T

Std. Cell1EI 2 ——
Std. Cell 2 El 2
Std. Cell 1 ElI 2 + At SL ——
Std. Cell2ElI 2 + AtSL ——

Efficiency [%]

o
&
T

55

0 0.5 1 15 2 25 3
Days after sealing [#]

Figure 3.19: Efficiency of DSCs with and without At scattering layer measured over time.

Days after sealing [#]| — 0 1 2 3

Std. Cell 1 EI 2 7.18 7.46 7.17 7.13
Std. Cell 2 El 2 5.82 6.15 5.97 6.09

n [%] —
Std. Cell 1 E12 + At SL | 7.75 8.20 7.83 7.82
Std. Cell 2 El 2+ At SL 8.29 8.49 6.69 7.67
Std. Cell 1 El 2 71.1 70.8 70.4 70.2
Std. Cell 2 El 2 71.1 71.0 70.3 70.5

fF (%] —
Std. Cell 1 E12 + At SL | 70.7 70.7 70.1 69.1
Std. Cell2E12 + At SL | 715 71.2 59.9 67.0
Std. Cell 1 El 2 678 698 698 702
Std. Cell 2 El 2 671 688 692 694

Voc [mV] —

Std. Cell 1 E1 2 + At SL 655 675 679 687
Std. Cell 2 El 2 + At SL 680 697 683 700
Std. Cell 1 El 2 14.9 15.1 14.6 14.5
Jse Std. Cell 2 El 2 12.2 12.6 12.3 12.4
[mA /cm?] Std. Cell 1 E12 + At SL | 16.7 17.2 16.5 16.5
Std. Cell2E12 + At SL | 17.1 171 16.4 16.4

Table 3.10: J-V parameters of Std. DSCs with and without an At scattering layer measured
over time.
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Chapter 4

Copper(I) Iodide Solid State Dye
Sensitized Solar Cells (ssDSCs)

In Sections 4.1 and 4.2, a theoretical background on copper(I) iodide (Cul) ssDSCs is given
as well as some general experimental procedures for this chapter. Although several things
had to be altered due to different equipment and experience, experimental procedures have
been retrieved from literature and are referenced to it. The original work on Cul ssDSCs
starts in Section 4.3 (”Cell development”), where several literature procedures have been
changed or combined by altering the morphology of the TiOy layer or introducing a new
dye. Section 4.5 gives a small summary of the chapter. Commercial TiO, particles have
been used throughout in this chapter. All TiO5 pastes have been self fabricated. These are

our first attempts to assemble ssDSCs.

4.1 Working principle of a solid state DSC

SsDSCs eliminate several disadvantages of liquid electrolyte DSCs, such as leakage of the
electrolyte and evaporation of volatile solvents by employing a solid state hole transport
material (HTM). Moreover, ssDSCs can be very flexible in design and lightweight. Con-
sequently, much research has been conducted on ssDSCs since the prototypes have been
fabricated in 1995 by Tennakone et al. [74] and in 1998 by Grétzel et al. [25, pp. 165]
[75] [76] [77] [25, pp. 163]. An example of the working principle of a ssDSC is depicted
in Figure 4.1. When sunlight hits the cell, the dye is elevated to an excited state above
the conduction band of the semiconductor. This permits electron injection into the con-
duction band of the TiO,, oxidizing the dye. By generating a positive charge vacancy in

the hole transporter, labeled as an electron hole (h™), the dye is reduced again. Electrons
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Figure 4.1: Scheme of a ssDSC, representing the TiOy/HTM junction. Processes in favour
of cell performance are highlighted in black, the ones detrimental to cell performance in red
(recombination reactions). The blue path depicts the hole electric circuit

are conducted through an external circuit, pass an electrical load (e.g. a light bulb) and
recombine with the holes in the HTM. However, there are also processes detrimental to
the cell performance, indicated by the red arrows in Figure 4.1. When electrons in the
conducting band of the TiOy recombine with the oxidized dye (Rs) or the holes in the hole
conductor (Ry), cell performance is decreased. An especially important recombination in
this type of cell is Rg. This recombination occurs in liquid DSCs as well, but is not very
severe. In the literature it is indicated that this is due to a large overpotential between the

[7 /I3 redox couple and the FTO, meaning the redox electrolyte is lying at a much more
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negative potential (actual potential values for FTO have not been found in literature). [78]
(79, pp. 7] However, in solid state DSCs this interface forms an ohmic contact [79] lead-
ing to short circuits. Gréatzel and co-workers have approached this problem by putting an
additional compact layer of TiOs between the FTO and the nanocrystalline TiO, layer to
avoid contact of the HTM with the FTO. [78] A TiO, compact layer has been reported to
increase the current output of ssDSCs by three to four orders of magnitude and hence is
indispensable to avoid short circuits. (See Figure 4.2a). [78] Figure 4.2b shows energy level
values compared to vacuum of a ssDSC. Since the energy level of the FTO is above the
one of Cul conduction band, recombination of electrons and holes takes place. According
to Manmeeta et al. [80] the I7/I5 redox couple has a redox potential of -4.83 eV vs vac-
uum, which would be less than half the potential difference (0.37 V) from FTO to copper
iodide (Cul). This would explain the larger driving force of Rj in ssDSCs featuring Cul as
the hole conductor compared to liquid I~ /I3 electrolyte DSCs and therefore the necessity
of a compact TiOy underlayer to prevent the latter. One of the very first reports of the
concept of a ssDSC was released in 1995 by Tennakone et al., and this cell featured Cul
as an inorganic hole transporter. Three years later, Gratzel et al. demonstrated their first
ssDSC incorporating the organic dye 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine) 9,9’
spirobifluorene (spiro-OMeTAD) as the hole transport material. Both cells had a similar
power conversion efficiency (PCE) of 0.7-0.8 %. [74] [75] As opposed to the most common
liquid electrolyte DSC system (I7/I5), where four iodide ions and two holes are involved
in each dye reduction (see Equations 3.1), here only a one-electron process takes place.
Therefore, a lower driving force should be needed for the dye regeneration and thus for hole
transporter based systems compared to their liquid counterparts. [25, pp. 173] Figure 4.3
shows an exemplary cross sectional schematic of a Cul ssDSC as prepared in this Chapter.
Working and counter electrodes have been either clipped together by strong metal clamps

or sealed with Araldite. At the contacts, conducting silver paste was applied.
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Figure 4.2: Short circuit in ssDSCs and energy level diagrams compared to vacuum. The
approximate values have been gathered from several sources [61][81][82][83][84][85][86]
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Figure 4.3: Architecture of a Cul ssDSC

4.2 Main components of ssDSCs

4.2.1 The compact layer

As explained in Section 4.1, a compact layer is indispensable in solid state DSCs. Electrons

will always take the shortest route to a positive counter charge. When the hole conductor

goes all the way down to the FTO, an ohmic contact is formed and electrons are not forced

to travel through the external circuit or the electrodes of any device, the cell will not produce
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any current and a short circuit is established, highlighted pink in Figure 4.2a. Although this
has been generally accepted, the first Cul ssDSC reported did not feature a compact TiO,
layer underneath the TiO5 semiconductor layer. This could presumably be omitted because
of the way the TiO, was applied and the resulting morphology. According to Tennakone et
al. the TiO, layers applied in this way are largely free of interconnected pores that reach
the FTO of the anode. By dropping the TiO, paste 1 slowly on a hot plate, sintering it and
repeating that procedure multiple times a film dense enough to prevent the copper iodide
from contacting the FTO seems to be established. [87] However, by using numerous other
commercial and self-made pastes, which are preferred due to their easier and faster way of
application by doctor blading or screen printing, a compact layer is necessary to prevent
short circuits. Compact layers in this Chapter have either been sprayed as described by
Kavan et al [88] [89, pp. 20] or spin coated after a modified procedure from Hoérhold et
al. [90]. In the following discussion, these will be referred to ”sprayed compact layer”
and ”spin coated compact layer”. The detailed experimental method for the sprayed and
spin coated compact layers is given in section 4.2.2. Whereas the sprayed compact layer
could not be observed by microscopic methods except when applying 30 spraying cycles
which resulted in a thickness of 1.4 pm (See Figure 4.5a). The spin coated compact layer
could be confirmed to be around 40-170 nm thick by AFM and SEM/FIB microscopy. (See
Figures 4.4a and 4.4b
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nanoporotis, IO layer

Glass

(b) SEM/FIB image of the compact layer

Figure 4.4: Spin coated compact layer thickness

Signal A = InLens Date 116 Feh 2012

WD= 11 mm PhotoNo.=2073  Time 17:28:18 ]__E(b

(a) SEM/FIB image of a sprayed compact layer with 30 cycles

Figure 4.5: Compact layer thicknesses

4.2.2 Compact layer fabrication

Two types of compact layers have been fabricated, they will be referred to as ”sprayed”
and "spin coated” compact layer. As mentioned above, the sprayed compact layer has not

been confirmed by microscopic methods whereas the spin coated one has.

Sprayed compact layer
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Sprayed compact layers have been fabricated with nitrogen as the carrier gas with 0.5 bar
closed pressure. To achieve this, the substrate was heated to 450 °C and a 0.2 M solution of
titanium acetylacetonate (TAA) in isopropanol was sprayed at intervals of 5 x 3 s intervals.
After every 3 s, the cells were annealed for 1 min. After the hole spray procedure, the
electrodes were annealed for 30 minutes at 500 °C. The layout of the glass sheet and the

spraying setup can be seen in Figure 4.6. After having cooled down, the glass was broken

into 20 working electrodes. [89, pp. 20—21]
%
0.5 Bar

/\ 0.2 M TAA in isopropanol

Electrode 36 cm 40 cm

Hot Plate

Figure 4.6: Spraying setup

Spin coated compact layer A glass sheet of 8x8 cm has been sonicated for 15 min. in a
2% solution of sonoswiss cleaner. It has been rinsed with tap water to remove soap traces,
then with H,O miliq and finally with ethanol. After having dried in air it was put into a
UV /ozone cleaner for 20 minutes. The glass plate was placed on a spin coater and vacuum
was applied (the last impurities on the glass plate were blown off with nitrogen before.)
The whole surface area of the glass sheet was covered with a spin coat solution consisting of
hydrochloric acid (4.40 ml 38 %), HoO (1.00 ml), Ethanol (40.0 ml) and titanium ethoxide
(4.00 ml). Around 1.5 ml were was needed to cover the whole substrate. The glass sheet
was spun at 3000 rpm for 60 s (acceleration and deceleration were set to 1 s.). Afterwards,
plate was cleaned thoroughly on the bottom side with a dust free tissue and ethanol. It
was put in an oven at 78 °C for 45 min and was annealed subsequently for 30 min at 540
°C. [90] After cooling down, each glass plate was cut carefully into 20 cells per plate, each

measuring 1.5 cm x 2 cm.
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4.2.3 The semiconductor

As with the liquid-state DSCs in Chapter 3, the most common semiconductor applied with
ssDSCs is nanoparticulate titanium dioxide. As mentioned in Section 4.1, crystalline HTMs
like Cul suffer inherit a reduced pore filling ability compared to liquid electrolytes. Several
measures have been taken to make the TiO, films more porous, usually by adding a filling
material like polyethylene glycol (PEG) which is burned in the film sintering process and
leaves the semiconductor layer with cavities/large pores to be filled by the HTM. [91] Four
pastes have been prepared for ssDSC fabrication, all with commercial P25 particles from
Degussa/Evonik. Paste 1 was fabricated after Tennakone et al. [87], paste 2 after Grétzel et
al. [92] and paste 3 & 4 after Konno et al. [91]. Pastel did not contain any organic binder.
It had a very liquid consistency compared to the others. Very dense, sheet like structures
could be built up with this paste. Paste 2 was used for liquid state DSCs by Grétzel and
coworkers [92]. Pastes 3 & 4 were fabricated identically to paste 2, but polyethylene glycol
(PEG600 for paste 3 and PEG20000 for paste 4) has been added to enhance porosity and
make the paste more susceptible to penetration from the HTM. Due to its fluidity, paste
1 cannot be doctor bladed or screen printed and application after Tennakone et al. [87]
involves a time consuming drop coating/sintering process outlaid in section 4.3.1. It was
desirable to fabricate pastes suitable for doctor blading with a similar structure. Figure 4.7
shows the surface SEM images of all four fabricated pastes with approximately the same
magnification. The experimental procedure for all the TiO, pastes is given in Section 4.2.4.
As can be observed, PEG20000 in paste 4 had the biggest effect on the surface morphology
compared to paste 2 without any PEG additive and paste 3 with PEG600 added. These
pastes were not suitable for screen printing. The PEG addition rendered them too viscous
and the pastes would have clogged the screen printing mesh. They were therefore applied

by doctor blading exclusively.
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Figure 4.7: Surfaces of sintered films of pastes 1-4

4.2.4 TiO, Paste fabrication

Chemicals (all from Sigma Aldrich):

Ethyl Cellulose CAS: 9004-57-3 Prod. # 46070-250G-F Ethyl Cellulose CAS: 9004-57-3
Prod. # 46080-250G-F Terpineol: CAS: 8000-41-7 Prod. # 86480-250ML Ethanol: 99.999
% Water: Deionized from laboratory tap. TiOg particles: P25 Degussa/Evonik

Paste 1 (Drop coating paste)

A mixture of titanium tetra-isopropoxide (5.00 ml), propan-2-ol (15.0 ml) and acetic acid
(5.50 ml) was hydrolyzed by slow and drop wise addition of water (4.50 ml added in total).
0.65 g of TiOs nanoparticle powder was added and the mixture was agitated ultrasonically
for 1 h. [87]
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Pastes 2-4 (no PEG, PEG20000 and PEG600 containing pastes)

For pastes 2-4, the scheme in Figure 4.8 can be applied. For paste 4, double the scale was
used. Apart from that, the only difference is in the variables X and Y in the red encircled
step. They are indicated for each paste separately. All additions have been made slowly
and dropwise. The ethyl cellulose solutions (two types, each 0.75 g (total 1.5 g) dissolved
in Ethanol to a 10%wt solution, 15 g in total) have been prepared beforehand. A porcellain

mortar was used as well as plastic spatulas and beakers to avoid metal contamination.

Add glacial acetic acid (0.5 ml) to TIO2 nanoparticles (3g) and grind for 5 min.

Y

[Add water (0.5 ml) and grind in a mortar (1.00 min)] X & times

Y

[Add ethanol (0.5 ml) and grind in a mortar (1.00 min)] X 15times

Y
[Add ethanol (1.25 ml) and grind in a mortar (1.00 min)] X 6 times

Y

Transfer the mixture into a beaker using 50 mi of ethanol

Y

Stirwith a magnet tip (1 min) + [sonicate in an ultrasonic bath
(2 sec. work + 2 sec rest) X 30 imes], and stir with a magnet
tip again (1 min). Sonicate for 10 more minutes.

Y

Add Terpineol (10 g)

Y

Stir with a magnet tip (1 min) + [sonicate in an ulirasonic bath
(2sec. work + 2 sec rest) X 30 times). and stir with a magnet
tip again (1 min). Sonicate for 10 more minutes.

Y

Add ethyl cellulose solution (3 g, 30 g of a 10 % solution in ethanol)

Y

{Stirwith a magnet tip (1 min) + [Sonicate in an ultrasonic bath

(2 sec. work + 2 sec rest) X 30 times], and stir with a magnet
tip again (1 min)} X 3

Remove the ethanol with a rotary evaporator

Y

‘ Grind with a three roll mill

Figure 4.8: Paste fabrication scheme for pastes 2-4

Paste 2: X=0, Y=none Paste 3: X=2.5 g Y= PEG600 Paste 4: X=2.5 g Y= PEG20000
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Three roll mill grinding was done until a homogenous paste was obtained, which took

around 10 min for the most dense paste (paste 4), so this was set as the standard.

