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ABSTRACT

With the rapid increase in population, the world’s energy demand also expected to increase. Solar
energy is an ideal energy source and can be used all over the world, as it is readily available
globally for presumably the entirety of human existence, which made it the most promising

renewable energy source that will fulfil the world energy demand.

Dye-sensitized solar cells (DSSCs) are photoelectrochemical solar cells manufactured by using
dyes and mimic photosynthesis in plants. Their efficiency reached up to 13% by optimizing
material and structural properties. However, there are still some challenges that need to be
improved before DSSCs successfully enters the photovoltaic market for application. The main two

issues are low cell performance and long-term stability.

There are three main processes summarized the path of charges in DSSCs, charge generation,
charge collection and charge recombination, which significantly affects the cell performance.
Different components are used in manufacturing DSSC, and each one of them plays an essential
role in influencing the interface. Studying the structure of the TiO2/dye and TiO2/dye/electrolyte
interfaces and understanding their effect on the charge transportation process will be the aim of

this dissertation.

Using specific surface sensitive techniques, photoelectron spectroscopy (PES) including, X-ray
photoelectron spectroscopy (XPS), ultra-violet photoelectron spectroscopy (UPS) and metastable
induced electron spectroscopy (MIES) to observe the changes in the dye/ TiO2 and
TiOz/dye/electrolyte interface from both molecular and electronic perspective. While neutral
impact collision ion scattering spectroscopy (NICISS) used to measure the molecular coverage

and concentration depth profiling of the dye.

In chapter 4, two different processes were applied on the TiO2 substrate, heating with four
ascending temperatures and heating-sputtering with different doses using Argon projectiles (Ar*)
were used to investigate the dye adsorption and configuration on TiOz surface. The heating process
was more effective in removing the surface contaminations, while in the heating-sputtering
processes, contaminations were removed, and surface defects such as the oxygen vacancies (Ti%*)

were created on TiO2 surface. An observation of an increase in the dye adsorption was obtained



using the heating process, while a decrease in the dye adsorption resulted from the heating-
sputtering process. Furthermore, both processes show different dye configuration of TiO2

substrate.

Two different functional groups were used during a study investigating the addition of co-
adsorbents in repressing dye aggregation on TiOz. In chapters 5 and 6, the phosphonic acid
decylphosphonic acid (DPA) and the carboxylic acid chenodeoxycholic Acid (CDCA) were used,
respectively. Different concentrations of these co-adsorbents were used. It was shown that both
types of co-adsorbents suppressed the formation of dye thicker layers. However, they behave
differently concerning the type of dye that has been used.

The results show that the incorporation of co-adsorbent within the dye solution affected the dye
adsorption and configuration on the TiO2 surface. When co-adsorbents are adsorbed on the TiO2
surface, they work as a buffer layer and replacing the weakly interacting and undesirable dye

molecules that not involved in charge generation.

In chapter 7, a 1000 h stability test was conducted in three different conditions to investigate the
degradation mechanisms of DSSC performance using DPA as a co-adsorbent. Light exposed
condition, heat condition, and dark condition. The changes of the dye and electrolyte components
on the TiO2 /dye/electrolyte interface as cell ages were investigated using PES and NICISS for a
better understanding of the process at the molecular level. The results show that the DSSCs
containing co-adsorbent have more stabilized cell performance. Co-adsorbents remove the weakly
dye molecule leading to better adsorbent of the electrolyte and additives, resulting in stabilizing
the open-circuit voltage as the cell ages.

PES and NICISS are powerful surface sensitive techniques that have been used in this work to
gain an insight into the DSSC interfaces at a molecular level as the cell ages.

Vi
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Chapter One

1 Background

The 2019 world population statistics estimate that there are 7.7 billion individuals and projection
estimates show an increase to ~9.8 billion by the year 2050 [1]. The world energy consumption in
2018 was estimated to be ~14,000 megatons (Mt) of oil, and with projected increases in population,
energy demand is also expected to increase. Currently, the world depends majorly on fossil fuels
as an energy resource. However, fossil fuels are limited and exhaustible. Projections show that
world production and consumption of fossil fuels will significantly be reduced as resources
diminish, and a shift to sustainable renewable energy sources is expected. Renewable energy
sources include all sources of energy that are harnessed from natural processes such as; solar,
water, wind and geothermal heat. The bulk (48 %) of renewable energy production is projected to
be from solar energy by the year 2050, according to the U.S. Energy Information Administration
[2]. Solar energy has several advantages to other energy sources as it is relatively limitless, has
minimal pollution impact, and negligible health and environmental risks, and solar energy
harnessing equipment require low maintenance [3]. However, it is not without disadvantages such
as high initial costs for material and installation, the requirement for space, geographical limitation
for installation, and the need for large battery banks to compensate for night time and cloudy days.
Nevertheless, the rapid developments in increased efficiency of solar energy capturing
technologies and the long-term environmental benefits make solar energy a cost-effective energy

alternative on the long-term surpassing other renewable sources of energy.

Solar energy is an ideal energy source and can be used all over the world, as it is readily available
globally for presumably the entirety of human existence. The sun supplies the earth approximately
3x10%* joule/year of energy which is 10* times more than world’s energy consumption, and
collecting just 0.1 % of that will provide the earth with its energy demands. This theoretical
potential of solar energy striking the earth’s surface in one and a half hours is 480 exajoules (EJ)
which exceeds worldwide energy consumption in the year 2001 from all energy sources combined
430 EJ [4]. Currently, there are primarily three technologies that have been developed to capture
solar energy for multiple purposes. These technologies are; photovoltaics (PV) that captures and

stores sunlight energy to convert it to electricity, concentrating solar power (CSP) that captures
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heat from the sun (thermal energy) to drive large electric turbines, and solar heating and cooling
systems that collect solar thermal energy to heat water and air or conditioning. Photovoltaics is
currently one of the few renewable, low-carbon energy resources that could be scaled up to meet

worldwide electricity demand and achieve energy sustainability [5].

1.1 Photovoltaics

1.1.1 Historical timeline

Photovoltaic is defined as utilizing the generation of a voltage when radiant energy falls on the
boundary between different substances (photo = light, voltaic = electrical potential). The -voltaic
part of photovoltaic comes from the name of Italian physicist Alessandro Volta, the inventor of
the electric battery in 1799. The phenomenon of light or radiant energy conversion to electricity
was later described in 1839 by French scientist Edmond Becquerel who coined the term
“Photovoltaic effect”. Thirty-four years later, the English electrical engineer Willoughby Smith
discovered that selenium has the property of becoming electrically conductive when it absorbs
light in 1873 [6]. In 1876, Richard Evans Day and his student William Grylls Adams elaborated
that selenium could produce electricity from light without heating or requirement of moving parts
and thus was easy to maintain. In 1883, American inventor Charles Fritts invented the first
selenium cell using gold-coated selenium surface that had a 1-2 % conversion efficiency, whereas
in 1888 Russian scientist Aleksandr Stoletov was credited with the building and full description
of the photovoltaic effect of the first solar cell. The process of photovoltaic effect was still poorly
understood until 1905 when German-born theoretical physicist Albert Einstein explained the
photoelectric process, accomplishment for which he was awarded the Nobel Prize in Physics in
1921. Later, in the 1940s a physicist at Bell Laboratories in the USA named Russell Shoemaker
Ohl discovered that silicon is more efficient than selenium by accidentally using cracked silicon
that had positively (p) charged impurities on one side and negatively (n) charged silicon on the
other (p-n junction). When he allowed light to the silicon, he noted that a stronger electrical current
was achieved when connected to a circuit than selenium. Thirteen years later (1956), Bell
laboratories produced the first practical silicon solar cell of 6 % efficiency [7]. Since then, the
conventional photovoltaic silicon-based solar cells labelled the first generation solar cells; have

populated the market during the last 60 years and manufacturers have enhanced their conversion
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efficiency to ~ 25-29 % [8]. Today, while silicon solar cells are still popular, they have some
manufacturing and financial limitations. For example, the need for highly pure silicon with no
defects, which imposes high manufacturing costs. In addition, the manufacturing of silicon solar
cells requires a vacuum to maintain purity. Moreover, higher conversion efficiencies are required
if solar cells are to be used to supply and maintain energy demands of industrial and large scale.
Therefore, new alternatives for silicon cells are pursued that are cheaper to produce and are made

of accessible and affordable materials.

1.1.2 The Photovoltaic system

The basic principle and design of a photovoltaic or a solar cell system involve two absorber layers
of opposing charges (p and n) creating a p-n junction in between them. The two absorber layers
are sandwiched between two electrodes to allow harnessing the electrical current flow. Absorber
layers are made from materials that are efficient in absorbing radiation at visible light wavelengths;
such materials belong to a class of substances known as semiconductors. Examples of
semiconductor materials used include crystalline silicon, gallium arsenide (GaAs), indium
phosphide (InP), and copper indium selenide (CulnGaSe) [9]. As sunlight photons are absorbed in
the p-n layer, energy from the photons is transferred to an electron within the n layer, causing it to
jump to a higher energy state. Once the excitation energy of induced photons is sufficient for the
electron to overcome the band gap, thus such electrons are capable of achieving the conduction
band minimum. These excited electrons create a hole (positive charge) as they jump to the
conduction band. A proportion of the excited electrons and holes move towards the positive
electrode at the p-n junction due to the electron mean free path. Because of the effect of built-in
electric field at the p-n junction, such electrons can cross the p-n junction, while holes are
separated. Where at the p-n junction the electrons in the n-type diffuse the junction and combined
with the holes in the p-type. As electrons flow through the electric load, the process produces an

electrical current.