4.2.5 Dyes

Two dyes have been investigated for Cul ssDSCs, one of them being N719. The other one
is a combination of the anchoring ligand labeled ”ALP1” and the HTM Cul (ALP1-Cul),
depicted in Figure 4.9. The N719 dye was obtained commercially and the anchoring ligand

ALP1-Cul

Figure 4.9: Cul coordinating to anchoring ligand ALP1 in Cul ssDSCs

ALP1 was provided by Dr. Tain A. Wright [47]. With ALP1-Cul, an enhanced electron and
especially hole injection was hoped to be achieved, since the HTM itself forms the dye and

is directly connected to it.

4.2.6 The hole transport material (HTM)

In the last twenty years, many hole conductors have been investigated, inorganic as well
as organic ones [19, pp. 6637-6639] Grétzels cell from 1998 was the first to incorporate an
organic HTM, namely 2,27, 7’-tetrakis(N,N-di- p-methoxyphenylamine) 9,9-spirobifluorene
(spiro-OMeTAD), see Figure 4.10) and reached a power conversion efficiency of 0.7%. Al-
most a decade after this discovery, spiro-OMeTAD still continued to be the hole conduc-
tor with the highest efficiency, amounting to over 5% in 2010. [25, pp. 163-203]. Al-
though this is a relatively efficient HTM, there are some disadvantagesto it, above all it
has a relatively high price. In 2013, the commercial price of spiro-OMeTAD was over

ten times higher than the one of gold and platinum. Even though the price might drop
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on a large scale for commercialization, the synthetic methods and the high purity needed
for this particular application in a solar cell suggest otherwise. There are other potential
HTMs that could be used for a much lower cost, and on example is copper iodide (Cul).
[93] Cul has three crystalline forms, «-, - and y-Cul. Below 350 °C, Cul is present in
the y-Form. From 350 to 392 °C (3-Cul is the stable form and above 392 °C it trans-
forms to «-Cul. [94] Here, only the low temperature y-form is used. Copper(I) iodide

! and can be applied directly from solution.

is highly conductive, exceeding 1072 S cm™
Pure spiro-OMeTAD on the other hand only has a con-
ductivity of 2.5 - 107" S em~!. It can be raised up
to 3.0 - 107> S em™! or even higher by doping with
bis(trifluoromethane)sulfonimide (Li-TFSI) or other addi-
tives, but the conductivity of the pure material is lower than
the one of Cul. [25, pp. 181] [95] [96] Moreover, the valence
band energy level of Cul is very similar to the one of spiro-
OMeTAD, which can be observed in Figure 4.11a. Another
advantage of a solid hole conductor like copper iodide or spiro-

OMeTAD are the theoretically higher open circuit voltages

(Voc). In Figure 4.11b, the approximate potentials have been

compared against the normal hydrogen electrode. The TiO, Figure —4.10: Chemi-
. . - o Ry 1 structure of spiro-
ducting band lies at -0.5 V. The iodide/triiodide (I7/I3) P
conducting band lies a e iodide/triiodide (I7/13) OMeTAD

redox potential lies at 0.5 V, which means a maximum theo-

retical Voo of ~1 V can be achieved. The Cul potential on

the other hand lies at around 0.92 V, which means theoretically (without recombination
reactions) the solar cell could reach a Voo of around 1.42 V. The same applies to Spiro-
OMeTAD, since it has a very similar valence band potential. The first ssDSC featuring
copper iodide as the hole conducting material was demonstrated by Tennakone et al. [74].
They applied Cul by solution casting after prior dissolution in acetonitrile. However, one
disadvantage of using crystalline inorganic hole conductors is their tendency to rapidly
crystallize out of solution. This interferes with pore filling, which is a crucial parameter
in a ssDSC. [87]. Because of the limited penetration of HTMs into the TiO,, the active
layers are usually thinner than with 1eDSCs, whose layers are reported to be up to 14 pm
[60]. Among the best PCEs for ssDSCs have been reported for cells with a 2 pm thick
TiO, layer. To alleviate this problem, a crystal growth inhibitor is used. [97] [98]. In this
work, triethylamine hydrothiocyanate (THT) has been employed. It was synthesized from

ammonium thiocyanate and triethylamine according to the equation below [98].
(C2H5)3N + NHISCN_ — (CQH5)3NH+SCN_ + NH;

For a detailed experimental procedure, see Section 4.2.8. THT is a molten salt and liquidizes
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Figure 4.11: Energy levels of an ssDSC compared to vacuum and the normal hy-
drogen electrode. The approximate values have been gathered from several sources

[61][81][82][83][84][85]

at room temperature ( 25 °C). Thiocyanate salts prevent crystal growth of Cul because the
SCN™ ions adsorb very strongly to the Cul surface crystallites. This adsorption is followed
by further adsorbing of cations and a monolayer forms around the Cul crystallite preventing
growth of the particle. Figure 4.12 shows the effect of the crystal growth inhibitor. With no
THT present in the coating solution, the copper iodide crystallizes to big crystals over one
micron in size (Figure 4.12a). By adding trace amounts of THT into the coating solution,

only sub micron crystals are formed upon drying (Figure 4.12b). Another very similar hole

EHT =10.00 kv Signal A = InLens Date 4 Jun 2012
WD= 5mm Photo No. = 3880 Time 14:14:18

(a) Cul without THT

Figure 4.12: Dried films of copper iodide with and without the addition of THT.

transporting material is copper(I) thiocyanate (CuSCN). It has a larger band gap than Cul
(CuSCN: 3.6 eV, Cul: 3.1 eV) and also meets all energy level requirements for a ssDSC.
However, it is poorly soluble in organic solvents and thus is more limited in it’s application
than Cul. [99] Due to its promising properties and low cost, copper iodide was the HTM
of choice in the following work. As mentioned above, a crystal growth inhibitor is vital to
the performance of this type of ssDSC. Besides crystal growth, another problem affects the
stability of Cul ssDSCs. [100] [101] [102] Light of wavelength equal to or bigger in energy
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Figure 4.13: Iodine induced surface trap

than the Cul band gap photodecomposes Cul liberating iodine (for example Cul=Cu+I).
An excess of iodine in the bulk Cul material acts as an electron acceptor for electrons from
the valence band of Cul, generating I~ ions. Thus p-type conductivity is induced, using
iodine as the dopant.[103] However, this excess iodine diffuses to the surface and has the
detrimental effect of generating hole trapping sites (Figure 4.13) located at arount 0.2 eV
above the valence band edge of the copper iodide, trapping electron holes and mediating
recombination. If holes are trapped in a slightly elevated position the electrones from the
conduction band of the TiO, can recombine with it. Therefore cell performance is decreased.
According to Tennakone et al. [100] this is most likely the major cause of recombination in

Cul ssDSCs and is also mentioned in more recent literature. [101] [102]

4.2.7 HTM application

The Copper lodide has beed deposited on to of the TiO, layer (see Figure 4.3) either by
spraying or drop coating a solution of Cul (0.300 g)in acetonitrile (10.0 ml) containing THT
(4.00 mg).

4.2.8 Triethylamine hydrothiocyanate (THT) synthesis

(CQH5)3N + NHISCN_ — (CQH5)3NH+SCN_ + NHj

Ammonium thiocyanate (4.00 g) was dried for 30 minutes under a high vacuum. Prior
distilled triethylamine (12.0 ml) was added and the mixture was stirred under nitrogen
at 70 °C for 1.5 h. The temperature was increased to 125 °C for further 30 minutes and
the reaction was left to cool down to 293 K. Gas production was checked with a bubbler.
The end of gas production indicates completion of the reaction. The reaction mixture was
transferred to a separation funnel and washed with hexane (3x 30.0 ml) to remove excess

of triethylamine. After that it was washed with dichloromethane ( 50.0 ml) to precipitate
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unreacted ammonium thiocyanate, which was filtered off. The remaining THT solution was
was treated with charcoal, filtered, and the solvent was removed under reduced pressure.

THT was obtained as a colorless viscous liquid (5.08 g). [98]

4.2.9 Magnesium oxide layers blocking recombination

On the semiconductor surface, there are likely to be areas of bare TiO, uncovered by the
dye. Cul and TiO, are in direct contact, readily admitting trapmediated recombination. As
a countermeasure, Taguchi et al. [104] and Kumara et al. [87] fabricated solid-state DSSCs
with a MgO-coated TiOy nanoporous film. These solar cells showed improved conversion
efficiency and stability which is due to inhibition of electron back transfer from TiO, to the
hole conductor. [105][106][98][107][100]

Magnesium oxide layers were introduced by boiling the sintered TiO; electrode in a 2 - 1073
M solution of magnesium acetate (Mg(OAc),) in a solution of 85% ethanol in water for 1
min. The electrodes have been washed with ethanol to remove magnesium acetate inside
the pores and sintered again at 450 °C for 30 minutes. Hydrolysis of Mg(OAc), covers the
TiO, particle surface with a layer of MgO.

4.2.10 Counter electrode

The counter electrode material in a ssDSC should be highly conductive and have a good
mechanical, electrochemical and chemical stability. Noble metals such as platinum, gold or

silver are frequently used as counter electrodes in this type of cell.

4.2.11 Counter electrode fabrication

The counter electrodes were prepared similar to Grétzel and coworkers [60]. The FTO
coated glass was first washed with a 2%wt sonoswiss detergent solution for 15 min. It was
rinsed with deionized water, miliQ water and ethanol subsequentially. The glass sheets were
left to dry in air and ozone treated with a UV-Ozone cleaner to remove organic residues.
The plates were cut into 1.5x2.0 cm pieces, coated with 2 drops Platisol T (Solaronix)
solution on the FTO side and left to dry in air. The Platisol coated electrodes were heated
to 450 °C for 30 minutes and left to cool down.
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4.3 Cell development

For cell development, the approach of Tennakone et al was taken. [87] [74] If not indicated
otherwise, cells have not been masked in this section. In contrast to all other DSCs in this
thesis, the Cul ssDSCs were not irradiated for 10 minutes before measuring. They were
directly measured without irradiating them first. In each of the following experiments, a

small table! with details about the cell construction is given above the J-V graph.

4.3.1 Producing a working copper iodide ssDSC

Figure 4.14 shows the layout of a fabricated Cul ssDSC. Paste 1 was used as well as a

Working and counter electrode of a Cul ssDSC
Top view

Platinum

[ Glass ]
FTO
Silver

Silver
TiO2 loaded with Dye

FTO

Glass

[ Silver paste contact
H Platinum
Il Copper lodide + THT

|
|
_ B Ti0, loaded with dye ;
O FTO
Figure 4.14: Layout of a Cul ssDSC incorporating paste 1

blocking oxide layer (MgO). N719 was adapted as the dye. No compact layer was applied
to this experiment and platinum was used as the counter electrode. The Cul was sprayed
from solution on a layer of paste 1 with a Hansa paintbrush (See detailed cell construction).
To avoid contact with the FTO, the Cul was applied slightly inwards-shifted leaving some
space at the TiOy edges (See Figure 4.14). One measurement was done masked, the other
one unmasked. Even though the experiment produced a working ssDSC (see Table 4.1),
the efficiency was low compared to the reported values for this type of cell (4.7%, [87]).
Figure 4.16 shows a SEM image of a cross section of the fabricated electrode 2. Since
the electrode in Figure 4.16 was slightly tilted to the side, some surface information can

be obtained as well. The surface in general seemed to be very irregular, featuring big

LCompact layer was abbreviated with ”Comp. layer”, counter electrode with ”C. electrode”

2To record this image, the working electrode was scored on the back (non-FTO) side and broken apart
in a way that a cross sectional view on the TiO4 layer was enabled. The cut was made ideally like the red
plane depicts in Figure 4.3.
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aggregates of Cul up to 12 nm and higher. The height of the TiO, layer was measured
to be around 2.6 pm at the indicated position. In the literature, layers up to 10 pm are
reported though. [87]

TiO, ‘ HTM ‘ Dye ‘ C. electrode ‘ Comp. layer
Pastel ‘ Cul + THT ‘ N719, 0.5 mM ‘ Platinum ‘ None
251

Thin unmasked
Thin masked
Thick unmasked

N

=
o

Photocurrent density [mA/cmZ]

300 400 500 600
Voltage [mV]

0 1I00 2IOO
Figure 4.15: J-V curves of our first Cul ssDSCs. Two cells have been measured, one with a
2.6 pm thick TiO, electrode (labelled ”Thin”) and one with a 10 pm thick TiO, electrode
(labelled ” Thick”).

Device Name | Jg¢ [mA/cm?| | Voo [mV] | FF [%] | n [%]
Thin unmasked 2.34 571 54.5 0.727
Thin masked 1.64 530 54.7 | 0.474
Thick unmasked 0.955 378 42.4 | 0.153

Table 4.1: J-V parameters of our first Cul ssDSCs. Two cells have been measured, one
with a 2.6 pm thick TiO, electrode (labelled ”"Thin”) and one with a 10 pm thick TiO,
electrode (labelled ” Thick”).

By repeating the experiment with a 10 pm thick TiOy layer (labelled ” Thick unmasked”
in Figure 4.15 and Table 4.1), the efficiency of the cells dropped to around 0.5%. Also the
electrodes were visibly less colored than their thinner counterparts, especially close to the
FTO of the working electrode. It is suspected that the built up structure was too dense
and therefore took up less dye. The parameters of the thinner ssDSC were monitored over

time. The result can be observed in Figure 4.17. Ten days after the first measurement, Jg¢
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Figure 4.16: Cross section of a drop coated solid state DSC

had dropped from 2.34 mA to 2.02 mA. 35 days after cell assembly, Jgo had fallen to 1.72
mA. The efficiency was 0.55% at that point. The open circuit voltage of the cell remained

remarkably

stable over this time. In between measurements, the cells were stored in the

dark in an ambient atmosphere.

Photocurrent density [mA/cmZ]

Figure 4.17
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=
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: J-V curves of the Cell with the thinner TiO, electrode measured over time.

All measurements were conducted with an unmasked cell.
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Device Name Jsc [mA/cm?| | Voo [mV] | FF [%] | n [%]
Initial measurement 2.34 571 54.6 0.727
After 10 days 2.02 571 52.3 | 0.593
After 35 days 1.72 572 56.8 | 0.550

Table 4.2: J-V parameters of the Cell with the thinner TiO, layer measured over time. All
measurements were conducted with an unmasked cell.

Spraying copper iodide was the first reported way of applying Cul as a hole transporter.
[74] However, this method of application is not very reliable, because the nozzle of the
Hansa 481 airbrush pistol clogged very frequently and a lot of stains stayed on the cell
that could not be washed off again. Also, the pulling force of the hood was deflecting the
spraying beam considerably. Due to these reasons, the spraying approach was abandoned
and Cul was applied by solution casting, as reported in more recent publications. [87] [108].
Also, since thicker layers of paste 1 resulted in poorer cell performance, it was abandoned
and focus was laid on pastes suitable for more time efficient ways of deposition like doctor
blading.