1.1.3 Photovoltaic generation

The photovoltaic cell is classified into three generations based on the material used in each
generation. The first-generation solar cell systems are based on a single crystal or multi-crystalline

silicon wafers. However, to avoid recombination of electrons and holes in the solar cell, a highly
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pure semiconductor with no defect must be used, which imposes high manufacturing and energy
costs [10]. Second-generation solar cells are based on thin-film technology such as Cadmium
Telluride (CdTe) and Copper Indium Gallium Selenide (CulnGaSe). These are more flexible,
lighter materials and have reduced production costs as they can be manufactured at lower
temperatures and have short fabrication processes. However, they have lower conversion
efficiencies, and the materials needed are hard to find and contaminates the environment.
Therefore, these types of solar cells do not offer an advantage to the first-generation solar cell
system, and alternatives are still being pursued. The third-generation solar cells focus on finding
highly efficient solar cells of low cost that employ different technologies and is not limited by the
Shockley Queisser limit. Where the Shockley Queisser is calculated by examining the amount of
the electrical energy that is extracted per incident photon. This generation employs a variety of
different technologies such as quantum dot, organic polymer, dye-sensitized and perovskite solar
cells [11, 12].

In the past three decades, dye-sensitized solar cells have attracted the attention of scientists because
of their reasonable conversion efficiency, low production cost, and simple fabrication processes
compared to silicon solar cells and can be made without limited resources or toxic materials. The
dye-sensitized solar cell (DSSC) is the focus of this dissertation, and an elaborate literature review

will be presented from hereafter in the next chapter
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2 Dye Sensitized Solar Cell

The nano-crystalline dye-sensitized solar cell (DSSC) is one of the most promising solar cell
technologies that employ a photo-electrochemical system in which a dye-coated semiconductor is
formed between a photo-sensitized anode and an electrolyte solution. DSSC is also called the
Grétzel cell named after Michael Grétzel, the Swiss chemist who developed the cell in 1991 with
his co-workers recording efficiencies up to 7 % [1]. Since then, these cells have been attracting the
attention of scientists because of their reasonable conversion efficiency, low production cost, and
simple fabrication processes compared to silicon solar cells. Unlike traditional solar cells, the
DSSCs have an attractive advantage as they can work effectively in low light conditions and shade
which makes them suitable to be used for buildings and indoor applications [2, 3]. DSSCs are less
susceptible to energy loss by heat generation where the efficiency is nearly temperature
independent in a range of 25 °C - 65 °C while in the same range the efficiency of a silicon solar
cell declines. Another advantage of DSSC is that the materials used are biocompatible and

commonly available [4, 5].
2.1 The anatomy of DSSC

The structure of a typical DSSC consists of two transparent substrates coated with a thin
conductive material such as fluorine or indium doped tin oxide. The working electrode (WE) is
further coated with a thick layer (approximately 10 um) of TiO2 nanoparticles forming a
mesoporous structure to provide a high surface area for sufficient dye adsorption thus improving
light harvesting. After heating, the WE is immersed in a sensitized dye solution. The counter
electrode (CE) is coated with a thin layer of catalytic material, usually platinum as the conductive
substrate. Both electrodes are sealed by heat press using a thermal plastic Surlyn gasket sealant.
The Surlyn gasket also acts as a spacer that provides a space between the two electrodes allowing
electrolytes to fill this gap. Usually, the electrolyte solution contains iodide/triiodide (I~ /15 redox
mediators that have direct contact with the dye and could penetrate through to the mesoporous
TiO2. Figure 2-1 shows a typical DSSC.
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Glass

Figure 2-1: Schematic diagram of DSSC working principle

2.2 Operating Principle

2.2.1 Excitation

When the cell is irradiated by light, the dye will be promoted to its excited state (S*) upon a photon
(hv) absorption. The photoexcitation of the dye results in electrons jumping from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the
dye molecule Figure 2-2 (route 1) followed by injection into the conduction band of the TiO2
Figure 2-2 (route 2). The released electron will leave the dye in an oxidized state (S*), changing

from the ground state (S) to the excited state (S*). The process as following.

S+hv-S" Equation 2.1
S*>St+e” Equation 2.2

2.2.2 Injection

The excited electron injected into the conduction band of the TiO2 substrate passing through the
external circuit to reach the CE so that the energy can be utilized in performing the electrical work
Figure 2-2 (route 3). The injection generally occurs from the w*-orbital of the anchoring group in

the dye to the TiO2 conduction band. Efficient electron injection is further enhanced by strong

7
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electronic interactions that form when the dye binds to the TiOz2 through a carboxyl group and the
energetic location of the TiO2 conducting band. This process takes 10 femtoseconds (fs) to 100

picoseconds (ps) timescales to occur [6].

2.2.3 Dye regeneration

For the current generation to continue; the dye must be reduced back to its ground state (S). The
oxidized dye is regenerated in the range of microsecond (us), by obtaining an electron from the
redox-coupled in the electrolyte solution that fills the space between the WE and CE Figure 2-2
(route 4). When the electrons reach the CE from the external circuit, they will react with the
electrolyte. The iodide/triiodide is the most commonly used electrolyte solution that gives the best
cell efficiencies when combined with TiO2. The oxidized dye is reduced back to its original state
by electron transfer from iodide ions (I7) forming tri-iodide ions (I3 ), the process shows as

following:
28t 4+ 317 -5 259 + 13 Equation 2.3

2.2.4 lodine reduction

lodide ions are regenerated in the electrolyte solution by reduction of triiodide at the CE Figure 2-
2 (route 5). The electron transfer from I~ ions to the oxidized dye and regeneration of I~ ions from
I3 ions at the CE link the two transport processes, and the circuit is completed through the external

load as the following [7].
3T > I3 + 2e” Equation 2.4

2.2.5 Charge Recombination

In addition, there are some possibilities for recombination reactions that compete with the forward
reaction that impede DSSC performance. Recombination reactions occurs due to nearness between
the electrons and holes, and the lack of potential barrier at the TiOz/dye/electrolyte interface. After
an electron is injected, they tend to recombine with either the oxidized dye Figure 2-2 (route 6) or
with the triiodide in the electrolyte Figure 2-2 (route 7). Electron recombination is considered to

be one of the major reasons in lowering cell efficiency.



Chapter Two

2)
{7)--H)
N 1\ - 5
DR g— (5)
(4)
Energy 10, Dye Electrolyte

Figure 2-2: The electron transfer processes in DSSCs. Electron excited (1) then injected into the
conduction band of TiO2 (2), then diffuse through the TiO2/TCO (3). The redox couple regenerate
the oxidized dye (4). Electrolyte reduced at the counter electrode (5). Electron loss by the

recombination with the dye cation (6) or with the redox couple (7).

2.3 Basic materials of DSSC

2.3.1 Substrate

The best results for DSSC were obtained using transparent glass substrates with high optical
transparency, low cost, and tolerance of temperatures as high as 450 °C - 500 °C prevents
impurities such as water and oxygen from entering the cell. However, it has some disadvantages
like fragility, rigidity, and heavyweight. Alternative substrate materials are plastic foils that
overcome most of the glass disadvantages. They are lightweight and flexible, with few

disadvantages including low-temperature tolerance with maximum tolerance at 150 °C - 160 °C

The substrate is coated with Transparent conducting oxide (TCO) on one side, allowing low
electric resistance. Fluorine doped tin oxide (FTO) and Indium doped tin oxides (ITO) are the most
common TCO used in coating the substrates of DSSC [8, 9].

A study done by Siam et al. comparing the influence of FTO and ITO on the performance of DSSC
shows that the sheet resistance of FTO remain constant, while the ITO resistance can go up from
18 Q/sq to 52 Q/sq after thermal annealing at 450 °C for 2 h [10]. Since TiO2 requires high

9
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annealing temperature, FTO is more suitable than ITO [11]. Thus, FTO is mostly recommended
in DSSC as a substrate because of its low resistance and temperature-stable sheet resistance.

2.3.1.1 Mesoporous Semiconductor

The photoanode (working electrode) consists of a mesoporous semiconductor structure having a
high surface area enabling more dye adsorption and significantly increase the light absorption [12].
A wide bandgap and its conduction band are located slightly below the LUMO level of the dye for
efficient electron injection. Many studies were conducted in this field testing electrode materials
such as titanium dioxide (TiO2), Zinc oxide (ZnO) [13], Tin oxide (SnO2) [14], Strontium titanate
(SrTiOs3) [15], and Tungsten trioxide (WOs3) [16]. The non-toxicity and low cost made TiO2 the
common semiconductor used in DSSC. Thus, TiO2 was used in this thesis to make our cells.