Detailed Cell construction

An FTO glass sheet, measuring 1.6 x 2 cm, was cleaned by subsequently sonicating it in
an aqueous soap solution, acetone and ethanol, each for 10 min. Then the glass plate was
blown dry with nitrogen. The glass sheets were masked with a double layer of scotch (3M
Magic) tape, leaving a square area of 1 cm? open. The masked glass substrate was heated
to (95-110 °C) and the unmasked area was covered with TiOy-paste 1. The paste was left
to dry and the emerging lose crust was wiped off with cotton wool. This procedure was
repeated 4 times. Then the cell was sintered at 450°C for 20 minutes and left to cool
down to 95-110 °C. The whole dropping/sintering cycle (4 times paste deposition followed
by sintering at 450°C) was repeated seven times.> The electrode was boiled a 2 - 1073M
solution of magnesium acetate (Mg(OAc),) in a solution of 85% ethanol in water for 1 min.
Then the electrode has been washed with ethanol to remove magnesium acetate inside the
pores and sintered again at 450 °C for 30 minutes. Dying was accomplished by dipping
the electrode in a 0.5 mM solution of N719 for 24 h. 1 mm on each side of the TiO, was
then masked off with scotch (M3 Magic) tape before applying copper(I) iodide, leaving
0.64 cm? of the TiO, uncovered. The THT containing Cul solution (0.600 g Cul, 20.0 ml
MeCN, 8.00 mg THT) was sprayed at the 110°C warm substrate from a distance of 20.0
cm with a Hansa 481 airbrush pistol. 10 spraying cycles have been applied, between the
cycles there was a 10 s break. The pressure was 1 bar with the pressure gauge closed. A

platinum counter electrode (prepared as in Section 4.2.11 was clipped on top of the copper

3To reach 10 pm, this procedure has been repeated 20x7 times insteat of 4x7 times
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iodide surface with crocodile clips. The cell was measured twice, once with a tape mask
covering also the dyed parts not coated with Cul (highlighted light green in the top view
of Figure 4.14. As the active area for cell parameter calculation, the sprayed copper iodide

surface was chosen (0.64 ¢cm?, highlighted brown in the top view of Figure 4.14). [87]

4.3.2 Changing the TiO; semiconductor morphology

As stated in literature [77] [109] [91], ssDSCs can also be made by incorporating TiO pastes
suitable for doctor blading and/or screen printing instead of Tennakone’s paste (paste 1)
drop coating approach. Paste 1 resulted in a rough, sheet like, and dense structure largely
free of interconnected pores going up to the back contact [87], therefore no compact layer
was needed for ssDSCs to work. Pastes suitable for doctor blading and/or screen printing
on the other hand are often on the basis of organic fillers like ethyl cellulose and terpineol
as the solvent (pastes 2-4). Their sintered structure results in very porous films where the
pores go all the way through to the back contact. To prevent short circuits a dense TiO,
compact layer is required underneath the TiO, nanoporous layer. Figure 4.18 shows the
layout of cells produced with pastes on the basis of ethyl cellulose. Since a compact layer
was present, less care had to be taken not to form a short circuit at the edges and the whole
TiO5 could be covered with Cul. Whereas none of the cells produced with paste 2 and N719

Working and counter electrode of a Cul ssDSC

Platinum

Glass
FTO

I TiO2 loaded with Dye I

TiO, compact layer
FTO
Glass

Silver

Silver

M Silver paste contact
M Platinum

B Copper lodide + THT
[] TiO, loaded with dye
[] TiO, compact layer
[ FTO

[] Glass

Figure 4.18: Layout of a Cul ssDSC incorporating pastes 2-4

as the dye had yielded any working ssDSCs, the first trials with paste 4 and a spin coated

compact layer resulted in working cells, even if they were very inefficient. To determine
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whether the contact of the Cul to the top platinum counter electrode was the problem,
a droplet of the acetonitrile/Cul/THT solution used for applying® (see Section 4.2.7) the
copper iodide was placed in between the electrodes. Afterwards, the cell was left in the sun
simulator and measured again in certain time intervals indicated in Table 4.3. When the
acetonitrile solution was added, the cell was labelled with ”Cell A” in Figure 4.19. As can
be seen in Figure 4.19, upon addition of the acetonitrile/Cul/THT solution, Js¢ increased
dramatically over its initial level. After 4 minutes, it was even higher than after the addition
of the acetonitrile/Cul/THT solution. After 8 minutes however, cell performance started
to decrease again and after 12 minutes in the sun simulator it had reached it’s initial value,
which means the acetonitrile had dried out by that point. This curves could be reproduced

by applying another droplet of the solution. The same has been tried with the ionic liquid

TiO, ‘ HTM ‘ Dye ‘ C. electrode ‘ Comp. layer
Paste 4 ‘ Cul + THT ‘ N719, 0.5 mM ‘ Platinum ‘ spin coated
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Figure 4.19: J-V curves of a Cul ssDSC incorporating paste 4 with and without addition
of the acetonitrile/Cul/THT solution. The cell was measured unmasked.

1-methyl-3-butyl imidazolium iodide (MBII), which raised the efficiency as well, but with a
maximum value of 0.401 % not nearly as high as the MeCN /Cul solution (see Figure 4.20).

After 3 minutes of illumination, the efficiency stagnated already at a much lower value than
it did with the addition of Cul/MeCN but did not fall back to its initial value.

4Cul (0.300 g) in acetonitrile (10.0 ml) containing THT (4.00 mg)
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Device Name | Js¢ [mA/cm?] | Voo [mV] | FF [%] | n [%]
Dry Cell 1.71 495 30.6 0.260
CellA 4.27 658 60.9 1.71
CellA after 4 min 4.87 643 60.1 1.88
CellA after 8 min 1.72 538 30.2 | 0.280

Table 4.3: J-V parameters of a Cul ssDSC incorporating paste 4 with and without the
addition of the acetonitrile/Cul/THT solution. The cell was measured unmasked.
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Figure 4.20: J-V curves of a Cul ssDSC incorporating paste 4 with and without addition
of MBII. The cell was measured unmasked.

Device Name | Jg¢ [mA/cm?] | Voo [mV] | FF [%] | n [%]
Dry Cell 1.72 538 30.2 | 0.280
MBII 1.63 515 39.1 0.328
MBII after 2 min 1.89 502 42.3 0.401
MBII after 3 min 1.90 482 43.2 | 0.396

Table 4.4: J-V parameters of a Cul ssDSC incorporating paste 4 with and without addition
of MBII. The cell was measured unmasked.

80



Detailed Cell construction

All heat treatments have been conducted on a Ceran plate (which was placed on a hot
plate) to prevent contamination of the electrodes. A compact layer has been spin coated as
described in Section 4.2.2. TiO, paste 4 has been applied by doctor blading (single scotch
tape, M3 scotch magic), and sintered at 450 °C for 30 min. The cells were masked in a way
that only the active TiO, area was uncovered. This was achieved by punching a hole into an
adhesive tape (nopi® Malerkrepp) and applying it to the glass sheet. The electrodes were
put on a hot plate at 115 °C and left there for a few minutes to reach that temperature.
A Cul (0.300 g) solution in acetonitrile (10.0 ml) containing THT (4.00 mg) was applied.
Each electrode was coated with 0.06 ml of the solution (applied with an Eppendorf pipette).
After each carefully applied drop (it was taken care that most of the solution stayed in the
punched hole and did not spill over the borders), the acetonitrile evaporated quickly and
the cell was left for a few seconds to dry before application of the next drop until all 0.06 ml
had been deposited. The cells were left to cool down and the masking tapes were removed.
Working and platinum counter electrodes (Section 4.2.11) have been clamped together and

silver paste was applied at the contacts.

4.3.3 Incorporating the HTM into the dye

So far, the short circuit current density, fill factor and hence efficiency were rather low.
Photon absorption, charge separation and recombinations all take place nearly exclusively
at the TiOy/Dye/HTM interface in ssDSCs. [110] N719 anchors to the TiO, surface with the
carboxylic groups of it’s bipyridine ligands. By anchoring a free bypridine domain onto the
TiO, surface, a coordination site is generated and the Cul HTM could potentially directly
form a copper complex with the anchoring ligand. This might make the electron and hole
injection processes more efficient since the HTM would be part of the dye itself. For this
purpose, anchoring ligand ALP1, which is known to be incorporated in DSCs on the basis
of metalorganic copper dyes [47] [111], was anchored with its phosphonic acid groups to the
TiO, surface and Cul was applied directly on top of it (see Figure 4.21). Figure 4.23 depicts
solid state UV-Vis spectra of several TiOs films. A bare TiOs electrode served as the blank.
As can be observed, the titanium dioxide film with adsorbed anchoring ligand ALP1 did
not have any significant absorption. TiO, combined with copper iodide showed a maximum
absorption of about 0.5 (independent of the presence of THT). However, if the anchoring
ligand and copper iodide are both present on the TiO, film, an intense absorption in the
region of 360 nm is observed. Even by eye, the difference is noticeable (see Figure 4.22).
This strengthens the assumption that the copper has coordinated to the anchoring ligand

generating a light absorbing complex.
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ALP1 Figure 4.22: Sintered TiO, electrodes treated
either with only Cul (on the left, TiOy+Cul)
or with ALP1 and Cul (on the right,
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clearly differing.

Figure 4.21: Cul coordinating to anchoring
ligand ALP1 in Cul ssDSCs.
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Figure 4.23: Solid state UV-Vis of several TiO, films
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TiO, ‘ HTM ‘ Dye ‘ C. electrode ‘ Comp. layer
Paste 4 | Cul + THT | ALP1-Cul | Platinum | spin coated
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Figure 4.24: J-V curves of five identically fabricated unmasked ssDSCs with the ALP1-Cul
dye.

Device Name | Js¢ [mA/cm?] | Voo [mV] | FF (%] | n [%]
Cell 1 3.06 364 43.6 | 0.486
Cell 2 1.80 221 26.8 0.106
Cell 3 3.12 289 25.5 | 0.230
Cell 4 2.77 259 247 | 0.177
Cell 5 2.20 221 24.7 0.120

Table 4.5: J-V parameters of five identically fabricated unmasked ssDSCs with the ALP1-
Cul dye.

Five identical cells were built with ALP1-Cul as the dye. The results are depicted in
Figure 4.24 and Table 4.5. Although all five cells produced a photocurrent and the efficiency
was raised compared to the N719 ssDSC (See Table 4.4), the cells were not reproducible
with scattered n values from 0.120-0.486%.

Detailed Cell construction

The cells were built in the same way as the cells in Section 4.3.2, except for the dying
process. The electrodes were dipped into a 1 mM solution of ALP1 in DMSO for 12 h.
After washing them with DMSO, CH5Cly; and MeCN they were left to dry. Cul application
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and everything else was according to Section 4.3.2.

4.3.4 Adding a non-volatile liquid component

In Section 4.3.2 it was observed that by the addition of an acetonitrile/Cul/THT solution,
the efficiency of the cell could be shortly enhanced by a considerable amount, much more so
than with MBII. The boiling point of acetonitrile is quite low though (82 °C), which under
illumination would lead to quick evaporation and negate the positive effects on the solar
cell. 3-Methoxypropionitrile, which is used frequently in leDSCs is a less volatile liquid. A
droplet was added between the electrodes of the same cells ® as in Section 4.3.3 and the

cells were measured again.
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Figure 4.25: J-V curves of five identically fabricated unmasked 3- methoxypropionitrile
treated ssDSCs with the ALP1-Cul dye.

As a result of the methoxypropionitrile treatment, all cell parameters were enhanced and
the cells were more reproducible as well as the less scattered values in Table 4.6 compared
to the untreated ssDSCs in Section 4.3.3 show. These results indeed indicate substantial

current losses generated due to an insufficient contact at the interface of the ssDSC.

5This could be done since the electrodes were just clipped together.
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Device Name | Jgc [mA/cm?] | Voo [mV] | FF (%] | n [%]
Cell 1 3.39 421 55.6 | 0.792
Cell 2 2.35 390 59.0 | 0.541
Cell 3 3.71 382 51.0 |0.724
Cell 4 3.12 399 55.9 | 0.696
Cell 5 2.86 386 58.8 | 0.649

Table 4.6: J-V parameters of five identically fabricated unmasked 3-methoxypropionitrile
treated ssDSCs with the ALP1-Cul dye.

4.3.5 Masking the cells

The cells of Section 4.3.4 have been masked and remeasured. By doing so, Cell 1 still
featured an efficiency of 0.57%. Cells 2 and 5 dropped to an efficiency of 0.36% and 0.42%.
Cells 3 and 4 stopped working after the masking. This is probably due to a shift of the
electrodes (since they are only held together by a metal clamp) happening while applying
the mask.
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Figure 4.26: J-V curves of five identically fabricated masked 3- methoxypropionitrile treated
ssDSCs with the ALP1-Cul dye.
Detailed Cell construction

These cells were the same ones as Sections 4.3.4 and 4.3.3 and have been prepared accord-

ingly.
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Device Name | J,. [mA/cm?] | Voo [mV] | FF [%] | n [%]
Cell 1 2.75 360 58 0.57
Cell 2 1.87 340 o7 0.36
Cell 3 2.60 209 24 0.13
Cell 4 2.34 213 24 0.12
Cell 5 2.13 329 60 0.42

Table 4.7: J-V parameters of five identically fabricated masked 3- methoxypropionitrile
treated ssDSCs with the ALP1-Cul dye.

4.3.6 IPCE measurements and reproducibility

To record EQE values of ALP1-Cul dye, a new set of five identical cells was prepared
identically to the 3-methoxypropionitrile treated ones in Section 4.3.4. EQE measurements
as well as JV-curves of masked and unmasked cells have been recorded. The results of the
EQE measurements can be seen in Figure 4.27. The performance parameters of masked

and unmasked J-V measurements are listed in Tables 4.8 and 4.9. These cells have a
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Figure 4.27: Quantum efficiency curves of five identically fabricated masked 3- methoxypro-
pionitrile treated ssDSCs with the ALP1-Cul dye.

maximum quantum efficiency at A, = 430 nm, which is another indication that the
copper in the copper iodide effectively coordinated to the anchoring ligand. Also, the EQE
maximum is fairly similar to already reported copper complexes in leDSCs [47] with a blue

shift of ~40 nm. Since these cells feature a liquid (3-methoxypropionitrile) the problem of
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Device Name | Jgc [mA/cm?] | Voo [mV] | FF (%] | n [%]
Cell 1 3.08 399 42.5 | 0.523
Cell 2 4.17 418 60.4 1.05
Cell 3 3.71 469 46.5 | 0.809
Cell 4 3.42 426 60.9 | 0.889
Cell 5 2.36 388 55.7 1 0.511

Table 4.8: J-V parameters of five identically fabricated unmasked 3- methoxypropionitrile
treated ssDSCs with the ALP1-Cul dye.

Device Name | Js¢ [mA/cm?] | Voo [mV] | FF [%] | 7 [%]
Cell 1 1.70 155 24.8 0.0657
Cell 2 2.63 362 63.3 0.604
Cell 3 3.42 2.11 16.8 | 0.000550
Cell 4 2.22 351 41.3 0.322
Cell 5 0.95 52.6 23.9 0.0120

Table 4.9: J-V parameters of five identically fabricated masked 3- methoxypropionitrile
treated ssDSCs with the ALP1-Cul dye.
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Figure 4.28: Efficiency values of all measured cells dyed with ALP1-Cul.

solvent evaporation is still present. Even though the boiling point of 3-methoxypropionitrile
is relatively high (165 °C), applied as a thin film sandwiched between the electrodes it
evaporates rather quickly. Figure 4.28 is a plot of all efficiencies measured of cells dyed
with ALP1-Cul to visualize reproducibility. The values have been distinguished in dry
cells and 3-methoxypropionitrile (Meproni in the plot) treated cells. Only some of the 3-
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methoxypropionitrile treated cells were masked as well since the efficiency of dry cells was
generally not high enough for masking. Unfortunately, the cells were not very consistent
in terms of performance. However, by adding 3-methoxypropionitrile, a general rise in
efficiency could be observed. As expected, most cells decreased in efficiency when masked.
The efficiency of one cell (cell number 9 in Figure 4.28) however was raised. Since the cells
are just clipped together with a metal clamp this is believed to be due to a change in the

cell conformation upon applying the mask to the clipped electrodes.

4.3.7 Evaporating the counter electrode for better contact

In the above experiments, applying a liquid between the electrodes raised the efficiency of
the cell significantly. This indicates that either the back contact of the Cul to the counter
electrode or the contact of the Cul to the TiO, is not established enough. Gratzel et al.
[75] have published a different cell architecture when presenting their first ssDSC in 1998.
The counter electrode was evaporated directly onto the hole conductor. This guarantees
a secure contact to the back electrode compared to just clipping the electrodes together.
In contrast to Grétzel et al. however, copper iodide was continued to be used as the
hole conductor instead of the much more expesive spiro-OMeTAD. Figure 4.29 shows the
architecture used for this cell. In this architecture, part of the FTO had to be etched away
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Figure 4.29: Layout of a ssDSC with an evaporated counter electrode

to prevent short circuits with the evaporated gold electrode. The spin coated compact
layer would not work properly here because of the step where the FTO was etched away.
The compact layer was sprayed instead according to Section 4.2.2. Paste 2 was compared
with paste 3 (PEG600 addition). As can be seen in Figure 4.30 and Table 4.10, the more
PEG600 was added, the better the cell performance was. This shows the importance of

porosity. An SEM comparison of these three pastes can be seen in Figure 4.31. From these
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images it is also obvious that PEG600 did not alter the surface as much as PEG20000 did
(see also Figure 4.7). However, unfortunately no working cell has yet been achieved in this
architecture with paste 4 (PEG20000).
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Figure 4.30: J-V curves of ssDSCs with different amounts of PEG600 in their respective
TiO, pastes. All measurements were conducted with unmasked cells.

Device Name | Jg¢ [mA/cm?] | Voo [mV] | FF (%] | 1 [%]
0 % PEG 0.319 139 24.6 | 0.0109
5 % PEG 0.488 417 37.8 1 0.0769
25 % PEG 1.44 497 39.9 0.286

Table 4.10: J-V parameters of ssDSCs with different amounts of PEG600 in their respective
TiOs pastes. All measurements were conducted with unmasked cells.

The received efficiency values were comparable or worse to the cells with separate electrodes

clipped together. With the back contact being established, it is suspected that, if there is

a contact problem, it is located at the TiO5/Dye/Cul interface.
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Figure 4.31: Comparison of sintered films of PEG600 containing pastes

1

Detailed experimental:

FTO-glass has been cut to electrode strips of 4 x 15 cm. 20 electrodes have been scored
into the glass but not broken apart yet (2x10 electrodes). The glass sheet was covered with
scotch (M3 magic) tape in a way that only a strip of 1.6 cm was uncovered in the middle (See
Figure 4.32). Zinc dust was spread on the uncovered part and the FTO was etched away
by dropping 4 M HCI onto the zinc and leaving it for a few seconds. The zinc and the acid
were wiped away with cotton wool and the glass was rinsed with water. The scotch tape
was removed and the glass sheets have been washed by sonicating for 10 minutes in each
solvent of the following sequence: 1 x acetone, 2 x ethanol, 1 x sonoswiss cleaner in miliQ
water (2% ), 3 x water, 2 x Ethanol. They have been cleaned in an UV /Ozone cleaner for
20 minutes. A compact layer was sprayed as shown in Figure 4.2.2. The cells were broken
apart (See Figure 4.32) and paste 4 was applied by doctor blading (1 cm? square) with one
scotch M3 magic tape as the spacer in a way that the semiconductor reached over the edge

of the FTO. (See Figure 4.29). The cells were sintered in a programmable oven with the
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Figure 4.32: Schematic of etched electrodes. The compact layer was sprayed before breaking
them apart.

program P1 (See Section 2.2.3) The cooled down electrodes were treated with magnesium
oxide by boiling the them in a 2 - 1072 M solution of magnesium acetate in 85% ethanol in
water for 1 min. They have been washed with ethanol and sintered again at 450 °C for 30
minutes. The electrodes have been immersed into a 0.5 mM solution of N719 over night.
They were rinsed with ethanol and masked with tape (nopi® Malerkrepp) so that only the
TiO, surface and a little part of the FTO-free glass were uncovered (see Figure 4.29). The
masked electrodes have been heated to 110 °C and a 0.7 ml of a solution of Cul (0.600 g)
and THT (8.00 mg) in acetonitrile (20.0 ml) have been applied to each electrode. They
were left on the heating plate for 30 minutes at 110 °C. After that, the electrodes were
masked with regular printing paper and 200 nm silver was evaporated on top of the counter

electrode. Conducting silver paste was applied to both contacts. [89][87]

4.4 Possible reasons for inconsistent cell performances

Overall the Cul HTM cells produced were not very reproducible. As stated above, the
degree of pore filling is a crucial factor of cell performance. To assess the pore filling, an
EDX measurement was conducted on a cross section of an electrode built with paste 4
(see Figure 4.335). In the SEM image, the Cul layer can be clearly distinguished as the
lighter area on top of the TiOy layer. The lighter spots inside the TiO, layer indicate

6This is a FIB cross section. It is not the actual electrode that the measurements were performed on.
FIB cross sections are not ideal for EDX measurements because of the cavity that is cut into the surface
which makes detection harder. This cell was depicted because it shows other features well like the HTM
deposition layers. The positions of the measurements were the same as indicated in the Figure.
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penetration of the semiconductor layer with Cul. EDX measurements confirmed that the
Cul concentration decreased the lower in the TiOs layer was measured. There was still
Cul present at the bottom though, which means the HTM could penetrate the whole layer

at least to some extent. Other possible reasons could be mechanical ones, deduced by

Counts (K)

Cu]_

X ray energy (KeV)

9.00

Figure 4.33: FIB/SEM image and EDX measurement of a cross section of a paste 4 Cul
ssDSC

an irregular surface of the copper iodide for example. Figure 4.33 shows an SEM image
of a cross section of an ssDSC with TiOy and copper iodide. Different layers of copper
iodide applied by the drop coating method are clearly distinguishable. The top surface
of the HTM seemed to be quite rough, possibly impeding a good contact to the counter
electrode. Another factor is the way the electrodes were attached to each other. Since
they were just held together with metal clamps they could easily shift and thereby hinder
cell performance reproduction, maybe even destroying Cul layers by friction. Considering
the vast improvement upon adding liquid solvent between the electrodes, it is nearby to
assume that either the top contact or the contact at the TiOs/dye/HTM interface has a
lot of room for improvement. Evaporating the back electrode on top should provide an
excellent contact for the back electrode. Unfortunetly, the cell performance remained low
as demonstrated in Section 4.3.7. This evaporated counter electrode approach has also been
tried for the ALP1-Cul dyed cells. One set with an evaporated gold as well as one set with
an evaporated platinum as the counter electrode has been fabricated, even a conducting
silver glue was tried. None of those cells worked. It is known from the literature that
Cul p-type ssDSC’s suffer from serious stability problems. They have been reported to
degrade about two hundred times faster than liquid I~/I5 DSCs. [106] These problems
have been reported to be associated with the deterioration of the contact at the dye-Cul
interface or the deterioration of the Cul itself [112][77] through oxidation by air or light for

example. Sirimanne and Coworkers [106] also state that excessive iodine in the Cul film
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strongly decreases the photocurrent of the cell by competing with oxidized dye molecules
in accepting electrons from Cul, which decreases the cell performance. Furthermore it is
unknown to which extent the semiconductor surface was covered in the dyeing process. Any
gaps in dye coverage result in direct contact of TiOy with Cul, which is detrimental to cell

performance as shown in Section 4.2.
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4.5 Summary

Inorganic p-type semiconductors like Cul appear to be an ideal choice for a hole transport
material because of high stability, ease of synthesis and hence low cost. [113] Although
Cul ssDSCs have not been reproducibly built, working ssDSCs have been fabricated for the
first time in our research group. Furthermore, a new type of ssDSC has been assembled
by incorporating the hole conductor directly into the light absorbing dye. This opens up
potentially new ways of designing ssDSCs and their dyes with Cul as a relatively cheap and

versatile hole conducting material.
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Chapter 5

Poly(3,4-Ethylenedioxythiophene)
(PEDOT) Solid State Dye Sensitized
Solar Cells

In Sections 5.1 and 5.2, a brief theoretical background on PEDOT ssDSCs is outlined as
well as some basic characterisation of the PEDOT ssDSC electrodes. PEDOT ssDSCs
have been fabricated by combining two literature procedures. [90] [114] Cell fabrication
is described in Section 5.3 and cell performance in Section 5.4. Section 5.5 gives a small
summary of the chapter. Commercial Dyesol 90-T transparent TiO, paste has been used
throughout in this chapter. These are our first attempts to assemble PEDOT ssDSCs.

5.1 Working principle of PEDOT ssDSCs

The contact problems arising from crystalinity [115] in hole transport materials (HTMs)
like copper iodide can potentially be overcome by employing an organic polymer hole con-
ductor. Other than that, the basic working principle is the same as in the copper iodide
ssDSCs. Here, PEDOT has been employed as a hole conductor and the approach of Kim
and coworkers has been adapted. [114]
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5.2 Main components of PEDOT DSCs

5.2.1 The semiconductor

As the semiconductor, the commercial paste Dyesol90-T has been used exclusively for this
DSC type.

5.2.2 The hole transport material

PEDOT is known to have a high hole mobility, stability, and transparency in the visible-
light region. [116] To establish a good contact between polymer and dyed semiconductor,
an organic monomer, 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT), was dissolved
in ethanol and applied to a dyed TiO; electrode. DBEDQOT is a white crystalline solid and
soluble in all common organic solvents. [117] By heating the electrode, DBEDOT was poly-

merized to PEDOT via solid state polymerisation over 24 h. Figure 5.1 shows a comparison

@) O
r = r
A

DBEDOT —m PEDOT

Figure 5.1: Illustration of a bare TiO, electrode and a TiO electrode covered with PEDOT
after solid state polymerisation

of a blank TiO, electrode compared with one with the polymerized material. During poly-
merisation the colorless monomer is transformed to a black polymer and elemental bromine
is released. [117] It is important to heat below the melting point of DBEDOT (96 °C),
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since it would melt and prevent solid state polymerisation. This would results in dramat-
ically reduced conductivities (20-80 S cm™ vs 0.1 S cm™! when above the melting point),
which implies that retaining the crystal structure of DBEDOT is important for a conductive
polymerisation. Wudl and coworkers [117] found that in the polymerized solid bromine is
present as two Br; units every five EDOT units, therefore doping the formed polythiophene
and enhancing electron conductivity. By removing the tribromide from the polymer with
hydrazine in acetonitrile they observed a decrease in conductivity, which could be partially
restored by exposing the polymer to iodine vapour. [117] Solid state UV-Vis spectroscopy
revealed that the undyed PEDOT treated electrode continuously absorbed from 400 to 800

nm. A blank TiO; electrode served as the reference. Because of this absorbtion of the PE-

12 PEDOT covered TiO, electrode
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Figure 5.2: UV-Vis spectrum of a PEDOT covered undyed electrode after solid state poly-
merisation. No dye was applied.

DOT alone, a DSC has been fabricated to check performance as an active light absorbing
species. However, the DSC, masked and unmasked, only produced very little current as
Table 5.1 and Figure 5.3 show. Although those cells produced current and voltage, it has
not been determined to which extend this can be attributed to the PEDOT or to the TiO»,
which absorbs in the UV region.
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Figure 5.3: J-V curves for a masked and unmasked PEDOT ssDSC using an undyed TiOo-
PEDOT electrode.

Device Name | J,. [mA/cm?] | Voo [mV] | FF [%] | n [%]
Unmasked 0.323 348 33.5 0.04
Masked 0.18 137 314 0.01

Table 5.1: J-V parameters for a masked and unmasked PEDOT ssDSC using an undyed
Ti0,-PEDOT electrode.

EDX measurements of a cross section of an electrode after polymerisation have been carried
out to determine the penetration into the TiO layer. Sulphur could be found all over the

TiO; layer, bromine on the other hand was not detected. (Figure 5.4).
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Figure 5.4: EDX measurement of a cross section of the PEDOT infiltrated into the TiO,
layer.
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5.2.3 Additives

As outlined in Chapter 4, the contact between working and counter electrode is vital for
DSC performance. To enhance contact between those electrodes, the ionic liquid 1-methyl-
3-propylimidazolium iodide (MPII) was added together with some additives by solution
casting after the solid state polymerisation. The solution contained methyl propyl imi-
dazolium iodide (MPII) (1.0 M), lithium bis(trifuoromethanesulfonyl)imide (LiTFSI, 0.2
M), and t-butylpyridine (0.2 M) in acetonitrile. The solvent (acetonitrile) was evaporated
afterwards. The role of ¢-butylpyridine as an additive was described in Chapter 3 and it
serves the same purpose here in ssDSCs. LiTFSI, which is depicted in Figure 5.5, has been
observed to increase the efficiency of ssDSCs [118] with organic HTMs by enhancing the
conductivity of the HTM. [119] Electron injection into the semiconductor is enhanced as
well because the positive lithium ions adhere to the semiconductor surface and therefore
lower the conduction band of the TiO, to a more positive potential, increasing the driving

force for electrons to be injected. [120]

FO OF
SR
FO OF
Li +

Figure 5.5: Structure of LiTFSI.

5.2.4 Dye

N719 was used as the standard dye, although several other dyes have been tested for this
cell type and will be discussed in Chapter 6.

5.2.5 Working and counter electrodes

For the working electrodes, the commercial paste Dyesol 90T has been used throughout.
Five layers have been screen printed onto an FTO glass sheet previously covered with a
spin coated compact layer (see Section 4.2.2). The resulting TiO, layer thickness was 13-14
nm. Tests with a scattering layer have not been conducted yet. The TiOs layers peeled
off from the FTO surface upon acid treatment (see Section 3.4.3), which might be due to

another paste ingredient composition compared to the paste used in Chapter 3. In the end,
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the scattering layer was omitted and the electrodes have been used with the transparent
TiO, layer exclusively. The counter electrodes consisted of commercial solaronix test cell
kit electrodes covered with a PEDOT film based on the method of Kim et al. [114]

5.3 Experimental procedures

The DBEDOT was synthesized as described in the literature. [114]

5.3.1 Cell Assembly

A glass plate of 8 x 8 cm was sonicated in detergent (2 wt% in HoO miliQ) for 15 minutes.
Afterwards it was rinsed with water and ethanol and left to dry in air. The glass sheet
was treated with ozone in an UV/Oj cleaner for 20 min. A compact layer was spin coated
as described in Section 4.2.2 onto the FTO glass plate. 5 layers of Dyesol 90T TiO, paste
were screen printed onto the compact layer and the electrodes were sintered with heating
program P1 (see section 2.2.3) in the oven. After cooling down, the electrodes were post
treated by immersing the glass sheet in a 40 mM aqueous solution of TiCl, for 30 minutes
at 70 °C. They were washed with water and ethanol and subsequently heated to 450 °C on
a hot plate. The electrodes were cut to 2 cm x 1.5 cm in size and were dyed by immersing
them into a 0.5 mM solution of N719 in ethanol overnight (14-16 h), washed with ethanol
and left to dry in air for a few minutes. A tape (nopi® Malerkrepp) with a circular opening
of a 1 cm diameter was used to mask the active area. A droplet of a 1 %, solution of
DBEDOT in ethanol was deposited by an Eppendorf pipet (17 pl per droplet) onto the
dyed surface and left to evaporate. This was repeated 5 times. After that, 5 droplets of a
3 %w: DBEDOT solution have been deposited in the same way.

The base of the counter electrodes consisted of the already pre-platinized counter electrodes
from the Solaronix test cell kits. They were cut to 1.5 x 2.0 cm and heated to 450 °C
for 30 minutes to remove water and possible organic residues. After having cooled down,
DBEDOT was deposited in the same way as for the working electrodes, except two droplets
were applied each time instead of one (5 x (2 x 17 ul 1 %, solution) + 5 x (2 x 17 ul 3 Yoy

solution) because the entire glass sheet had to be covered and more solution was necessary.

The working as well as counter electrodes were placed in an oven at 60 °C for 24 h to enable
solid state polymerisation to PEDOT. Then, a droplet (17 ul) of a solution of LiTFSI (0.2
M), t-butylpyridine (0.2 M) and MPII (1.0 M) in acetonitrile was placed on the active

area. The electrodes were put in an oven at 60 °C for 1 h to evaporate the bulk of the
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acetonitrile. Then working and counter electrode were clipped together by a metal clamp.

Araldite® 90 sec. glue was applied on the two longer sides of the sandwiched structure and

the cell was placed into the oven again, this time at 100 °C for 1 h to evaporate residues

of the acetonitrile and to harden the glue. After that, the cell was left to cool down and

conducting silver paste was applied on the electrode contact ends. [121] [114]

5.4 Photocurrent density-voltage (J-V) measurements
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Figure 5.6: J-V curves of 6 identically fabricated masked PEDOT ssDSCs and plotted on

day 22. The cells have been dyed with N719.

Device Name | Jg. [mA/cm?] | Voo mV] | FF [%] | n (%]
Cell 1 10.2 482 68.2 3.36
Cell 2 10.0 464 65.4 3.02
Cell 3 10.5 462 69.7 3.38
Cell 4 9.75 454 67.1 2.97
Cell 5 11.1 458 68.3 3.48
Cell 6 11.1 465 69.6 3.61

Table 5.2: J-V parameters of 6 identically fabricated masked PEDOT ssDSCs plotted on

day 22. The cells have been dyed with N719.