2.3.1.2 Titanium dioxide (TiOy)

TiO2 is a semiconductor material that has a good chemical stability under visible irradiation in
solution. TiOzis widely used because of its flexible manufacturing process; it is cheap, non-toxic,
and is used in the production of pigments, paints, cosmetics, and food products. Furthermore, it is
of great industrial interest due to its potential applications as sensors, photocatalysts, and optical
coatings due to the high refractive index and good optical transmission. TiO2 exists in three
crystalline forms, the anatase, rutile, and brookite. The anatase is more favorable than rutile for
DSSC manufacture because of the high-band gap of 3.2 eV with more surface area and more

chemically stable compared to rutile with a bandgap of 3 eV [17, 18].

The studies around the semiconductor were often focused on structure changes on the
semiconductor or using insulating layers or by surface treatments. Structure changes, to control
the semiconductor configuration, by fabricating different morphologies of the semiconductors
such as, nanorods [19], nanowires [20], nanosheets [21], nanotubes [22], and nanoparticles [23].
Another approach is by depositing an insulating layer like ZnO or Al203 on the semiconductor
[24], working as an energy barrier slowing down the charge recombination. TiCls treatment of the
TiO2 substrate is known to improve the short circuit current in DSSC by increasing the surface
roughness and forming about 1 nm shell of ultrapure TiO2 [25], in addition, increasing the dye
adsorption and the electron lifetime. A recent study conducted by our group investigating the effect

of TiCls treatment on DSSC performance. The results revealed that upon TiCls treatments, an

10
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upward shift of TiO2 conduction band, measured using Inverse photoemission spectroscopy (IPES)
and UV-photoelectron spectroscopy (UPS). Furthermore, an increase in the dye coverage observed

by using neutral impact collision ion scattering spectroscopy (NICISS) [26].

To increase the surface area, acid treatments of TiO2 substrate, by HNOs [27], and HCI [28]
increased the dye adsorption and enhanced the DSSC performance. However, some studies
reported that some type of acid treatment decreases cell efficiency such as HNOs, H3POs and
H2SO4 [28]. The discrepancies of these findings investigated by Park et al. [29]. Acid treatment
increases the surface area and porosity of TiO2. In addition, increase Ti®* (oxygen vacancy) in
TiOz2 led to an increase in the amount of dye adsorbed on the TiOz2 substrate by the HNOs treatment,
improving the overall conversion efficiency of DSSC [29].

Introducing defects (Ti*) in the form of oxygen vacancies is another approach to control the

electronic structure of the TiO2 surface (which is the focus of chapter 4).

2.3.1.3 Defects on metal oxide

The modification of TiO2 surface plays a significant role in cell performance. Several studies were
involved in this field to enhance the surface activity, charge transport, and the electronic structure
of TiO2. Introducing defects such as Ti®* (oxygen vacancies) sites play an essential role in
improving the charge transfer and conductivity, enhancing the dispersion and the strong bonding
with metals, in addition, influencing the surface catalytic activity. A study by Krishnan et al. where
they use Ar* sputtering to introduce Ti%* defect on atomic layer deposition (ALD) TiO2 substrate
to deposit and reduce the agglomeration of the gold cluster [30]. Furthermore, introducing defects
on metal oxides enhance the catalytic performance of Li-ion batteries [31]. Another study done by
Guillemot et al. They investigated the ability of defects produced on titanium to interact with
surrounding proteins and cells. Their findings indicated that the treated titanium has a great

influence on the interaction with the surrounding tissues [32].

Many studies attempted to enhance DSSC performance. Some of these studies focused on creating
defects in the counter electrode, where improvement in DSSC performance obtained by doping

urea on WOs creating oxygen vacancies where, WOs used as a counter electrode in DSSC,
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introducing oxygen vacancies into WOs improved its catalytic performance to facilitate electron
transfer from the counter electrode to the electrolyte [16].

Other studies were performed by introducing defect sites on the semiconductor layer in the form
of oxygen vacancies that create active sites for interacting with dye ligands, namely oxygen atoms
of carboxylic acid side chains in the dye. Such reports have used a wide variety of approaches to
create oxygen vacancies or Ti%* defects. Heating under vacuum by Yu et al. where they create
oxygen vacancies during the fabrication of using a flat thin film of TiO2 with the thickness of
300 nm was prepared at 500 °C. Defects were created by post-annealing at various temperatures
400 °C, 450 °C, and 500 °C in an ultra-high vacuum for 10 minutes. The surface morphology was
characterized by atomic force microscopy with a surface roughness of 0.72 nm allowing only
monolayer dye attachment to the surface and avoiding dye aggregation. Their results showed a
linear decrease in DSSC performance as the concentration of Ti®* sites increased. They concluded
that the oxygen vacancy site served as electron recombination centres [33]. However, in another
study, introducing Ti%* defect sites on the TiO2 microsphere enhances the transient photocurrent
density from 1.78 uA cm to 53.78 pA cm2[34].

Ellis-Gibbings et al. did a study, determined the adsorption isotherm for Ru-N719 on two different
TiOz surfaces, flat surface and, mesoporous surface. Their study shows the maximum dye coverage
was (2.2 + 0.3) x 102 mol/cm? on the porous TiO2 substrate, and (1.2 + 0.1) x 101° mol/cm? on
the flat TiO2 for the same calculated area. They explained the difference in coverage by the
existence of defect sites on the porous substrate, which are preferred sites for dye adsorption [35].

Many studies conducted showed that introducing defect effects on changing the surface properties.
Furthermore, different methods used to introduce defects such as ultraviolet (UV) radiation,
plasma [36], high energy particle bombardment, and thermal annealing to high temperatures [37].
In chapter 4 controlled amount of Ti%* created on TiO2 substrate by Ar* bombarding in an Ultra-
high vacuum (UHV) chamber. The addition of defects on the sample and how it will influence the
adsorption configuration of the dye molecule are investigated using a combination of neutral
impact collision ion scattering spectroscopy (NICISS), X-ray photoelectron spectroscopy (XPS),
UPS, and metastable induced electron spectroscopy (MIES).
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2.3.2 Sensitizer

The sensitized dye is one of the essential components in DSSC, converting the absorbed incident
photon to an electron. This electron is then transferred into the conduction band of the
semiconductor. The level of dye adsorption to the semiconductor surface affects the performance
of a DSSC, which usually takes place via special anchoring groups attached to the dye molecule.
The exact nature of the binding involves a mixture of coordination modes. Chemisorption is
preferred over physisorption. The physisorption is a weak bond where the adsorbent is attached to
the surface by van der Waals forces, while the chemisorption is stronger [38]. The carboxylate and
phosphonate group in the dye is attached by chemisorption to the oxide substrate through chemical
bonding to the atoms in the oxide surface by covalent or ionic bonds sharing and exchange of
electrons. The carboxylic acid (-COOH) considered as the standard anchoring group in the dye.
Achieving good performance in DSSC efficiency, the sensitizer must have several properties [39].
First, the absorption spectrum of the sensitizer should cover as much as possible the whole visible
region (400 nm - 700 nm) and even part of the near-infrared region of light to maximize the light
absorption. Second, the sensitizer should be strongly adsorbed on the semiconductor surface,
enabling high electron injection and more stabilized cells over long periods. Third, the sensitizer
should have suitable energy levels to ensure electron injection and dye regeneration where the
LUMO or the excited state should be higher in energy than the conduction band of the
semiconductor to minimize the losses during electron transfer reactions and for efficient electron
transfer between the dye and the semiconductor. In order to regenerate the oxidized dye, the
oxidized level of the dye should be more positive than the redox potential in the electrolyte. In
addition, the sensitizer must be photostable for long-term use to stand about 20 years of exposure
to natural light before it degraded [40]. Moreover, the dye aggregation on the TiOz2 surface is an
undesirable phenomenon affecting the electron injection, where the addition of the co-adsorbents

can avoid this aggregation. (Further details will be discussed in the co-adsorbent section)

Different photosensitizers, including metal complexes such as ruthenium (Ru) complex
chlorophyll derivatives, porphyrins, phthalocyanines, platinum complexes, fluorescent dyes, and
polymeric films have all been designed and tested for their sensitization properties. The highest
efficiency was recorded of 13 % using the porphyrin dye in 2014 [41], a year later a new record

efficiency of 14.3 % was achieved by a cell using an organic dye with an electron donor-n—bridge—
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electron acceptor (D—n—A) structure [42]. Ru-dyes applied mostly in the fabrication of DSSC, and
this is due to their photophysical and electrochemical properties that include the broad absorption
spectrum, suitable charge separation at the metal to side chains where the excited state LUMO
level at the bipyridyl (Ru-bpy), and the ground state HOMO level at the thiocyanide (SCN-Ru)
side chain, absorption group in the visible region, in addition, the long lifetime in the excited state
and the stability. The reduction of the oxidized dye through the thiocyanate ligand, where these
ligands play an essential role in reduction the oxidized dye, pointing in the direction of the
electrolyte [43].

The most widely used Ru sensitizers are N3, the black dye N769, N719 and Z907, the common
dyes N719 and Z907 used in this thesis.