Six identical ssDSCs featuring PEDOT as the HTM have been fabricated. As Figure 5.6
and Table 5.2 show, they perform similarly in a range of 2.97-3.61%. As well as the liquid
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electrolyte type DSCs, their efficiency increased over time. Even 22 days after sealing, there

was no drop in performance as observed in Appendix 5.A.

5.5 Summary

In summary, successful assembly and reproduction of ssDSCs featuring a solid state PEDOT
HTM has been achieved with the standard dye N719. They have been stable over 22 days
with exposure to air since they have not been sealed off completely. After this time period
they still did not show any signs of performance decrease. This encouraged further trials

with other dyes, which have been conducted in Chapter 6.
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Appendix 5.A J-V measurements over time of masked
N719 PEDOT ssDSCs
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Figure 5.7: Efficiency of six identical N719 PEDOT ssDSDs plotted over time.

Days after sealing [#] — 1 2 12 15 22
Cell 1 2.56 3.07 3.35 3.29 3.36

Cell 2 2.33 3.34 2.97 3.00 3.02

n— Cell 3 2.66 3.08 3.12 3.24 3.38
Cell 4 2.61 3.04 2.77 2.76 2.97

Cell 5 2.85 3.45 3.22 3.45 3.48

Cell 6 2.70 3.68 3.57 3.47 3.61

Cell 1 66.5 70.4 70.1 70.5 68.2

Cell 2 60.4 72.2 69.1 67.8 65.4

F Cell 3 66.8 71.5 70.2 69.9 69.7
Cell 4 66.5 69.8 68.2 66.5 67.1

Cell 5 66.7 71.2 70.6 69.1 68.3

Cell 6 59.5 71.6 71.8 70.5 69.6

Cell 1 415 507 511 519 482

Cell 2 397 492 485 494 464

Voo — Cell 3 399 486 482 496 462
Cell 4 393 483 465 464 454

Cell 5 390 484 477 485 458

Cell 6 405 490 484 494 465

Cell 1 9.28 8.58 9.37 9.00 10.2

Cell 2 9.72 9.40 8.88 8.96 9.96

Jse — Cell 3 9.99 8.87 9.43 9.33 10.5
Cell 4 10.3 9.01 8.73 8.94 9.75

Cell 5 11.0 10.0 9.56 10.3 11.1

Cell 6 11.2 10.5 10.2 9.96 11.1

Table 5.3: J-V parameters of six identical N719 PEDOT ssDSDs plotted over time.
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Chapter 6
Synthetic dye development

In Section 6.1 a theoretical background on dyes in DSCs is briefly outlined. Cell fabrication
is discussed in Section 6.3.1. The original work on dyes starts in Section 6.2. Section 6.5
gives a small summary of the chapter. Commercial Dyesol 90-T transparent TiO, paste
has been used throughout in this chapter for PEDOT ssDSCs. For 1eDSCs solaronix test
cell kits have been used exclusively with Electrolyte 2 (see Section 3.3.7).

6.1 Introduction and motivation

There are many factors that determine an efficient sensitizer for DSCs. As seen in Chapter 3,
additives like 4-tert-butylpyridine can adhere to the TiOy surface and raise the Fermi level
of the semiconductor. V¢ increases therefore, but the driving force for electron injection
is decreased, and with it the photocurrent density Jso . Additives containing cations like
Li™ lower the quasi Fermi level of TiO, and therefore enhance the driving force of the
electron injection, making it faster, and enhancing the current. Voo on the flip-side is
decreased in that way. The challenge is to find a good balance between parameters. [122]
In the same way, the acidity of the dye (complexes carrying anionic functional groups
or protic ones for example) can also induce these changes. [25, pp. 91] Another very
important quality of a dye is of course its ability to absorb photons in the most intense
region region of the solar spectrum. The HOMO/LUMO gap of a metalorganic complex
can be tuned by either introducing a ligand with a low lying 7* orbital, lowering the
LUMO, or by introducing a strong o-donor ligand (for example NCS™), and therefore
destabilizing the tog orbital of the metalorgainc complex, raising the HOMO. Both would
result in an extension of the MLCT absorption band to the red region [25, pp.99]. In

addition to that, a dye should also have good electron injection properties. It has been
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shown that an additional phenyl ring between the anchoring group and the rest of the
electron donating part of the ligand enhances cell performance in metalorganic complexes
[47]. Kim et al. state that the extra m-bridge diminishes the back electron transfer of the
charge separated state and hence lessens recombination between TiO, and the oxidized
dye. [123] Therefore ALP1 has been frequently used as the anchoring ligand in our group.
In organometallic dyes, the metal center is of crucial importance. Ruthenium for example
is one of the most common metals for metal-organic complex sensitizers, its availability
however is limited which results in expensive prices. Purely organic dyes potentially would
be a cheaper alternative, but their application in DSCs is held back by the disadvantage
of typically having limited absorption ranges of around 200 nm. [123] There have been
numerous reports incorporating other more abundant and hence cheaper transition metals
than ruthenium, one of the most promising being copper. [124] [47] [43] Dye discovery
for DSCs is still largely based either on serendipity or on empirical data by systematically
introducing new substituents for a specific class of compound known to be suitable as a
chromophore in DSCs. One such example is the work of Lee et al. [125] on screening
differently substituted porphyrins for DSC performance. This is a valuable approach and
can result in improvements in a known class of DSC suitable compounds. [126] [127] [21]
Another strategy of increasing light harvest-
ing is to mimic nature’s antenna effect. Ide-
ally, multiple light absorbing moieties, or
pigments would be aligned to absorb light
and transfer it vectorally to a final pigment
anchored on the TiO5 which would then in-
ject the gathered electrons. When the ad-

ditional dyes do not take up more space on

the semiconductor surface, this potentially
Figure 6.1: Trinuclear ruthenium dye [21] enhances the possible dye absorption of the
system. Even one of the first complex effi-
ciently used in a DSC was a multinuclear ruthenium complex (See Figure 6.1). However,
the cis-geometry of the complex resulted in a relatively large footprint on the surface. [128]
Additionally, the complex was not built up on the surface directly but synthesized before-
hand through covalent bond formation. [127] The complex is therefore limited in its chain
building ability. The principle of building up metalorganic dyes on a semiconductor by dip-
ping in consecutively in solutions of the anchoring ligand followed by a metal introducing
complex and a capping ligand has been used extensively for copper dyes in the past [47]

[43].
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In this work, back to back 2,2-bipyridine ligands have been synthesized and their ability
to form multinuclear chains on the semiconductor surface as well as their performance in
DSCs has been investigated. By this very versatile approach, chain build up on the surface
can be easily accomplished by dipping into solutions of ligands and metals sequentially. It
also opens up the possibility of introducing multiple metals in one chain, possibly enhancing
light absorption through charge transition from the antenna molecules all the way to the

anchoring ligand (see Figure 6.2).

TiO2 Surface

. Capping unit ‘ Different

. Anchoring unit

Figure 6.2: Building block approach on TiO,
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6.2 Back to back Ligands

Figure 6.3 shows three synthesized back to back ligands (labelled NoMe, MonoMe and
DiMe) and their respective building blocks (labelled NoMe/2, MonoMe/2 and DiMe/2).
The ligand NoME will only play a minor role in performance testing related to methyl
substitution. Section 6.3.2; since it is not directly comparable to the other two due to

its shorter chainlength. The back to back ligands have been synthesized by coupling the

NoMe/2 MonoMe/2 DiMe/2

Figure 6.3: Synthesized ligands back to back ligands and their building blocks.

monomers NoMe/2, MonoMe/2 and DiMe/2 by a nickel-phosphine complex mediated homo
coupling reaction. [129]. A reaction scheme is depicted (using MonoMe as an example) in
Figure 6.4.
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NiClz, P(C6H5)3, Zn ,

Y

DMF, 50 °C

MonoMe/2 MonoMe

Figure 6.4: Ligand synthesis on the example of MonoMe

Figure 6.5 shows the crystal structure packing of MonoMe. It is a triclinic crystal system
and there is a torsion in the molecule between the two bipyridine units. The torsion angle
of the two planes incorporating the methylated pyridine rings amounts to 76.7 °. As a
consequence, a helical structure is built up. The spacegroup is PI and the distance between
the centroids of the methylated bipyridine rings is 4.55 A. The interplanar distance of
the methylated bipyridine rings is 3.53 A, which indicates 7-stacking [130]. Important
crystallographic data is listed in Table 6.1. Unfortunately, no crystals could be obtained
for DiMe yet. The structure of NoMe is described in literature [131].

Figure 6.5: Crystal structure packing of MonoMe. The dotted line represents the distance
between the centroids of the methylated biyridine rings

Crystal system Unit cell: a,b,c [A] / [o, B,7] ° Space group | Rl wR2 gof
Triclinic | a 8.9001(9), b 10.1205(11), ¢ 14.4840(18)/ P -1 0.0498 | 0.1114 | 0.997
o 78.320(6), B 82.262(6), 7 9.959(6)

Table 6.1: important crystal structure parameters
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UV-Vis Measurements in solution

Figure 6.6 depicts the UV-Vis absorption spectra in solution of the ligands mentioned in
Figure 6.3. Both back to back ligands had an absorption maximum at 304 nm, although
the disubstituted ligand absorbed stronger than the monomethylated counterpart. NoMe
absorbed most at 240 nm and 283 nm. The building blocks MonoMe/2 and DiMe/2 did

not have any strong absorptive properties compared to their coupled dimers.
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Figure 6.6: UV-Vis spectra of the synthesized back to back ligands and building blocks.

6.3 Performance testing in DSCs

6.3.1 Cell assembly

To anchor dyes on the TiOs surface, ALP1 has been used exclusively. Dyes have been
built up on the surface by consecutive dipping of the working electrode in solutions of
ALP1, then Cu(MeCN),PFg to introduce a copper center, and finally into a capping ligand
solution. The concentrations and solvents were as follows: 1mM in DMSO for ALP1, 2mM
in acetonitrile for Cu(MeCN),PFg and 1mM for the capping ligand unit in dichloromethane.
After having dipped the electrode in each solution for 24 h, the electrode was rinsed with

the solvent it has just been in order to remove excess of the material deposited on the
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surface. It was rinsed with the solvent it was about to be immersed in next as well. The
adsorption of a mixed metal dye on TiO, via a stepwise manner is illustrated in Figure 6.7.
For 1eDSCs in this Chapter, commercial Solaronix test cell kits and Electrolyte 2 (see
Section 3.3.7) have been used exclusively. PEDOT ssDSCs were assembled like described
in Chapter 5. All Cul ssDSCs built with the described ligands have failed and they have
not been investigated further due to their low performance and insufficient reproducibility.

All cells in this chapter were masked before measuring.

Capping
ligand
ak A Copper center
7 e )
_ \ 7

O Q > ALP1Anchoring
ligand

TiO, Surface

Figure 6.7: Assembly of a mixed metal dye via stepwise surface functionalization.

6.3.2 Copper(I) dye performance in liquid electrolyte type DSCs

The J-V curves and parameters of all tested cells on the day of fabrication are depicted
in Figure 6.8 and Table 6.2. DiMe performed better in every aspect than MonoMe. The
monomethylated Ligand performed better than the unsubstituted one. The current as well
as the open circuit voltage (See Table 6.6) are higher, the more substituted the ligand
is. This is most probably a consequence of the better shielding of the copper center by
the two methyl groups instead of one, leading to less recombination of the dye with the
[7 /I3 ions of the electrolyte. Although it has been previously reported that methyl groups

in the 6,6’-position are a requirement on bipyridine ligands to stabilize the copper center,
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[47] DSCs built with the MonoMe and even NoMe ligand showed a remarkably stable
performance over 21-22 days in both, solid state PEDOT DSCs and liquid electrolyte DSCs

(See Appendices 6.D and 6.C).
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Figure 6.8: J-V curves of N719, ALP1-Cu-NoMe, ALP1-Cu-MonoMe and ALP1-Cu-DiME
in leDSCs on the day of fabrication. Electrolyte 2 was used, all cells were masked.

Device Name Jse [mA/cm?| | Voo [mV] | FF [%] | n [%]

N719 Cell 1 15.5 630 73.3 7,14

N719 Cell 2 15.7 628 72.9 7.17
ALP1-Cu-DiMe Cell 1 5.20 566 73.3 2.16
ALP1-Cu-DiMe Cell 2 5.13 573 74.0 2.18
ALP1-Cu-MonoMe Cell 1 4.18 048 73.7 1.69
ALP1-Cu-MonoMe Cell 2 4.11 526 72.0 1.56
ALP1-Cu-NoMe 3.13 524 70.9 1.16

Table 6.2: J-V parameters of N719, ALP1-Cu-NoMe, ALP1-Cu-MonoMe and ALP1-Cu-
DiME in 1eDSCs on the day of fabrication. Electrolyte 2 was used, all cells were masked.

measurements as can be observed in Figure 6.9. All copper complexes showed the same

maximum at 472 nm independent of the ligand. More ligand substitution resulted in more

efficient photon conversion over the whole spectrum. The maximum values were 34 % for
the DiMe complex, 31% for the MonoMe and 24% for the NoMe complex on the TiO,
surface. The maximum EQE for the reference N719 cell was 72%.
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Figure 6.9: EQE measurements of N719, ALP1-Cu-NoMe, ALP1-Cu-MonoMe and ALP1-
Cu-DiME in 1eDSCs on the day of fabrication. Electrolyte 2 was used.

6.4 Metalorganic chain-building experiments

Since the back to back ligands have two coordination sites they have the ability to build up
metalorganic chains on the surface of the TiO,. Blank TiO, electrodes were dipped sub-
sequentially into a 1 mM solution of ALP1 in DMSO, a 2 mM [Cu(MeCN),][PFg] solution
and finally into a 1mM solution of the DiMe back-to-back ligand in CHy;Cly. This marked
one dipping cycle. The DiMe ligand was chosen because it had produced the most efficient
DSCs out of the mentioned ligands. After each dipping, the electrode was washed to remove
excess material adsorbed to the surface. First the electrode was dipped into the anchoring
ligand, then into [Cu(MeCN),][PFg| and finally in DiMe. This marked the first dipping cy-
cle. Every subsequent dipping cycle was another dipping in the [Cu(MeCN),][PFg] and the
back to back ligand solution as illustrated in Figure 6.10. Solid state UV-Vis experiments
were carried out with an undyed electrode as the blank (see Figure 6.11). The respec-
tive chain lengths did not show any large differences in absorption or absorption intensity.
Although the absorption was slightly higher in the three dipping cycle electrode, the ab-
sorptions of electrodes with one, two or three dipping cycles were very similar. Additional
experiments were made to determine whether the chains were built up at all or whether the
anchoring ligand had just not been saturated completely after the first dipping and more

copper had coordinated to the anchoring ligand after subsequent dipping cycles, making
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Figure 6.10: Schematic presentation of the dipping cycles on the TiO5 surface.

the electrode appear darker. To characterize these layers and gain more information about
the dye/electrolyte interface, SECM area scans were run in the dark and under illumination
(see Appendix 6.A). No matter if one, two or three dipping cycles had been carried out,
there has been a definite response upon illuminating the sample compared to the sample
measured in the dark. That means the dye has been excited and is therefore most likely
injecting electrons into the TiOs semiconductor upon illumination. However, this does not
clarify if chains have been built up or if complex building has stopped after the first dip-
ping cycle. Additionally to the area scans, retraction scans (Figure 6.12) were conducted by
placing the UME tip at a distance of about 3-5 pm to the dyed TiO, surface and retracting
it slowly to 1 mm. This was also measured in the dark and under illumination. What
can be observed is that the more dipping cycles have been conducted, the more response
from the UME tip was recorded. This could either mean electron injection is enhanced by
building up a metalorganic oligomer which is absorbing more photons and injecting them,
or just that more copper(I) atoms are available for reduction, which would lead to a current

increase as well. This would still not clarify if the copper centers are in a metalorganic chain
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Figure 6.11: Solid state UV-Vis measurements of metalorganic chain building experiments.
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Figure 6.12: SECM retraction curves of sensitized electrodes with 1,2 and 3 dipping cycles.

or just adhered in some other manner to the TiO, surface. The TiOy of an electrode that

underwent three dipping cycles was scratched off and subjected to matrix-assisted laser

desorption ionization (MALDI) spectrometry measurement (see Appendix 6.24 for the full

measurement). This measurement revealed that there is a good chance the chain was at
least built up to ALP1-Cu-DiMe-Cu-DiMe, since fragments of DiMe-Cu-DiMe have been
identified. (See Figure 6.13). With the indication that chains had actually formed, leDSCs

were assembled with electrodes of one, two and three dipping cycles. Their J-V curves and

115



Figure 6.13: Highest identified mass of an ALP1-Cu-DiMe-Cu-DiMe-Cu-DiMe TiO, elec-
trode measured with mass spectrometry MALDI-TOF.
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Figure 6.14: J-V curves of working electrodes with one (ALP1-Cu-DiMe), two (ALP1-
Cu-DiMe-Cu-DiMe) and three (ALP1-Cu-DiMe-Cu-DiMe-Cu-DiMe) dipping cycles. Elec-
trolyte 2 was used and all cells were masked.

Device Name Jse [mA/em?| | Voo [mV] | FF [%] | n (%]
ALP1-Cu-DiMe 4.45 567 68.5 1.66
ALP1-Cu-DiMe-Cu-DiMe 3.40 580 72.5 1.42
ALP1-Cu-DiMe-Cu-DiMe-Cu-DiMe 2.69 588 75.4 1.19

Table 6.3: J-V parameters of working electrodes with one (ALP1-Cu-DiMe), two (ALP1-
Cu-DiMe-Cu-DiMe) and three (ALP1-Cu-DiMe-Cu-DiMe-Cu-DiMe) dipping cycles. Elec-
trolyte 2 was used and all cells were masked.

performance parameters are shown in Figure 6.14 and Table 6.3. The efficiency of these
cells decreases consistently the more dipping cycles have been carried out. This can also be

observed in current, which decreases with increasing number of dippings. The open circuit
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voltage as well as the fill factor however increases consistently the more dippings have been
conducted. A similar effect has been observed by Kroeze et al. [122] when aliphatic chain-
lengths on a ruthenium sensitizer have been varied. There as well, open circuit voltage has
increased by chain length. However by increasing it over a certain point, current density
decreased. These aliphatic chains have been reported to reduce recombination by forming
a hydrophobic barrier and therefore inhibiting the triiodide ion to reach the TiOy surface.
On the other hand, increasing the chainlength also reduced dye regeneration. [25, pp. 92]
Since ALP1-Cu-DiMe was the most efficient dye, more iterations of it might not contribute
to electron injection and effectively just being bulk, shielding the active dye from the elec-
trolyte. That would retard recombination but also dye regeneration alike, increasing Vo
and decreasing Jso. A better balance of these factors is desirable. Another reason for cur-
rent density decrease in extended 7-systems is aggregation of the chains which quenches the
excited state of the dye molecules. By building longer chains the possibility of quenching
is enhanced. This aggregation could possibly be reduced by adding cheno, a competeing
co adsorbent, or by altering the structure and thereby introducing sterically hinered sub-
stituents. According to Kim at al. this reduces dye uptake but also often results in better

efficiencies than just having exclusively rod shaped molecules in close proximity. [123]

6.4.1 Introducing a dinuclear mixed metal complex for light har-

vesting

The approach of multinuclear copper chains in DSCs has led to a decrease in current
density. MALDI-TOF experiments and the linear current density decrease with chain
length indicated that the chains have actually formed. The free coordination site also
allows one to introduce a second metal complex, with the aim of enhancing light harvest-
ing. Since ruthenium complexes are already widely known for their broad absorption, a
ruthenium(II) complex with the bridging ligand MonoMe (RuMonoMe) was prepared. cis-
Dichlorobis(bipyridine)ruthenium(IT) was irradiated together with MonoMe in a Biotage
microwave reactor at 150 °C for 1.5 h to give the desired Ru(II) complex (see Figure 6.15).
[132]. Figure 6.16 shows the absorption spectrum of RuMonoMe compared to the ligands.
RuMonoMe has the broadest and most intense absorption, which could be expected because
of the additional MLCT at 455 m, and the shoulder at 425 nm. Furthermore there is a
strong ligand centered charge transfer (LCCT) at 289 nm with a shoulder at 328 nm. Semi
empirical PM3! calculations (see Figure 6.17) have revealed that the HOMO and LUMO

orbitals of this complex are not aligned in a way that promotes electron injection in the

! Calculations have been performed using Spartan Wavefunction. These are PM3 level calculations, first
geometry optimized with molecular mechanics. All are ground state calculations
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Figure 6.16: UV-Vis spectra of RuMonoMe compared to the synthesized back to back
ligands and building blocks.

semiconductor. The LUMO of the dinuclear RuMonoMe-Cu-ALP1 complex, which would
be optimal to be as close to the TiO, surface as possible for electron injection, is exclusively
located at the ruthenium center. The contribution from the ruthenium complex (on the
right in Figure 6.17) to electron injection was therefore believed to be minor at best. The
HOMO on the other hand is located exclusively at anchoring ligand and partly on the 6,6’
dimethylated capping ligand, which means the orbitals lye in the exact opposite directions
to the preferred constellation. The RuMonoMe-Cu-ALP1 complex has been compared to
the MonoMe-Cu-ALP1 complex as a sensitizer in leDSC performance (See Figures 6.18 and
Table 6.4). As can be seen by additional dipping into the RuMonoMe complex, the current

density could unexpectedly be increased by 0.87 mA /[cm?]. EQE measurements revealed
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Figure 6.18: J-V curves of ALP1-Cu-RuMonoMe, ALP1-Cu-MonoMe and RuMonoMe with-
out anchoring ligand. Electrolyte 2 was used and all cells have been masked.

that both complexes were most efficient at 470 nm, namely with 35% for RuMonoMe and
30% for the MonoMe capped complex (see Figure 6.19). The dinuclear complex seemed

to be more efficient though with a better external quantum efficiency until 570 nm. Solid
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Device Name Jse [mA/em?| | Voo [mV] | FF [%] | n [%]
ALP1-Cu-MonoMe 3.88 545 72.2 1.53
ALP1-Cu-RuMonoMe 4.88 548 67.4 1.76
NoAchor-RuMonoMe 0.0980 359 63.80 | 0.0210

Table 6.4: J-V parameters of ALP1-Cu-RuMonoMe, ALP1-Cu-MonoMe and RuMonoMe
without anchoring ligand. Electrolyte 2 was used and all cells have been masked.
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Figure 6.19: EQE measurements of RuMonoMe, MonoMe and RuMonoMe without anchor-
ing ligand.

state UV-Vis spectra of electrodes dipped in the RuMonoMe additionally compared to the
DiMe back to back ligand show a clear MLCT absorption blue-shift due to the capping
ruthenium complex unit (see Figure 6.20). This leads to the assumption that RuMonoMe
actually has an influence in photon collection and injection. By measuring just the Ru-
MonoMe complex on the surface, the LCCT absorption of the anchoring ligand ALP1 is
missing. Interesting would be an analogous experiment with a ruthenium complex of the
better performing DiMe ligand, which unfortunately has not been isolated yet. The actual
complex formation was checked by building a cell without anchoring ligand, since the free
bipyridine coordination site might anchor to the TiOy by itself. However, this cell did
not produce any significantly high current density, therefore electron injection is basically

non-existent.
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Figure 6.20: Solid state UV-Vis measurements of electrodes with ALP1-Cu-RuMonoMe,
ALP1-Cu-DiME and RuMonoMe without anchoring ligand "NoAnchor” adsorbed to the
TiO, surface
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6.4.2 PEDOT cells

The MonoMe and DiMe ligands have been tested by incorporating them in two identical
PEDOT ssDSCs each. The N719 Cell 2 of the experiment in Chapter 5/Section 5.4 has been
plotted as well for comparison. Figure 6.21 and Table 6.5 show the results. Here as well, the

DiMe ligand complex outperforms the MonoMe one. In PEDOT ssDSCs, V¢ is constantly

10
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7L ALP1-Cu-Dime Celll

ALP1-Cu-Dime Cell 2 ——
6 ALP1-Cu-MonoMe Cell 1 ——
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Figure 6.21: J-V measurements of PEDOT type ssDSCs on the day of assembly. All cells
have been masked

Device Name Jse [mA/em?| | Voo [mV] | FF [%] | n [%]

N719 Cell 2 9.72 397 60.4 2.33
ALP1-Cu-MonoMe Cell 1 1.53 447 65.5 | 0.448
ALP1-Cu-MonoMe Cell 2 1.88 430 66.5 | 0.538
ALP1-Cu-DiMe Cell 1 2.89 418 63.8 | 0.771
ALP1-Cu-DiMe Cell 2 2.44 440 62.7 | 0.673

Table 6.5: J-V parameters of PEDOT type ssDSCs on the day of assembly. All cells have
been masked

higher in the back to back ligand capped complexes than in the N719 cell. This is the case for
all six fabricated N719 cells in Chapter 5 Section 5.4 as well. In liquid electrolyte DSCs (see
Section 6.3.2) on the other hand, the back to back ligands had a much lower V¢ than the
NT719 cells. This could be due to a favorable coordinating interaction of the PEDOT HTM
with the vacant coordination site. In the EQE spectra of the PEDOT ssDSCs (Figure 6.22),
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the ALP1-Cu-DiMe complex outperforms its monomethylated counterpart as it did in the
leDSCs, although the values are smaller with 63% for N719, 19% for ALP1-Cu-DiMe and
12% for ALP1-Cu-MonoMe.
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Figure 6.22: EQE measurements of the PEDOT type DSCs on day of assembly
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6.5 Summary

In Summary, two new back to back ligands (MonoMe and DiMe) have been prepared and
investigated for DSC performance as parts of metalorganic complexes (ALP1-Cu-MonoMe
and ALP1-Cu-DiMe) in 1leDSCs and PEDOT ssDSCs. In ssDSCs, ALP1-Cu-MonoMe and
ALP1-Cu-DiMe resulted in enhanced Voo compared to the N719 cells. This behaviour
was not observed for 1leDSCs, which could imply an interaction of the PEDOT HTM with
the vacant bipyridine coordination site of the ligands as assumed in Chapter 4, to possibly
result in better hole injection. That being the case would lower the energy level of the
HTM valence band and enhance Voo as a consequence. Furthermore, the possibility of
building metalorganic chains on the TiO, surface and using them as a dye in leDSCs has
been investigated. Although SECM experiments showed a higher tip current with increasing
number of dipping cycles, the efficiency of the DSCs decreased the more cycles the electrode
went through. A dinuclear mixed metal species (ALP1-Cu-RuMonoMe) has been built up
on the TiOs surface and resulted in a current gain respective to it’s mononuclear counterpart
(ALP1-Cu-MonoMe). Additionally one previously reported [133] bipyridine back to back
ligand (NoMe) has been tested in 1leDSCs as a copper(I) metalorganic complex (ALP1-Cu-
NoMe).
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6.6 Experimental Procedures

6.6.1 General

Chemicals: cis-Dichlorobis(bipyridine)ruthenium(II) was synthesized by Dr. Emma Dun-
phy. Part of the 1-(2-oxopropyl)pyridinium chloride used for reactions has been synthesized
by Dr. lain A. Wright. Other reagents and reactants were commercially available and were

used without any further purification.

Solvents: Reactions were performed with commercial reagent grade quality solvents. If
necessary, dry and oxygen free solvents have been used. For column chromatography, tech-
nical grade solvents were used. Photophysical measurements were carried out only with
HPLC quality solvents.

Column chromatography, and spot thin layer chromatography: All column chro-
matography has been performed either with Merck silica gel 60 (0.063-0.200 mm), Fluka
aluminium oxide 179944 or Merck aluminium oxide 90 standardized. Silica gel (PLC plates
20 x 20 cm, silica gel 60 F254 | 2 mm, Merck) and aluminium oxide (PLC plates 20 x 20cm,
aluminium oxide 60 F254 , 1.5 mm, Merck) have been used for preparative layer chromatog-
raphy. Spot thin layer chromatography was performed on silica gel plates (POLYGRAM
SILG/UV254 and TLC silica gel 60 F254 , Merck) and alumium oxide plates (TLC alu-
minium oxide 60 F254 | neutral, Merck).

Microwave reactor: Microwave reactions were carried out in a Biotage Initiator 8 re-

actor with sealed tubes allowing pressures of up to 20 bar.

6.6.2 Analytical equipment

NMR: NMR spectra were recorded on Bruker AM250 (250 MHz), Bruker DPX400 (400
MHz) and Bruker DRX500 (500 MHz) spectrometers. For full assignments COSY, DEPT,
HMBC, HMQC and NOESY experiments were recorded on the Bruker DRX500 by either
C. E. Ertl or N. Hostettler. 'H and '3C NMR spectra were recorded at 25 °C. Chemical
shifts are relative to the respective residual solvent peaks and solvent peak values from

Mnova versions 6.1-9.1.

Mass spectrometry: FAB (NBA matrix) and electron impact (EI) mass spectra were
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recorded by Dr. Heinz Nadig using Finnigan MAT 312 and VG 70-250 instruments, respec-
tively. Electrospray ionisation (ESI) mass spectra were measured using a Finnigan MAT

LCQ or a Bruker esquire 3000ptus

instrument by Dr. Sven Brauchli.
Infrared spectroscopy: IR spectra were recorded on a Shimadzu FTIR-8400S spec-

trophotometer with neat samples using a golden gate attachment.

UV-Vis spectroscopy: Electronic absorption spectra were recorded on a 8453 Spec-
trophotometer or a Cary5000 UV-Vis-NIR instrument, both from Agilent.

Photoluminescence: Photoluminescence spectroscopy was performed on a Shimadzu RF-
5301 PC spectrofluorophotometer. Values for the excitation and emission slits were kept

as close as possible.

Microanalysis: The microanalyses were performed with Leco CHN-900 microanalyser

by W.Kirsch or by Sylvie Mittelheisser on a Elementar Vario Micro Cube instrument.

X-ray diffraction: Crystal structure data was collected either on a Bruker-Nonius Kap-
paAPEX CCD diffractometer or on a Stoe IPDS instrument by Dr. Jennifer Zampese or
by Dr. Markus Neuburger. For the data reduction, solution and refinement, the programs

COLLECT 18, DENZO/SCALEPACK 19, SIR92 20, Stoe IPDS software 21, SHELXL97 22
and CRYSTALS (version 12) were employed. Structures have been analyzed using CCDC

Mercury (version 3.3).