COO~TBA*

COO~TBA*

Figure 2-3: The molecular structure of N719 and Z907 dyes [44].

2321 N719

Figure 2-3 shows the structure of the Ru-based dye N719, made of two bipyridyl groups with
carboxylic acid groups and tetra-butyl-ammonium (TBA™) group attached on each of them and
two thiocyanate ligands all coordinated to Ru ion in the central. Containing the two TBA™ groups
made the N719 more successful dye improving the performance of DSSC, where the carbocyclic
acid group bind strongly with the TiOz, thus allowing fast electron injection to the conduction band
of TiO2 [45]. Furthermore, the position of the dye LUMO is higher in energy than the position of
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the conduction band of TiO2, allowing efficient electron injection. In addition, the energy of the
HOMO level of N719 is more positive than the redox potential of the electrolyte for efficient dye
regeneration. With the above properties of N719 make it a practical candidate for DSSC, it has

shown reproducibly efficiencies exceeding 10 %.

23.2.2  Z907

Figure 2-3 shows the structure of the Ru-based dye Z907 containing long alkyl chain attached to
each of the bipyridyl groups. Increasing the hydrophobicity of the dye and the stability of the cell
if the water is used in the electrolyte or access into the cell over time [46]. This structure led to the
extraordinary stability of the cell passing a 1000 h at 80 °C, with a reasonable conversion efficiency
of 7.3 % [47].

2.3.2.3 Co-adsorbent

In the process of fabricating DSSCs, the coated substrate with semiconductor immersed in the dye
solution in order the dye molecules to be adsorbed on the mesoporous structure of the
semiconductor. In this step, the dye molecules may form multilayers or pack very tightly due to
the hydrogen bonding. Therefore dye molecules will agglomerate causes n-stacking aggregation
of the dye, which in turn hinders the electronic propagation Dye aggregation is an unwanted
process for long-term stability device, where the aggregation causes a change of the dye adsorption
mode. Furthermore, the amount of adsorbed dye and their molecular spatial structure on the
substrate have a great influence on the cell performance, where the energy level of the high dye
loading can be shifted resulting in different electronic properties of the excited and ground state of
the dye [48-50]. In addition, the dark current in DSSC resulted from electrons injected into the
conduction band of TiO2 tend to recombine with the oxidized dye or the oxidized redox couple
from the electrolyte causes a decrease in the cell performance. Therefore, to alleviate these
drawbacks, the employment of small molecules such as co-adsorbents used to be adsorbed
simultaneously with the dye to decrease and prevent the dye aggregation without interacting with
other species in the electrolyte [51, 52]. Co-adsorbent containing either carboxylic or phosphonic
groups on one end and long hydrophobic alkyl groups on the other end. The co-adsorbent attached
on the TiOz2 surface by its carboxylic or phosphonic groups. While the alkyl group act as a buffer

between TiO2 and the electrolyte, preventing charge recombination [48, 53]. Adding co-adsorbent
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simultaneously with the dye solution affords to prevent dye aggregation by occupying the
uncovered sites on the TiO2 surface and preventing the close approach of the dye molecules; also
they are known to compete with the dye on TiO2 surface and suppress the charge recombination
by acting as physical layer [54, 55], and improving the cell efficiency by reducing the charge
recombination [54, 56]. Understanding the influence of co-adsorbents on the binding configuration
of dye molecules on the TiOz substrate is the aim of chapters 5 and 6.

To improve the cell performance, several types of co-adsorbents have been studied and adsorbed
onto the TiO2 as well as the dye. For example, Zakeerudin and co-workers reported in 2003 for
the first time stabilized of the open circuit voltage and improvement in the cell efficiency, when
the co-adsorbent decylphosphonic acid (DPA) used with the ruthenium-based dye Z907, achieving
overall efficiency of 7.3 %, due to the long aliphatic chain in DPA preventing water from the
interface [55]. In 2004, Wang and co-workers used the co-adsorbent 3-phe-nylprpoionic acid
(PPA) in DSSC based on ionic liquid electrolyte, they observe 15 % decrease of the dye loading
with an increase in the short-circuit current cussed by the co-grafting of PPA with the dye Z907
on TiO2 surface. Where the co-grafting of PPA with Z907 increase the mobility of electron
transport thus improving the efficiency [57]. Furthermore, Liu and co-workers fabricate DSSC
using Z907 as sensitizer and employing [Co(bpy)3]**? as redox couple and compare the cell
performance using two different phosphonic co-adsorbents DPA and octadecylphosphonic acid
(OPA). The overall efficiency of 8.7 % achieved by using OPA as co-adsorbent. The improvement
in efficiency attributed to a decrease in the electron recombination, where OPA was shown to
reduce the n-stacking aggregation of the dye, which in turn hinders the electronic propagation [58].
Another study by Hou et al. found that using co-adsorbents based on acetyl acetone and its
derivatives in DSSCs had the best photovoltaic performance. Their UV-Vis absorption results
showed that the amount of dye loading was decreased after adsorbing co-absorbents. Further
analysis of the dye loading using X-ray photoelectron spectroscopy to investigate the presence and
the concentration of the dye revealed the atomic concentration of Ru is slightly lower on TiO2 with
adsorption of co-absorbents. They also investigated the effect of the co-adsorbent on the
photovoltaic performance of the cell showing increases in efficiency from 7.73 % to 8.07 % with
and without co-adsorbents [59]. Another study by Lee et al. studied the addition of deoxycholic
acid (DCA) co-adsorbents on the performance Of DSSCs based on organic dyes. They found that
DCA improves the photocurrent and photovoltage of DSSC [60]. Several kinds of phosphate-based
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co-adsorbents were investigated by Shen et al. Their XPS data revealed a higher peak of
phosphonate when increasing the proton number in the co-adsorbents, which is consistent with
their abilities to bind with oxide, in turn reducing the dye loading on the TiO2 surface. The
photocurrent-voltage (I-V) characteristics of the cells revealed that co-adsorbents with fewer
protons are more favourable and co-adsorbents with no protons improve the photovoltaic
performance of the cell [61].

The employment of the co-adsorbent in the dye solution forms more complex molecular layers
affecting in the interphase of dye /TiOz, the steadiness of this interface has a crucial effect on the
cell performance and is important for the long-term stability of DSSC. In chapters 5 and 6, DPA
and CDCA Figure 2-4, were used as co-adsorbents to investigate their mechanisms in reducing the

dye aggregation.

CDCA

Figure 2-4: Molecular structure of DPA and CDCA[48]

2.3.3 Electrolyte

The Electrolyte is one of the most crucial components in DSSC. It works equivalent to hole

conductor as an electron transferee and in regenerating the sensitized dye from the oxidized state.
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It must meet some requirements to be used in DSSC. A good chemical and long-term thermal
stability to prevent dye degradation. Good contact with the photo-electrode and counter electrode
to ensure fast diffusion of charge carriers with low viscosity to minimize the transport problems
and a suitable solvent for the additives without causing dissolution of the adsorbed dye [62].
Electrolytes are divided based on their state, liquid electrolytes, quasi-solid electrolytes and solid
electrolytes. Liquid electrolytes have the advantage of its low in viscosity, the ease in preparation
and high conductivity. However, using liquid electrolytes causes some problems such as
electrolytes leakage, volatilization of the solvent and corrosion of the counter electrode. The quasi-
solid state is a state where the substance is between solid and liquid state, and the main problem
with this state still having solvent which is unstable for long-time storage. These issues have been
solved by developing different materials to replace the liquid and quasi-solid electrolytes with
solid-state electrolytes. In the solid electrolytes are based on molecular or polymeric hole
conductors where the liquid is replaced by solid-state hole transporting material. The major
difference between the liquid-based DSS and solid-based DSS is that the charge transfer in liquid
DSS occurs through ionic diffusion of the redox couple while in solid DSS charge transfer through
hole-transporting. So far, the standard redox system I~ /I5used in the Grétzel cell is the most
commonly used in DSSCs. Showing effective and fast oxidized dye regenerating [62-64]. In this
field, different strategies used either by improving or designing different electrolytes alternatives
to the standard redox system I~ /15 . Notably SCN7/SCNz [41], Br2/Br", ferrocene/ferrocenium and
Co (11)/Co (1) [65]

2.3.3.1 Additives

The stability of the electrolyte is a big concern for long-term stability DSSC. Liquid electrolyte is
one of the main causes of low long-term stability, so in order to improve the DSSC, a suitable
electrolyte composition is needed. Additives have been introduced to liquid electrolyte, where they
play an essential role in improving the photovoltaic parameters of DSSC. These additives are
interacting with the TiO2/electrolyte, affecting on the band edge movement of the TiO2 surface
[66]. There are two main types of additives used in the electrolyte. One is alkyl or guanidium
cations, and they induce a positive shift to the conduction band of the TiO2 away from the vacuum
increasing the electron injection and enhancing the short circuit photocurrent (Jsc) [67, 68].