Synthesis of 1-(2-oxopropyl)pyridinium chloride

Pyridine (9.98 g, 10.2 ml, 125 mmol, 1.0 eq) was dissolved in

o dry diethyl ether (20.0 ml). Chloroacetone (11.6 g, 10.0 ml,
%K 125 mmol, 1.0 eq) was added to the solution, which was stirred
Ny ClI for 6 h at room temperature afterwards. The resulting white

| _ precipitate was filtered and dried on a high vacuum pump for

12 h. (10.4 g, 60.7 mmol, 49%). Analytical data is in agree-
ment with the literature [134]
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Synthesis of (E)-3-(4-bromophenyl)-1-(pyridin-2-yl)prop-2-en-1-one

4-Bromobenzaldehyde (8.33 g, 45.0 mmol, 1.0 eq) and 6-

Br methyl-2-acetylpyridine (5.45 g, 5.05 ml, 45.0 mmol, 1.0 eq)

were dissolved in methanol (100 ml). Sodium hydroxide

(2 %owt, 42.0 ml, aqueous) was added, whereupon the solu-

_ tion turned green. The reaction mixture was left to stir at

room temperature for 4 h. The formed white precipitate was

collected by filtration and washed carefully with water and

methanol (3 x 20.0 ml each). The resulting light green solid

was dried on the high vacuum for 12 h. (11.1 g, 38.6 mmol,
85%) [135] Analytical data is in agreement with the literature. [136]

Synthesis of 4-(4-bromophenyl)-6-methyl-2,2’-bipyridine (MonoMe/2)

(E)-3-(4-bromophenyl)-1-(pyridin-2-yl)prop-2-en-1-one (2.00
g, 6.94 mmol, 1.0 eq) was dissolved in methanol (100 ml)
and 1-(2-oxopropyl)pyridinium chloride (1.19 g, 6.94 mmol,
1.0 eq) was added. The reaction mixture was treated with
ammonium acetate (16.0 g, 208 mmol, 30 eq) and refluxed
for 24 h. It was left to cool down and put into the fridge over
night. A precipitate had formed, was filtered and washed with

water and methanol (3 x 15.0 ml each). After drying on the
high vacuum, light yellow crystals were isolated. (1.44 g, 4.43
mmol, 65%). [135]

'H NMR (500 MHz, CDCl3) 6 /ppm: 8.72 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H, H45), 8.57 (d, J
= 8.0 Hz, 11, H*%), 8.51 (s, 1H, HP), 7.90 (td, J = 7.8, 1.8 Hz, 1H, HH), 7.77-7.52 (m,
AH, HO?/C3) 741 (d, J = 1.7 Hz, 1H, H5)), 7.38 (ddd, J = 7.4, 5.0, 1.2 Hz, 1H, H4), 2.74
(s, 3H, HM*). 13C NMR (126 MHz, CDCl3) 6 /ppm: 158.8 (CB%), 155.36 (CA4%/B2), 149.2
(CB4), 148.8 (C49), 137.9 (C44), 137.1 (CCY), 132.5 (CC¥/3) 129.0 (CC¥3), 124.3 (C4),
124.0 (CO1), 122.2 (C43), 121.6 (CP%), 116.9 (CB3), 24.6 (CMe). IR (solid, v, cm™1): 3051
(w) 2011 (w) 1601 (m) 1580 (m) 1567 (m) 1544 (m) 1485 (m) 1449 (m) 1408 (m) 1378 (m)
1260 (w) 1214 (w) 1137 (w) 1104 (w) 1072 (m) 1043 (w) 1007 (m) 994 (m) 906 (w) 894
(w) 870 (w) 822 (s) 791 (s) 743 (m) 731 (m) 714 (w) 696 (m) 655 (m) 635 (w) 621 (m) 580
(w) 562 (w) 540 (w) 478 (s). MS (MALDI m/z): 324.94 [M+H]|" (calc:324.03) UV-Vis
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(Apae nm [e/ dm™3 - mol™* ecm™!] CHyCly, ¢ = 1.00 - 107 - mol - 171): 249 nm [29950],
274 [25815], 310 nm [sh, 9911] Luminescence ([nm], CH;Cl,, ¢ = 1.00 - 107° mol - 17,
Aex = 249 nm): A, = 353 Elem. Anal. Calcd. for C;7H;3BrNy: C 62.79, H 4.03, N 8.61;
found: C 62.51, H 4.17, N 8.76.

Synthesis of 4,4’-bis(6-methyl-[2,2’-bipyridin]-4-yl)-1,1’-biphenyl (MonoMe)

Triphenylphosphine (5.56 g, 21.0 mmol, 8.0 eq) and
nickel(IT)chloride hexahydrate (1.27 g, 5.36 mmol, 2.0 eq) were
dissolved in dimethylformamide (28.0 ml) under a nitrogen at-
mosphere. Zinc powder (346 mg, 5.36 mmol, 2.0 eq) was added
and the solution was left to stir for 1 h at 50 °C, whereupon it
turned dark red. 4-(4-Bromophenyl)-6-methyl-2,2’-bipyridine
(1.73 g, 5.36 mmol, 2.0 eq) was added and the mixture was
left stirring at 50 °C for further 12 h after which the star-
ing material had been consumed (reaction control with TLC
on silica, cyclohexane : EtOAc, 9:3). The reaction mixture
was poured onto a diluted aqueous ammonia solution (200
ml, 10%) and extracted with dichloromethane (3 x 50.0 ml).
The organic phase was washed with water (3 x 50.0 ml), dried

with magnesium sulfate and overlayed with ethanol (200 ml).
The dichloromethane was removed under reduced pressure and the ethanol phase was put
into the freezer (-20 °C) for 2 h. A white crystalline solid has been obtained by filtration.
It was washed with cooled ethanol and dried on the high vacuum for 2h. (770 mg, 1.57
mmol, 59 %) [129]

'H NMR (500 MHz, CDCl3) §/ppm: 8.72 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H, H4%), 8.53
(d, J= 1.6 Hz, 2H, H?3), 8.50 (dt, J = 8.0, 1.1 Hz, 2H, H4%), 7.90 — 7.86 (m, 4H, H?),
7.84 (dd, J = 7.8, 1.8 Hz, 2H, HA), 7.80 — 7.75 (m, 4H, H®?), 7.47 (d, J= 1.6 Hz , 2H,
HB%), 7.34 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H, H*), 2.74 (s, 6H, H¥¢). 13C NMR (126 MHz,
CDCl3) §/ppm: 158.6 (CBY), 156.3 (C12), 156.13 (CP?), 149.22, (C*), 149.20 (C46), 141.0
(CP4), 137.8 (C1), 137.2 (CA4), 127.8 (C?), 127.73 (C3), 124.1 (C4%), 121.9 (C4%), 121.4
(CB), 116.4 (CB3), 25.0 (CMe). IR (solid, v, em™1): 3056 (w) 2959 (w) 2918 (w) 1911
(w) 1600 (m) 1580 (s) 1564 (s) 1545 (m) 1507 (m) 1472 (m) 1448 (m) 1425 (m) 1407 (m)
1389 (s) 1344 (m) 1260 (m) 1217 (m) 1111 (m) 1088 (m) 1074 (m) 1039 (m) 1004 (m) 988
(m) 964 (m) 907 (m) 888 (m) 848 (m) 821 (s) 791 (s) 740 (s) 732 (s) 681 (m) 667 (m)
647 (m) 628 (m) 620 (s) 582 (m) 564 (m) 548 (m) 525 (m) 498 (m) MP: 240 °C UV-Vis
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(Apae nm [e/ dm™ - mol™!- em™!] CHyCly, ¢ = 1.00 - 107° - mol - 171): 306 nm [57395]
Luminescence ([nm]|, CHyCly, ¢ = 1.00 - 1075 mol - I"!, A, = 306 nm): A.,, = 360, 377
Elem. Anal. Caled. for Cg4HoNy: C 83.24, H 5.34, N 11.42; found: C 83.49, H 5.43, N
11.54.

Synthesis of (E)-3-(4-bromophenyl)-1-(6-methylpyridin-2-yl)prop-2-en-1-one

4-Bromobenzaldehyde (3.35 g, 18.1 mmol, 1.0 eq) and 6-
Br methyl-2-acetylpyridine (2.47 g, 18.1 mmol, 1.0 eq) were dis-
solved in methanol (81.0 ml). Sodium hydroxide (17.0 ml,
aqueous 2 %wt) was added whereupon the solution turned
green. The reaction mixture was left to stir at room temper-
ature for 4 h. The formed white precipitate was collected by
filtration and washed carefully with water and methanol (3 x
20.0 ml each). The resulting light green solid was dried in a
desiccator for 12 h. (4.70 g, 15.5 mmol, 85%) Analytics are in

agreement with the literature. [135]

Synthesis of 4-(4-bromophenyl)-6,6’-dimethyl-2,2’-bipyridine (DiMe/2)

(E)-3-(p-Bromophenyl)-1-(6-methyl-2-pyridyl)-2-propen-1-one
(2.00 g, 6.60 mmol, 1,0 eq) was dissolved in methanol (90.0 ml)
and 1-(2-oxopropyl)pyridinium chloride (1.14 g, 6.60 mmol,
1.0 eq) was added. The reaction mixture was treated with
ammonium acetate (15.3 g, 198 mmol, 30 eq) and refluxed for
24 h afterwards. It was left to cool down and put into the
fridge overnight. A precipitate had formed which was filtered
and washed with water and methanol (3 x 15.0 ml each). Af-
ter drying in the desiccator over night, a light brown solid was

isolated. (830 mg, 2.44 mmol, 37%). [135]

'H NMR (500 MHz, CDCl3) §/ppm: 8.46 (s, 1H, H?3), 8.28 (d, J = 7.8 Hz, 1H, H*3),
7.74 (t, J = 7.7 Hz, 1H, HAY), 7.68 - 7.56 (m, 4H, H¢?/¢3) 7.36 (d, J = 1.6 Hz, 1H, H??),
7.20 (dd, J = 7.5, 0.9 Hz, 1H, H*), 2.71 (s, 3H, HM*B) 2,68 (s, 3H, HY*4) 13C NMR
(126 MHz, CDCl3) §/ppm: 158.68 (CB?), 158.11 (C42), 156,16 (C5Y), 155.13 (C46), 148.78
(CP1), 137.68 (C4%), 137.63 (CC1), 132.22 (C3), 128.95 (C?), 123.79 (C4%), 123.56 (CC4),
121.10 (CP%), 118.98 (C43), 116.68 (CB3), 24.74 (CMeB), 24.63 (CMe4). IR : 2917 (w) 1607
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(w) 1573 (m) 1545 (m) 1490 (m) 1458 (w) 1415 (m) 1381 (m) 1366 (m) 1258 (m) 1209
(w) 1157 (w) 1104 (w) 1075 (w) 1008 (m) 913 (w) 898 (w) 861 (w) 823 (s) 801 (s) 782
(m) 745 (m) 715 (m) 683 (s) 646 (m) 589 (s) 573 (s) 552 (s) 534 (s) 517 (s) 479 (m) MS
(MALDI m/z): 339.12 [M+H]" (calc:338.04) UV-Vis (A4, nm [¢/ dm™ - mol™!- em™!]
CH,Cly, ¢ = 1.00 - 107 - mol - 171): 249 nm [31859], 272 nm [24878], 309 nm [sh, 13794]
Luminescence ([nm], CHyCly, ¢ = 1.00 - 107° mol - I"!, A, = 249 nm): A,,,, = 356 Elem.
Anal. Calced. for CigH15BrNy: C 63.73, H 4.46, N 8.26; found: C 63.59, H 4.64, N 8.61.

Synthesis of 4,4’-bis(6,6’-dimethyl-[2,2’-bipyridin]-4-yl)-1,1’-biphenyl (DiMe)

Triphenylphosphine (6.19 g, 23.6 mmol, 80 eq) and
nickel(II)chloride hexahydrate (1.4 g, 5.90 mmol, 2.0 eq) were
dissolved in dimethylformamide (30 ml) under a nitrogen at-
mosphere. Zinc powder (0.39 mg, 5.90 mmol, 2.0 eq) was
added and the solution was left to stir for 1 h at 50 °C, where-
upon it turned dark red. 4-(4-Bromophenyl)-6,6’-dimethyl-
2,2’-bipyridine (2.00 g, 5.90 mmol, 2.0 eq) was added and the
mixture was left stirring at 50 °C for further 12 h after which
the staring material had been consumed (reaction control with
TLC on silica, cyclohexane:EtOAc, 9:3). The reaction mixture
was poured onto a diluted aqueous ammonia solution (200 ml,
10%) and extracted with dichloromethane (3 x 50.0 ml). The
powder which had stayed in the organic phase was filtered off,

recrystallized in toluene and washed with toluene and ethanol
and to give colourless needles which were dried on the high vacuum for 2h. (430 mg, 0.829
mmol, 28 %) [129]

'H NMR (500 MHz, MeCN) §/ppm: 8.64 (s, 2H, H P3), 8.42 (s, 2H, H#%), 7.95 - 7.90 (m,
4H, H®?) 7.84 - 7.76 (m, 6H, HA*4+H®), 7.52 (s, 2H, HP?), 7.25 (d, 2H, H**, 2.81 (s, 3H,
HBwme) 273 (s, 3H, HAve). 13C NMR. (126 MHz, CDCl3) 6/ppm: 158.17 (CP2), 157.95
(C42), 156.40 CAS/B6 149,95 (CB1), 141.27 (C*), 138.03 (CA1), 137.44 (CC1), 128.01 (C?),
127.87 (CY3), 124.04 (C4%), 121.48 (CB5), 119.51 (C43), 117.35 (CB3), 24.27 (CAnme), 24.09
(CBume), IR (solid, v, cm™): 3673 (w) 2989 (w) 2915 (w) 1604 (m) 1583 (s) 1539 (s) 1506
(m) 1459 (m) 1431 (m) 1414 (m) 1390 (m) 1259 (w) 1218 (w) 1158 (w) 1117 (w) 1074 (m)
1033 (m) 1005 (m) 896 (m) 874 (m) 859 (m) 850 (m) 848 (m) 829 (m) 820 (m) 805 (s) 779
(m) 750. (m) 661 (m) 625 (s) 593 (w) 571 (w) 554 (m) 536 (m) 527 (m) 515 (m) 500 (m).
MP: 308 °C UV-Vis (A0 nm [¢/ dm™ - mol™'- em™!] CHyCly, ¢ = 1.00 - 107° - mol -
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171): 304 nm [71005] Luminescence ([nm], CHyCly, ¢ = 1.00 - 107° mol - 17!, A, = 303
nm): A, = 360, 377 Elem. Anal. Calcd. for C3sH3oNy: C 83.37, H 5.83, N 10.80; found:
C 83.53, H 5.92, N 10.81.

Synthesis of 4-nitro-2,2’-bipyridine N-oxide

2,2-Bipyridine N-oxide (5.00 g, 29.0 mmol, 1.0 eq.) was dis-
NO, solved and sulphuric acid (95 %, 12.5 ml). A mixture of nitric
acid (fuming, 100 %, 15.0 ml) in sulphuric acid (95 %, 10.0 ml)
was added. To trap nitrous gases, a gas wash bottle charged
with 1 M aqueous KyCOj3 solution was attached. After re-
fluxing for 6 h, the mixture was poured slowly into ice (200g).
Once the ice had dissolved, the mixture was carefully rendered slightly basic with KyCOs3.
The formed precipitate was filtered off, suspended in 100 ml of water and stirred for 1 h.
The suspension was filtered again. The remaining solid dissolved in dichloromethane and

dried over magnesium sulphate. Removing the solvent under reduced pressure yielded a
white solid. (3.14 g, 14.5 mmol, 48 %). [132] Analytics fit well with the literature. [132,

pp. 161]

Synthesis of 4-bromo-2,2’-bipyridine N-oxide

In a nitrogen atmosphere, 4-nitro-2,2’-bipyridine N-oxide (3.14
Br g, 14.4 mmol, 1.0 eq.) and acetyl bromide (9.42 ml, 127
mmol, 8.8 eq.) were dissolved in 44.0 ml glacial acetic acid
and refluxed for 4 h at 120 °C. The mixture was poured
into ice (32.0 g), neutralized afterwards with NayCOj3 and
extracted with dichloromethane (3 x 50.0 ml). The organic
layers were washed with cold water (15.0 ml) and dried with NasSO,4 and the solvent was
removed under reduced pressure. The mixture of 4-bromo-2,2’-bipyridine N-oxide and 4-
bromo-2,2’-bipyridine was subjected to column chromatography (Silica 60 neutral, ethyl
acetate/cyclohexane/triethylamine 40:13:1) to give 4-bromo-2,2-bipyridine (0.910 g, 3.87
mmol, 27 %, R/= 0.9) and 4-bromo-2,2’-bipyridine N oxide (2.12 g, 8.44 mmol, 59 %, R=
0.2). Analytical data fits well with the literature. [137]
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Synthesis of 4-bromo-2,2’-bipyridine

In a nitrogen atmosphere, 4-Bromo-2,2’-bipyridine N-oxide

Br (2.12 g, 8.44 mmol, 1.0 eq.) was dissolved in 25.0 ml of dry

7 N\ - chloroform and cooled to 0 °C with an ice bath. Phosphorus
\

— N / tribromide (7.30 g, 2.60 ml, 27.0 mmol, 3.2 eq.) was added

slowly, whereupon a precipitate had formed. The mixture was
refluxed for 4 h, poured into ice water (20.0-30.0 ml) and rendered basic with 6M sodium
hydroxide solution. After extraction with CHClI3, the organic phase was dried over magne-
sium sulphate. Evaporation of the solvent under reduced pressure yielded the product as a
brown solid (1.85 g, 7.87 mmol, 93 %, R/= 0.9) [137]

Analytical data fits well with the literature. [137]

Synthesis of 2,2’-4,4”-2”,2”’-quaterpyridine (NoMe)

Triphenylphosphine (4.51 g, 17.2 mmol, 8.0 eq) and nickel(II)
chloride hexahydrate (1.03 g, 4.3 mmol, 2.0 eq) were dissolved
in dimethylformamide (25.0 ml) under a nitrogen atmosphere.
Zinc powder (0.300 g, 4.3 mmol, 2.0 eq) was added and the
solution was left to stir for 1 h at 50 °C. No color change was
obtained after this time, so more zinc (this time the zinc was
activated). To achieve activation, the zinc was suspended in
water in a test tube and treated with a few droplets of HCI
(37 %). After letting it bubble for a minute or two, the zinc
was washed with water/ethanol/diethyl ether subsequentially

by decanting.) was added, whereupon the mixture finally had
turned dark red. It was left to stir for another hour. 4-Bromo-2,2’-bipyridine (1.02 g, 4.30
mmol, 2.0 eq.) was added and the mixture was left stirring at 50 °C for further 12 h after
which the starting material had been consumed (reaction control with TLC on silica, ethyl
acetate/cyclohexane/triethylamine, 40:13:1). The reaction mixture was poured into a di-
luted aqueous ammonia solution (150 ml, 32%) and extracted with dichloromethane (3 x
50.0 ml). The organic phase was washed with water and dried over magnesium sulphate.
The solvent was removed under reduced pressure to yiel the crude product. A column
(silica, methanol/dichloromethane, 1:99) followed by recrystallisation in ethanol yielded a

white solid which was dried on the high vacuum pump for 1 h. (130 mg, 0.419 mmol, 19
%) [129]
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1H NMR (500 MHz, MeCN) §/ppm: 8.82 (m, 4H, H 53/5%) 873 (ddd, J = 4.8, 1.8, 0.9
Hz, 2H, HA4%), 8.50 (dt, J = 8.0, 1.1 Hz, m, 2H, H*?), 7.88 (td, J = 7.7, 1.8 Hz, 2H, H*),
7.72 (dd, J = 5.1, 1.9 Hz, 2H, HP%) 7.37 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H, H4%).[133] 13C
NMR (126 MHz, CDCl;) 6/ppm: 156.8 C42, 155.5 CP2, 145.0 (CBS), 149.0 (CA9), 146.9
(CBY), 137.31 (CA), 124.16 (C4), 121.7 (CP%), 121.5 (C43), 119.1 (CB3). IR (solid, v,
em™1): 3055 (w) 1593 (w) 1577 (s) 1563 (s) 1532 (s) 1451 (s) 1437 (s) 1368 (s) 1271 (w)
1245 (w) 1128 (w) 1089 (m) 1065 (m) 1040 (m) 987 (m) 893 (m) 829 (m) 788 (s) 743 (s)
665 (s) 619 (s) 575 (s) 454 (m) MP: 308 °C MS (MALDI m/z): 311.0 [M+H]* (calc:311.1)
UV-Vis (Aye, nm [¢/ dm™ - mol™! em™!] CHyCly, ¢ = 1.00 - 107° - mol - I7!): 241 nm
[44886], 284 [28291] Luminescence ([nm], CHyCly, ¢ = 1.00 - 107° mol - 17}, A, = 241
nm): A, = 349, 426 (sh) Elem. Anal. Calcd. for CooHi4Ny: C 77.40, H 4.55, N 18.05;
found: C 76.93, H 4.70, N 18.52.
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Synthesis of bis(2,2-bipyridine-N,N’)(4,4’-bis(6-methyl-[2,2’-bipyridin]-4-y1)-1,1’-
biphenyl-N,N’)ruthenium (IT) hexafluorophosphate ([Ru(bpy)2(MonoMe)|[PFg],)

2+

2 PFe"

Cis-Dichlorobis(bipyridine)ruthenium(II) (200 mg, 0.413 mmol, 1.0 eq) and 6’-methyl-4-[p-
(6’-methyl-1,4’-biphenyl-4-yl)phenyl]-2,2’-bipyridyl (MonoMe, 200 mg, 0.408 mmol, 1.0 eq)
were suspended in ethanol (15.0 ml) and irradiated in a microwave reactor for 1.5 h at 120
°C. After adding an excess of ammonium hexafluorophosphate, the mixture was left to stir
for 20 min, whereupon an orange precipitate had formed. It was filtered off and washed with
water, ethanol and ether susequentially (20.0 ml each). The solid was dissolved in acetoni-
trile, dried over magnesium sulphate and the solvent was removed under reduced pressure.
The crude product was subjected to column chromatography (Alox 90 neutral, acetoni-
trile/saturated aqueous potassium nitrate solution/water (A-SOL), 17:1:0.5) to isolate the
two top spots (Ry=1). The solvent was removed under reduced pressure and the residue
dissolved in water. An excess of ammonium hexafluorophosphate was added. The resulting
precipitate was filtered off and washed carefully with water, ethanol and ether susequen-
tially. A second column was done (Alox 60 basic, toluene/acetonitrile, 3:2, Ry=0.5) and
the top spot was isolated. The solvent was removed under reduced pressure to yield an
orange solid. (110 mg, 0.122 mmol, 29 %). [138, pp. 206]

'H NMR (500 MHz, CDyCly) 6/ppm: 8.67 (ddd, J = 4.7, 1.9, 0.9 Hz, 1H, HA9), 8.62 (d,
J = 8.3 Hz, 1H, HF3/G3/H3/13/73) "8 58 (d, J = 2.2 Hz, 1H, HF¥/B3) 854 (d, J = 1.6 Hz,
1H, HP3/B3) 853 — 8.46 (m, 3H, HA3 + 2HF3/G3/H3/13/J3) "8 46 — 8.38 (m, J = 10.5, 8.1,
1.0 Hz, 2H, HI¥/G3/H3/13/J3) "8 16 — 8.05 (m, 4H, HI'S 4 3HFY/GA/HY/I4/I4) "8 02 (td, J =
7.9, 1.5 Hz, 1H, HFY/G/HA/T4/I4) "8 00 — 7.93 (m, 3H, HFY/GY/HA/TA/J4 4 9l P2/C3) 7 91 —
7.83 (m, 5H, HA* 4 HC¥/C3/D2/D3) "7 81 (d, J = 8.5 Hz, 2H, H¥/P3), 7.73 (dd, J = 5.7, 1.3
Hz, 1H, HF6/G6/HG6/16/76) "7 68 — 7.62 (m, 2H, HI'6/C6/H6/16/J6 4 [B5/ES) 7 57 — 751 (m,
2H HF5/G5/H5/15/J5 + HF6/G’6/H6/16/J6) 751 — 7.44 (m 3H HB5/E5 + HF5/G5/H5/I5/J5 +
HF6/G6/H6/16/J6 7 49 — 731 (m, 4H, HAS + 3HFP/GS/H5/15/75) 19 69 (s, 3H, HBMe), 1.97 (s,
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3H, HEwe), 13C NMR (126 MHz, CD,Cly) 6 /ppm: 165.5 (CE6/B6) 159.1 (CPO/E6) 158.7
+157.9 + 157.5 4+ 157.4 + 157.3 + 157.0 + 156.4 + 156.3 (8C, CA2B2HE2=J2) 153 () (CF),
151.7 + 151.5 + 151.4 (4C, CCGO/H6/16/J6) 150.3 (CBYEY) 149.5 (CA6), 149.16 (CBY/F1)
143.0 (COY/DP4) 1140.7 (CCLV/P4)139.0 (CF/GA/HA/TA/TAY 1138 7 (20, CF4/G4/HA/I4/T4) 138 60
(CC4/D1)’ 138.5 (CF4/G4/H4/]4/J4), 138.3 (CF4/G4/H4/I4/J4>7 137.6 (CA4)’ 134.8 CC4/D1’ 128.9
CF5/G5/H5/15/J5 198 7 (CF5/G5/H5/I5/J5)’ 128.5 (2C, CC’Q/C3/D2/D3)’ 128.4 (C4%), 128.3 +
128.2 + 128.16 (6C, CC2/C3/D2/D3) 198 07 (CF5/G5/H/15/T5) "1 CF5/G5/H5/15/75 hidden un-
derneath signals 128.53/128.36,/128.19/128.16, 126.5 (CB>/#%) 125.4 4+ 125.1 + 125.01 +
124.9 + 124.8 (5C, CI3/G3/H/I3/I3) 194 4 (CFS/GS/HS/I5]I5) 1217 (CA3), 121.5 (CBY/F5),
120.0 (CB3/E3) 116.3 (CPB3/E3) 26.70 (CBme/Ere) 2490 (CBme/Eve) TR (solid, v, cm™!):
3664 (w) 2919 (w) 1671 (w) 1603 (m) 1584 (m) 1566 (w) 1505 (w) 1462 (m) 1446 (m)
1392 (m) 1241 (m) 1162 (m) 1066 (m) 1003 (m) 827 (s) 761 (s) 730 (s) 682 (m) 620 (m)
555 (s). MS (ESI m/z): 452.10 [M-2PF¢]*" (calc: 452.13) UV-Vis (A4, nm [¢/ dm™ -
mol™'- em™] MeCN, ¢ = 1.00 - 107 - mol - 171): 245 nm [35874], 289 nm 86085], 254 [sh,
31580], 331 [sh, 43802], 424 [sh, 13411], 453 nm [17045] Luminescence ([nm|, MeCN, ¢ =
1.00 - 107® mol - 17, A, = 453 nm): A, = 375, 615, 648 (sh) Elem. Anal. Calcd. for
Cs4HoNgF1oPoRuy + 1 HyO: C 53.51, H 3.49, N 9.25; found: C 53.48, H 4.14, N 9.12.
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Appendix 6. A SECM area scans
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Figure 6.23: SECM area scans of dyed TiO, electrodes measured in the dark ((a), (c), (e))

and under illumination ((b), (d), (f))
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Appendix 6.B MALDI-TOF measurement of an ALP1-
Cu-DiMe-Cu-DiME-Cu-DiMe TiO, elec-

trode.
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Figure 6.24: The encircled peak is the highest identified Mass of the metalorganic chain. It
belongs to DiMe-Cu-DiMe: 1100.72 [M+H]" (calc:1099.42).
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Appendix 6.C LeDSC measurements over time

Days after sealing [#]| — 0 11 14 21
N719 Celll 7.14 5.72 6.94 6.63

N719 Cell2 7.17 5.34 6.56 6.36

N %) — ALP1-Cu-DiMe Celll 2.16 2.38 2.44 2.40
ALP1-Cu-DiMe Cell2 2.18 2.26 2.37 2.37
ALP1-Cu-MonoMe Celll 1.69 1.90 1.82 1.94
ALP1-Cu-MonoMe Cell2 1.56 1.94 1.96 1.93
ALP1-Cu-NoMe Cell 1.06 1.43 1.45 1.42

NT719 Celll 73.3 70.2 70.9 71.3

N719 Cell2 72.9 70.6 70.7 1.7

f (%] — ALPl-Cu—D%Me Celll 73.3 69.6 68.5 70.1
ALP1-Cu-DiMe Cell2 74.0 70.9 69.7 71.3
ALP1-Cu-MonoMe Celll 73.7 72.0 2.7 73.1
ALP1-Cu-MonoMe Cell2 72.1 67.6 66.3 67.7
ALP1-Cu-NoMe Cell 72.3 70.2 68.7 70.5

N719 Celll 630 643 664 652

N719 Cell2 628 655 670 653

Voo [mV] — ALP1-Cu-DiMe Celll 566 599 602 587
ALP1-Cu-DiMe Cell2 573 599 606 594
ALP1-Cu-MonoMe Celll 548 585 595 589
ALP1-Cu-MonoMe Cell2 526 595 596 583
ALP1-Cu-NoMe Cell 506 557 566 559

N719 Celll 15.5 12.7 14.7 14.3

N719 Cell2 15.7 11.6 13.9 13.6

Jsc ALP1-Cu-DiMe Celll 5.20 5.72 5.92 5.83
[mA /em?] [ ALP1-Cu-DiMe Cell2 5.13 5.33 5.62 5.60
ALP1-Cu-MonoMe Celll 4.18 4.49 4.22 4.52
ALP1-Cu-MonoMe Cell2 4.11 4.84 4.95 4.89
ALP1-Cu-NoMe Cell 2.89 3.65 3.72 3.60

Table 6.6: Parameters over time for liquid electrolyte DSCs.
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Appendix 6.D PEDOT ssDSC measurements over time

Days after sealing [#]| — 1 2 12 15 22
N719 Cell 2.33 3.34 2.97 3.00 3.02

ALP1-Cu-MonoMe Celll | 0.448 0.675 0.876 0.832 -

ALP1-Cu-MonoMe Cell2 | 0.538 0.655 0.775 0.758 0.831

n [%] — :
ALP1-Cu-DiMe Celll 0.771 0.937 0.918 0.898 0.925
ALP1-Cu-DiMe Cell2 0.673 0.741 1.03 1.07 1.03
N719 Cell 60.36 72.2 69.1 67.8 65.4
ALP1-Cu-MonoMe Celll 65.5 69.8 66.0 62.6 -
ALP1-Cu-MonoMe Cell2 66.5 68.1 70.9 71.3 68.7
ff (%] —

ALP1-Cu-DiMe Celll 63.8 69.3 72.2 73.7 72.4
ALP1-Cu-DiMe Cell2 62.7 61.5 72.7 68.8 66.1
N719 Cell 397 492 485 494 464
ALP1-Cu-MonoMe Celll 447 o915 951 561 -
ALP1-Cu-MonoMe Cell2 | 430 508 213 520 491
ALP1-Cu-DiMe Celll 418 494 496 002 468
ALP1-Cu-DiMe Cell2 440 474 521 535 524

Voc [rnV] —

N719 Cell 9.72 9.40 8.88 8.96 9.96
ALP1-Cu-MonoMe Celll 1.53 1.88 2.41 2.37 -
Jsc ALP1-Cu-MonoMe Cell2 1.88 1.90 2.13 2.05 2.46

91 —
[mA /cm?] ALP1-Cu-DiMe Celll 2.89 92.74 2.56 92.43 2.73
ALP1-Cu-DiMe Cell2 9.44 92.54 2.79 2.91 2.96

Table 6.7: PEDOT ssDSC parameters over time. The cell MonoMe Celll fell apart on day
22, therefore no values were obtained.
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Chapter 7
Conclusion

TiO, nanoparticles and pastes have been self fabricated and applied successfully in repro-
ducible 1leDSCs. Furthermore, self made scattering layers have been applied to 1eDSCs,

which enhanced the efficiency of our cells.

Working, but non-reproducible Cul ssDSCs have been fabricated. A previously non-
reported dye has been assembled on the TiOy surface by incorporating the HTM directly
into the light absorbing species (ALP1-Cu-HTM).

Successful assembly and reproducibility of ssDSCs featuring a solid state PEDOT HTM has
been achieved with the standard dye N719. They have been stable in ambient atmosphere

over 22 days and potentially more.

Additionally, two not previously reported back to back ligands (MonoMe and DiMe) have
been investigated for performance in 1eDSCs and PEDOT ssDSCs.

Multinuclear copper species involving back to back ligands have been assembled on the
TiO, surface. The performance in leDSCs decreased the longer the chain was presumably
built. A dinuclear mixed metal species incorporating copper(I) and ruthenium(IT) (ALP1-
Cu-RuMonoMe) has been built up on the TiOs surface and resulted in a current gain
respective to it’s mononuclear counterpart (ALP1-Cu-MonoMe) in leDSCs. Furthermore,

one previously reported (NoMe) bipyridine back to back ligand has been tested in leDSCs.
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