Another type is the heterocyclic nitrogen compound such as, 4-tert-butylpyridine (4TBP), which
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expected to de-pronate the N719 dye, thus resulting in blue-shifted absorption spectrum. Where
another explanation of the blue-shift was due to the negative shift in the conduction band energy
of the TiOz [69, 70] This increasing of Voc was attributed to either the negative shift to the
conduction band of TiO2 or to the elimination of electron recombination in the TiOz/electrolyte
interface. The negative shift of TiO2 conduction band edge could be assigned to 4TBP due to the
surface adsorption [71]. The degradation of N719 dye was investigated by Hassing and coworkers
using Raman and Fluorescent Emission to investigate the using of polarized resonance Raman
Spectroscopy in DSSC. However, their results show that the Raman spectra of N719 and its 4TBP
substituted products are almost identical, therefore difficult to observe N719 dye degradation by
using the conventional Raman spectroscopy [72]. Nguyen and coworkers investigated the
accelerated lifetime test by using a thermal test for 100 °C. They found that the addition of 4TBP
to the electrolyte without Li* ions enhance the N719 dye lifetime at high temperatures. When the
ATBP was removed from the electrolyte, the degradation rate of N719 was increased, and the
electrolyte composition highly affected the degradation process of the Ru dye N719 [70].

2.3.4 Counter electrode

The reduction of the oxidized electrolyte is the main requirement of the counter electrode, where
this reaction occurs at its interface. ITO and FTO glass coated with platinum are the most
commonly used, offering a more stable electrode with more electron transfer [1, 73]. However, the
high cost of platinum led to different alternative materials that have been investigated, such as,

carbon nanostructure [74], metal sulfides [75], and nitrides. [76]
2.4 Cell stability

The performance of the cells has been monitored during the aging test. Several types of tests were
used to evaluate the stability of DSSCs. The tests can be divided to indoor test, outdoor test and
accelerated test, where the accelerated stability test is the most commonly used to evaluate the
outdoor durability in controlled condition with different stress factors (temperature, humidity, light

intensity and UV) within a short period of time.

Furthermore, there are several factors that effects on the cell stability, factors that may be external

such as UV-light, temperature, light intensity, humidity, water and oxygen penetration into the
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cell, and the major extrinsic issue is DSSCs sealing. An internal factor triggered by the chemical
degradation of the cell’s materials, namely the dye desorption from the TiO2 substrate or dye
degradation, corrosions of the counter electrode and the dye/electrolyte reaction. In addition, the
choice of cell’s components, cell’s manufacturing and the synthesis methods all can play a role in

influencing the stability of the cell.

2.4.1 Stability tests

In terms of the stability tests, several studies were conducted to study the stability of DSSCs.
Grétzel and co-workers performed an accelerated test, reported a minor degradation of Ru-based
DSSCs sensitized with the dyes K-19 [77] and Z907 [78] were tested endure 1000 h of aging at
1.5 AM illumination of visible light at 60 °C, and at 80 °C in the dark. In an outdoor condition, a
stability test was studied on a large area module of DSSCs were designed by Dai et al. [79]. DSSCs
sensitized with the dye N719, had a significant decrease in the cell performance was reported
Sommeling et al. When they studied a cyclic test of thermal stress in dark 85 °C alternated by full
sun illumination [80]. More stability tests can be found in literature [81-84].

From the previous stability studies, it appeared that exposing the cells to the temperature is one of
the most affecting factors on cell performance. Despite the decrease in cell performance in silicon
solar cell at a temperature in the range of 50 °C — 60 °C, DSSCs performance rises with that
temperature [85-87]. An outdoor comparison study between a polycrystalline Si solar and DSSC
sensitized with the dye N719 was conducted by Asgher et al. in Abu Dhabi. They found that the
output power of DSSCs increased parabolically, while a linear decrease in the output power of
Si- based cells as the temperature increased high up to 60 °C in the summer months. Furthermore,
combined to the temperature the irradiance was also changing during their measurement, an
exceptional performance was obtained from DSSCs than from Si cells when compared with the I-
V curves obtained from each of them. A 20-30 % increase in the energy was yield in DSSCs

performance [87].

Another factor that causes DSSC degradation is the presence of water in the cell. Source of water
in DSSCs can be from the electrolyte solvent contains residual water, or the poor sealing of the
cell will allow water infiltration. The intrusion of water in DSSCs led to desorption the dye from

TiO2 surface and degraded the electrolyte by forming of the iodate (103°) instead of the triiodide

20



Chapter Two

[88, 89]. Using the hydrophobic dye Z907 efficiency [90] and carbazole dye and MK2 can solve
this issue. However, degradation of the counter electrode by the iodine redox electrolyte was
observed at 80 °C [89].

The stability of DSSCs using Ru-based dyes has been studied by different research groups using
different techniques such as incident-photon-to-current conversion efficiency (IPCE) technique
[91], electrochemical impedance spectroscopy (EIS) [92], Fourier transform infrared (FTIR)
spectroscopy [93], and scanning electron microscopy (SEM) [94].

Agrell et al. study the degradation mechanisms of DSSCs using UV-VIS and IR spectroscopy
techniques. Their results revealed a decrease in the UV-VIS absorption band of the thiocyanate
ion ligand at around 2100 cm™ with a reduction in the CN intensity in the IR spectra. They
concluded that thiocyanate ligand in the dye is the most sensitive part of the dye [95]. Lohrasbi et
al. conducted a degradation study under ambient condition combining EIS and FTIR spectroscopy,
they reported that the degradation of the DSSC performance is due to the detachment of the dye
from the TiO2 surface. They observed an increase in the band between 3000-3600 cm™, which is
related to the water permeation into the cell and adsorbed on the TiO2 surface. The decrease
observed the detachment of the dye at the band 2100 cm™ assigned to the SCN combined with a
decrease in the bands at 2974 c¢m™, 2929 c¢m™ and 2872 cm™ assigned to TBA* [93].

DSSCs are a chemical complex system that consists of different components, and each component
plays an essential role in cell performance. As Hagfeldt pointed that “The TiO2 film, on its own,
does not conduct electrical current, the dye, on its own, cannot be exposed to sunlight and the
electrolyte is corrosive” [84]. However, combining all together with the right ratio, we will obtain

a stabilized and active solar cell.

In chapter 7. A study of understanding the cause’s in DSSC instability and how the electrochemical
changes happening as the cell ages, a1000 h stability test was conducted, mainly to investigate the
TiO2/dye/electrolyte interface. In this study, DSSCs were disassembled for analysis after each
period. To the best of our knowledge, disassembling DSSC during intervals time of the aging test
has never been studied yet, and we anticipate that this study with ion and electron spectroscopy

techniques can spotlight on the degradation mechanisms in DSSC.
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2.5 Research aims

Although the literature covers a wide variety of research on DSSCs, this dissertation will focus on
three major themes by investigating the influence of several factors using surface sensitive
techniques. In chapter 4, producing defects on TiO2 surface by using two different methods
(Sputtering, Heating). By sputtering with different doses of Argon bombardment and heat
treatments on the TiO2 samples, we will gain more information whether the presence of defect
sites will be more favourable to dye adsorption or not, and how the number of defects created

influences the dye organization and adsorption on TiO2 surface

In chapter 5 and 6, using different types of co-adsorbents, phosphonate co-adsorbent (in chapter
5) and chenodeoxycholic acid (in chapter 6) to investigate how does the type and concentrations
of co-adsorbents affect the layer structure of the dye. Using surface sensitive techniques, and by
using ion spectroscopy technique to observe the formation of the sensitized dye on the TiO2
surface. With the knowledge of the co-adsorbents adsorption at different concentrations, we will
be able to design a DSSC of better performance. In this chapter, the N719 and Z907 ruthenium-
based dyes were used for fabricating DSSCs.

The interface is defined as the region where various materials are in contact with each other. In
DSSCs the TiO2/dye/electrolyte interface where the charge transport and most of the degradation
issues occurred at that interface. Therefore, the TiO2/dye/electrolyte interface is the region of the

highest interest in DSSCs and was studied.

There are some degradation studies in DSSC. However, electron and ion spectroscopic techniques
needed for further investigation. In chapter 7, investigates a 1000-hour stability test of DSSC.
Three different conditions selected to deeply explore the degradation mechanisms of DSSC
performance with and without the use of the co-adsorbent. Light exposed condition, heat condition,
and dark condition. The changes of the dye and electrolyte components on the interface of TiO2 as
cell ages was investigated using electron and ion spectroscopic techniques leading for better
understanding of the process in the molecular level. Our research will provide a broader view with
a better understanding of the mechanism happening within the interface in DSSC and investigating

the degradation mechanism at the TiOz/dye/electrolyte interface as the cell ages can provide a
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better way in selecting and controlling the cell components, where the charge transport occurs at
that interface.
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3 Experimental techniques

3.1 Photoelectron Spectroscopy

The photoelectron spectroscopy (PES) is a surface analysis technique that provides a
comprehensive elemental and electronic analysis of a sample’s surface; by using either X-rays or
ultraviolet (UV) light as an excitation source for electron emission. It works via the photoelectric
effect, which was observed first by Heinrich Hertz in 1887, and Albert Einstein explained it in
1905. The photoelectric effect can be described as the emission of an electron (photoelectron) from
the sample upon absorbance of incident photons with energy (hv) higher than the binding energy

(Esinding) Of that electron [1].

The difference between these energies presents as the kinetic energy (Ekinetic) of the emitted
photoelectrons and is measured by electron spectroscopy with a hemispherical analyser. Einstein’s
photoelectric equation describes the relationship between photon energy and the kinetic energy of
the emitted photoelectron.

Ekinetic = hv — Dspec — Epinding Equation 3.1

Where &g, is the work function of the spectrometer and is obtained by measuring a highly
conductive metal sample such as Au or Ag where they have well-defined features.

PES is a surface-sensitive technique and the information obtained from different orbitals within
the sample where the photons can penetrate the sample and measure the outermost layer, and into
some depth of the sample surface.

The surface-sensitive of this technigue is due to the electron mean free path (1), where the electrons
can travel before interacting with the surrounding atoms or electrons [2, 3]. Figure 3-1shows the
electron mean free path.

Knowing the electron energy loss, the intensity of electron attenuation can be measured by

da .
I (E, a, d) = IO exp (— m) Equatlon 3.2

I = measured intensity
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lo = initial intensity at the outermost layer
d = depth from which electrons emitted
6 = angle between the detector and surface normal

A (E)= electron mean free path
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Figure 3-1: The Inelastic Electron Mean Free Path for different solides plotted againes the kinetic

energy [4]

Based on the origin of photoelectrons, PES is classified into two categories: photoelectrons from
core orbitals into some depth of the sample and photoelectrons from valance orbitals in the
outermost layer. The photoemission process occurs for discrete energies defined by guantum
mechanics. The core electrons are strongly bound and require high photon energy to overcome the
attractive forces and release electrons (emitted by X-ray photoelectron spectroscopy), while the
valence electrons require lower energy and have delocalized molecular characteristic (emitted by

ultraviolet photoelectron spectroscopy).

3.1.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is used to obtain the chemical information, such as the
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elemental composition and element valence state of a sample surface.

Surface analysis by XPS involves irradiating the sample with X-rays. XPS sends massive amounts
of photons to interact with atoms and transfer their energy to excite electrons by striking them,
usually from Al Ka and Mg Ka, providing photons with energy of 1486.6 eV and 1254.6 eV,
respectively. The electrons get excited to an unoccupied state (energy level) and become
photoelectrons [2, 3, 5]. The intense photons of the X-ray will be able to penetrate ~1 um into the
sample, but only electrons from a depth between 1-10 nm will escape from the sample surface
without losing their energy due to collisions through the sample [6]. The core electrons emitted at
different binding energies then enter into the hemispherical analyser through a detector to measure
their kinetic energy. From equation 3.1, we can calculate the binding energy of the emitted
electrons, which is correspondent to the element from which the electrons emitted from and the

core orbitals of where electrons ejected [7].

In this study, X-rays from Mg Ka source with a photon energy of 1253.6 eV used to obtain the
information depth of 3~5 nm of the sample with medium magnification lens mode used to analyse

an area of 7 mm in diameter.

When the photoelectron emitted from the sample, it will result in a hole in the core of the atom,
leaving the atom in an excited state. There are two processes for the relaxation of the atom. Firstly,
via the electronic transition from higher energy level filling that hole and release of excess energy
by the emission of X-ray photon. Secondly, by Auger electrons, in this process, the relaxation
occurs when the excess energy leftover from transition is then passed to another higher-level

electron and liberated [8, 9].

To enable the transmission of photoelectrons to the analyser and to minimise the re-contamination
rate of a freshly cleaned sample, the sample must be placed in an Ultra-high vacuum (UHV)
chamber for analysing. This is an essential step because using the UHV chamber can remove the
adsorbed gases from the sample, eliminate adsorption of contaminants keeping the sample clean
for a sufficiently long time, prevent arcing and high voltage breakdown, and increases the mean

free path for electrons, ions, and photons.

The peak position, the full-width half maximum (FWHM), and the peak intensity are the primary

information obtained from an XPS spectrum. Changes in the peak position of an individual element
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indicate a change in its chemical states, such as oxidation or reduction.

Binding energy can be observed as the energy difference between the initial and final state after
the photoelectron leaves the atom. Because each element has a unique set of binding energies, XPS
can also be used to identify and determine the concentration of elements in the surface by observing

the recorded electron intensity correlated to certain element [5].

XPS instruments consist of an X-ray source, a hemispherical analyser, and an electron detector.
Operated in a UHV apparatus built by SPECS (SPECS, Berlin, Germany), at a base pressure of a
few 1071° mbar with SPECS PHOIBOS-HSA3500 analyzer and spectra recorded at pass energy of
10 eV. The X-ray source used is MgKa radiation and operated at 200 W, 12 kV and with excitation
energy of 1253.6 eV. A survey scan was recorded with a pass energy of 40 eV while high-
resolution scans were recorded at pass energy of 10 eV. The high-resolution spectra were fitted by
Shirley background to eliminate the electron scattering background, and Gaussian-Lorentzian
functions to fit the peaks [8, 10].

3.1.2 XPS Analysis

The peaks of each element in the sample in the XPS spectrum were fitted using a Shirley
background. Shirley background was used to create a non-linear background to incorporate the

changes in the data.

The cross-section of each element is different, thus for accurate measurements for the intensity of
each element, the sensitivity factor should be considered. The sensitivity factor of each element
was used in this work from Jolm Moulder as illustrated in reference [5].

The intensity of the peak is measured as follows:

peak area of element

Specific intensity = Equation 3.3

Atomic Sensitivity factor of element

By summing all of the element intensities to measure the percentage composition representing

each element in the sample.

. Specific intensit lement .
Percentage composition = pecific Intensity of element _ , 4 Equation 3.4

Total (Specific intensity) elements

The uncertainty of the peak intensity was measured by applying small variations within a probable

fitting of the area under the peak of each element. Then by applying equation 3.6, to measure the
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error between the element ratio.

Iy

r= Equation 3.5

I
Ar:\/(i)z SIZ + (25)2 512 Equation 3.6
N al,
Where, 11 and 12 represent the specific intensity of each element in the sample, and 81 represent the

variation in fitting the area underneath the peak of each element divided by the elements’

sensitivity factor.
3.2 Ultraviolet Photoelectron Spectroscopy (UPS)

In ultraviolet photoelectron spectroscopy (UPS) a helium discharge lamp was used to create UV
radiation with excitation energy of 21.2 eV (He I) to excite the electrons. UPS is a very surface-
sensitive technique, with this energy UPS probes the valence band (VB) and ejects electrons from
the sample surface form depths up to ~ 3 nm and provide information about the density of occupied
valance states and orbitals, and secondary electrons. The distribution of secondary electrons can
be extrapolated to determine work-function (WF) of a sample. where the WF is defined as the
minimum energy required to remove an electron from the sample surface [11]. Figure 3-2 shows
the UP spectrum, where both the valance band and the work function can be measured by plotting
a line of best fit to the regions across the x-axis. The work-function is calculated by taking the
onset cut-off of the secondary electron cascade via kinetic energy scale (converted via excitation

energy minus binding energy) [12].

The ejected electrons will travel in a UHV chamber, and to ensure that all secondary electrons are
emitted an additional bias of —10 eV to the kinetic energy of the emitted electrons is used to
accelerate them into the hemispherical analyser. The following equation can calculate the binding

energy of the electrons in UPS method:
Eginding = 21.2 eV — (Exinetic +10eV) — Dgpec Equation 3.7

The definition of units in the equation is same as Equation 3.1.
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—UPS-dye adsorbed TiO2
—Secondary electron cut-off

—Valance band cut-off

Intensity (arb. units)
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Figure 3-2: UP spectrum with labelled valence band (~3 eV) and secondary electron cut off to
measure the work function (21.2 eV - 17.2 eV =4 eV).

3.3 Metastable Induced Electron Spectroscopy (MIES)

In the previous techniques, the information collected by photons penetrating the sample surface in
order of a few nanometres. The electronic structures at surfaces are relevant studies where changes
occur in the outermost layer involving the charge transfer and chemical bonding changes that are

happening at that interface.

In MIES, metastable helium atoms used to bombard the sample surface where the helium atoms
are excited to a metastable state (He* 2sl1s) with excitation energy of 19.8 eV to obtain the

information from the VB for the outermost layer of the sample.

Two primary mechanisms are employed when He* atoms approach the sample surface, and these

are resonant ionization (R1) followed by Auger neutralization (AN) and Auger de-excitation (AD).

The first mechanism, RI, and AN applies to metal surfaces. Rl happens when the sample surface
has an unoccupied state then electrons of 2s orbital in He* will transmit their energy to the sample

surface leading to excitation and emission of electrons, [13]which can be measured by
Erinetic = E{ —2(® + ¢€) Equation 3.8

Where @ is the work function of the surface, ¢ is the average binding energy of electrons involved

in the Auger process that results in He™ ions while an electron is emitted and E; is the ionisation
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potential of the He. In AN, the He" will be neutralised when an electron from the sample surface
loses its energy to fill the vacant orbital. The second mechanism, AD, takes place in samples

having a low bandgap, which is not applicable in this work.

UPS and MIES are conducted in UHV. A two-stage cathode das discharge from MFS (Clausthal-
Zellerfeld, Germany) is used to generate UV light (21.2 eV) and metastable helium atoms He™ (3Sq,
19.8 eV) simultaneously. A chopper with a frequency of 2 kHz is used to separate the signal

obtained from the UV photons and He".

In UPS and MIES spectrum, the density of states (DOS) appears as peaks related to the occupation
of the energy state of available electrons as a function of binding energy. These peaks can be fitted
with Gaussian curves and compared with the theoretical calculations. The theoretical calculation
of the DOS and assigning to molecular functional groups were done in the collaboration from the

group of Lars Kloo at the KTH in Sweden.
3.3.1 The Singular Value Decomposition

For analysing a series of UPS and MIES spectra, the Singular Value Decomposition (SVD)
algorithm is applied. When a series of spectra are measured for a series of an experiment such as
sputtering the samples with different doses or heating with at various temperature intervals, SVD
procedure is applied to obtain the spectrum that contributes to the series. The details of the
procedure can be found in the literature [14-16]. A summary of the method is given here. The SVD
algorithm is applied in two steps. First, the number of base spectra determined, which is required
to reconstruct the set of measured spectra. These base spectra are the result of a mathematical
procedure and do not necessarily have a physical meaning. As an example, the base can have
negative intensities, which is physically meaningless. Linear combinations resulting from SVD
should have meaningful physical spectra. By following the procedure of Morgner et al. [16], the
matrix formed by the base spectra multiplied by (n x n) matrix, where n is the number of base
spectra. The elements of the (n x n) matrix are designed with two criteria, where all reference
spectra are positive, and the measured spectra must fit with a linear combination of the reference

spectra.
Si=Ym a, ST Equation 3.9

Where S; are the measured spectra, S;, are the reference spectra and a, are the weighting
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coefficients. The sum of all weighting coefficients should add up to unity (3, a, = 1) within an

error bar of 0.1, approximately.
3.4 Neutral Impact Collision lon Scattering Spectroscopy (NICISS)

NICISS is a technique that can obtain concentration and depth profiles of elements on soft matter
surfaces. NICISS apparatus consists of an ion source of an inert gas where helium ions are mostly
used as projectiles, a vacuum chamber, and a detector to measure the time of flight (TOF) of the
backscattered ions, and electrostatic deflection units used to pulse the ion beam. NICISS can
determine the amount of elements present in a sample and the average thickness with a probing
depth of about 20 nm at a resolution of few angstroms (A) [17, 18]. In this technique, the sample
placed in a high vacuum chamber where it bombarded by a pulsed beam of helium ions with kinetic
energy in the range of 1-5 keV (3 keV used in this work measuring an area of 1 mm in diameter)
[19]. The helium projectiles are backscattered from the atoms as neutralised ions and lose energy
in the backscattering process. The backscattered projectiles have the velocity decreased because
of the kinetic energy loss. While such a difference in velocity can be determined by the time of
flight (TOF) detector, which records the time of a projectile backscattered to the detector. The TOF
can be used to determine the velocity of the projectile and thus the energy loss from the target to
the detector can be extracted. Such energy loss is different and correlated to the atom mass the He
ion hits. By knowing the TOF of the backscattered helium, the mass of the target atoms where He
ion collided can be studied. In addition, there are two types of energy loss processes. Initially, the
projectiles lose energy in the backscattering process. This energy loss used to identify the mass of
the atom from which the projectile backscattered. Secondly, the projectiles lose energy on their
trajectory through the bulk by low angle scattering and electronic excitations (stopping power)
[20]. The second type of energy loss here is used to determine the depth from which the projectile
backscattered. Their TOF determines the energy of the backscattered projectile from the target to
the detector. The instrument’s TOF path length is 1.24 m, with a scattering angle of 12°.
Combinations of these two ways of energy loss are used to determine the concentration depth
profile of the elements. NICISS results are in the form of a spectrum consisting of individual peaks
and steps that identify different atoms that represented in the sample and is recorded as intensity
vs. TOF which is shown in Figure 3-3. Helium ions cannot be backscattered from hydrogen,

because hydrogen is lighter than helium, therefore no energy loss of hydrogen [18]. In this work,

38



Chapter Three

the concentration depth profile of Ru was plotted as a function of both the depth and energy loss

as in Figure 3-4.

1 2 3 4 5 6 7 8
Time of Flight (us)

Figure 3-3: Example of NICISS row data spectrum of N719 dye on TiO2 (The signals in TOF
spectra assigned to Ruthenium at 4 s, Titanium at 4.5 s, Oxygen at 6.4 us and Carbon at 7.4

LS.

Energy Loss (eV)
-143 -93 -43 7 57 107 157 207 257 307

| L0023 1

£ 0.00025 -

S —20CDCA
g 0.0002 -

z

= 0.00015 -

s

= 0.0001 -

£

S 0.00005 -

s

UM‘“ 3 1 T T 1 T 1

\%
-10 jl 10 20 30 40 50 60

Figure 3-4: NICISS result shows Ru depth profile in N719 with 20 mM CDCA, the relative

concentration is via two axis-energy loss and depth scale
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The conversion from TOF spectrum to energy spectrum by using the following equation:

dt 1 1
I(E) = I(t)ﬁdo/dn(zs) det(E)

Equation 3.10

Where I(E) is the energy loss spectrum, I(t) is the contribution of element in TOF spectrum,
do/dQ(E) is the differential cross section, det(E) is the detector sensitivity and the factor dt/dE
has to be considered for the non-linear relation between the TOF and the energy. The energy loss

spectrum is converted to concentration depth profile by using the following equation.
I(d) = I(E) 3—§f Equation 3.11

Where z is the depth of the element, and f is a factor converting the backscattered projectiles to

concentration of the target element.
3.4.1 NICISS analysis

To measure the concentration of Ru presents on different NICISS spectra of different samples a
calibration was applied by measuring the spectrum in parallel of dyed titania surface and a polymer
samples Poly (3-hexylthiophene) (P3HT), and the latter one is for normalisation reference. By
measuring both of the samples under the same conditions and measuring the step height of the
sulfur in the polymer, then dividing the molar density by the measured step height of the sulfur, a
conversion factor will be obtained and used to calibrate the dyed sample to measure the Ru
concentration. The error involved in NICISS was determined by measuring the variations of fitting
the backgrounds.

3.5 Photovoltaic Characterization

The cell efficiency can evaluate the performance of DSSC, and it can be defined as the capability
of the cell to convert the input energy (sunlight) to an output of electrical energy. The power
conversion efficacy (1) of the cell is the ratio between the powers generated by the cell (Poutput) to

the power of the incident light on the cell (Pinput) and is expressed as a percentage.

= Couput Equation 3.12

Pinput

Pinput IS @ function of the solar spectrum, and the solar spectrum that reaches the earth is different

at different times of the day and locations. To make solar cells’ testing consistent, the cells are
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tested using a universally accepted reference solar spectrum with air mass coefficient (AM) of
1.5G. where the AM 1.5G is the spectral distribution of the global solar radiation at sea level after

passing the atmosphere 1.5 times with a radiation intensity of 100 mW/cm?[21].

Poutput O the cell can be experimentally measured from the current-voltage (I-V) characterization.
Parameters such as the short-circuit current (Isc), the open-circuit voltage (\Voc), and the fill factor
can be determined from the I-V characteristics. The short-circuit current (Isc) is the maximum
current output of the cell when no voltage is applied, and the open-circuit voltage (Voc) is the
maximum voltage of the cell when there is no current flow through the external circuit. When the
current and voltage are at maximum power point Imax and Vmax, Poutput OF the cell can be calculated

using equation 3.13
Poutput = Imax Vmax Equation 3.13

The Fill Factor is defined as the ratio between the Poutput to the product of VVoc and Isc, and can be

measured using the following equation:

FF = Couput Equation 3.14

IscVoc
And the overall performance of the cell can be evaluated by its efficiency and can be calculated
using the following equation.

= IscVoc™F ¥ 100 Equation 3.15

Pinput
The generated photocurrent is often expressed as current per unit area and thus J-V interchangeably

used for I-V characteristics of device, when (J) current density is expressed.

The cells were tested using Oriel solar simulator fitted with a 1000 W Xe lamp filtered to give an
output of 100 mW/cm? at AM 1.5, and the lamp was calibrated using Si cell. The efficiencies were

measured using Keithley 2400 source meter operated by Labview software.
3.6 Stability test

The acceleration stability test carried out in ATLAS- Suntest CPS+. DSSCs were exposed to
intense light and temperature of ~60 °C continuous for a period of 1000 h and were taken out at

certain times for characterization. The stability tests were categorised into three different
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conditions. 1) light-condition DSSCs placed in (ATLAS- Suntest CPS+) exposing to the light and
heat. 2) heat-condition DSSCs covered and placed in (ATLAS- Suntest CPS+). 3) dark-condition

DSSCs kept in dark as reference cells.
3.7 Gaussian Materials and Sample Preparation
Working-electrodes

DSSCs were fabricated following the standard protocol. Fluorine-doped Tin Oxide (FTO) coated
substrate (Dyesol -TEC15) were cleaned in an ultrasonic bath for 30 mins in deionized water with
detergent, then rinsed with deionized water continued by a second ultrasonic bath for 30 mins with
ethanol and finally dried using dry nitrogen. FTO substrate were pre-treated by immersing into
40 mM aqueous TiCls solution (Sigma-Aldrich) at 70 °C for 30 min, after which they were rinsed
with water and ethanol and further heated at 300 °C for 3 h. TiO2 paste (GreatCell-18NR-AQ) with
anatase with an average particle size 20 nm and scatter particles sized < 450 nm, were screen-
printed on the pre-treated FTO substrates with an active area of 0.36 cm?. The 450 nm sized
nanoparticles provided higher efficiency caused by the light scattering effect based on its diameter.
The screen-printed TiOz2 electrodes were gradually heated at 120 °C for 5 min, 325 °C and 375 °C
each for 10 min and 500 °C for 30 min. The sintered electrode received a second TiCls treatment
as described above, and a second final sintering at 400 °C for 30 min. After cooling to 80 °C, the

electrodes were immersed into the dye solutions for 24 h.

In chapter 5, The TiO2-electrodes were soaked in the dye solutions of (0.3 mM) N719 and
(0.3 mM) Z907 (purchased from Greatcell), respectively for assembling the reference cells for
comparison purpose. Decylphosphonic acid (DPA) (Sigma-Aldrich) with a range of concentration
were added as co-adsorbent to the dye solution. For each sample a fresh solution of dye/DPA was
used in 1:1 volume ratio with the respective variation in the DPA concentration. Seven working
electrodes were prepared for reference samples and co-adsorbed samples with different

concentration.

In chapter 6, The TiO2-electrodes were soaked in the dye solutions of (0.3 mM) N719 and
(0.3 mM) Z907, respectively for assembling the reference cells for comparison purpose.

Chenodeoxycholic acid (CDCA) (Chem-Supply) with a range of concentration (5 mM, 10 mM,
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15 mM and 20 mM) were used as co-adsorbent in the dye solution. For each sample a fresh
solution of dye/CDCA was used by adding equal volumes of dye and CDCA solutions with a 1:1
volume ratio to form solutions with the concentrations described above. Seven working electrodes
were prepared for reference samples and co-adsorbed samples with different CDCA

concentrations.

In chapter 7, The TiO2-electrodes were soaked in the dye solutions of N719/DPA with molar ratio

of 0.2 obtained from the best cell performance in chapter 5.

Counter-electrodes

FTO-coated substrate (Dyesol -TEC7) pre-drilled for electrolyte injection and cleaned as described
above were used. 4.8 mM H2PtCls (Sigma-Aldrich) were drop-casted onto the cleaned FTO then
sintered at 400 °C for 30 min.

Cell assembly

The TiOz2 electrode and the platinized counter electrode were assembled using a 60 um thick
thermoplastic Surlyn frame (Solaronix). Subsequently the electrolyte was introduced under
vacuum through the drilled hole. The electrolyte used had a composition of 0.5 M 4-tert
butylpyridine (4TBP), 0.03 M Iz and 0.6 M BMII (Chem-Supply) dissolved in acetonitrile. The

holes were sealed with a Surlyn sheet and covered subsequently with a glass sheet.
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Chapter Four

4. Influence of TiO2 Surface Defects on the Adsorption of N719

Dye Molecules

4.1 Abstract

Surface defects influence the dye adsorption on titanium dioxide (TiO2) used as substrate in
dye-sensitized solar cells (DSSCs). In this study, we used different Ar* sputtering doses to
create a controllable amount of defects on a TiO2 surface with different pre-heating
temperatures to analyse the influence of defects on the N719 dye adsorption. TiO2 was pre-
treated with two different treatments: i) heating to 200 °C then sputtering with different doses,
and ii) heating at 4 ascending temperatures starting at 200 °C. After pre-treatments, the TiO2
samples were immersed in N719 dye solution for 24 hours at room temperature. Creation of
Ti%" surface defects and their influence on dye adsorption on the TiO2 surface were determined
by X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS) and
metastable induced electron spectroscopy (MIES). Neutral impact collision ion scattering
spectroscopy (NICISS) was used to determine the dye coverage on the TiOz surface.

It was found that Ti%* surface defects were formed by Ar* sputtering but not by pre-treatment
through heating only. MIES analysis of the outer-most layer and density of states calculations
showed the thiocyanate ligand of N719 dye was forced upward away from the TiO2 surface.
Both XPS and NICISS results indicate that the amount of adsorbed N719 dye decreased with
increasing number of Ti** surface defects. Thus, generating surface defects reduces the ability
of the dye to adsorb onto the TiO2 surface. Heating as pre-treatment of the TiOz2 increases dye

adsorption, without causing defects on TiO2 surface.
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4.2 Introduction

Dye sensitized solar cells (DSSCs) have attracted scientific and industrial attention due to their
excellent performance, in particular under diffuse light conditions, low production cost, simple
fabrication, low energy consumption of the fabrication process compared to silicon solar cells
and being environment-friendly [1]. The basic structure of a DSSC has a sandwich
configuration which consists of two conducting glass electrodes sandwiching a thin film made
of a wide band gap semiconductor coated with a thin film of a photosensitiser dye, and a redox
couple electrolyte solution, commonly the iodide-triiodide complex [2]. The best photoelectron
conversion efficiency has been reported for cells based on titanium dioxide (TiO2) [3]. TiO2
has become the preferred material as wide band gap semiconductor in DSSCs because of its
unique properties, such as the conduction band edge being positioned at a lower energy level
than the excited state energy levels of many dyes allowing an efficient electron injection of dye
electrons to the semiconductor. In addition, the usage of TiOz2 is widespread because it allows
for a flexible manufacturing process, and nontoxicity as it is used in the production of pigments,
paints, cosmetics, food products, and it is of low cost [4, 5].

In order to maximize and enhance the dye adsorption on TiO:2 surface, many studies focused
on controlling and modifying the electronic properties of TiO2[6, 7]. In addition, many studies
reported the effects of defects on the TiO2 surface on the DSSC performance [8, 9]. Defects
can act as important active sites for the adsorption of dyes molecules on the TiO2 surface and
can influence the photocatalytic properties of TiO2[10]. Creating surface defects on TiO2 leads
to the formation of unpaired electrons or Ti** forming a donor level in the electron structure of
TiO2[11]. Various methods have been used to create surface defects, such as plasma treatment
[12], UV irradiation [13], heating under vacuum, and high energy particles bombardment
including electron, Ar* and y-ray [14]. It is important to note that heating can influence the
TiO2 surface in two ways: removal of species adsorbed to the TiO2 surface and generation of
defects.

In the present work, we applied two different techniques for generating defects on the TiO2
surface. The first method was heating the TiO2 samples under controlled vacuum conditions.
The second method involved sputtering of the TiO2 surface with Ar ions. The overall aim of
the present work is to analyse the influence of the surface density of defects on the dye

adsorption onto the TiO2 surface.
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4.3 Materials and Methods

4.3.1 Sample preparation

The samples were prepared by spreading a portion of the TiO2 paste on the substrate using the
doctor blade method [15] . Adhesive tape was used to cover about 2 mm in parallel on either
side of the substrate. The thickness of the TiO2 layer can be controlled with the thickness of
the adhesive tape. The TiO2 paste was flattened on the substrate using a razor blade. The TiO2
samples were prepared from DSL 18NR-T paste from Dyesol (GreatCell Solar, Australia)
containing 19.4 % TiO2 with particle size averaging at 20 nm and are mostly of anatase
structure [16]. The TiO2 samples were heated to 450 °C for 30 minutes. Sintering TiO2 samples
removes the organic components from the TiO2 paste and ensures good adhesion between TiO2
particles on the substrate.

TiO2 was pre-treated in UHV for generating defects prior to its immersion into the N719
solution following two different procedures. First, TiO2 samples were heated to 200 °C to
remove surface contaminations then sputtered with different Ar* doses. Second, TiO2 samples
were heated at 4 temperature points: 200 °C, 400 °C, 500 °C and 600 °C. After applying the
pre-treatments of the TiO2 samples were immersed in dye solution for 24 hours at room
temperature. Samples were then rinsed with ethanol to remove excess dye and blow dried with

dry nitrogen.

4.3.2 Methods

Experimental details for neutral impact collision ion scattering spectroscopy (NICISS), X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and
metastable induced electron spectroscopy (MIES) can be found in chapter 3. Singular value
decomposition (SVD) was used to analyse a serious of MIE spectra. The SVD procedure results
in reference spectra which are used to reproduce the MIE spectra as a linear combination
representing the sample surface with specific composition and electronic structure. A summary

is provided in chapter 3 and more details of the procedure can be found in references [17, 18].

In order to identify the contributions of electron emission from specific functional groups to
the reference spectra, the reference spectra were fitted with Gaussian curves where each
Gaussian curve represents a range of electronic states of the functional groups forming the
molecules on the surface. For this purpose, the UP and MIE reference spectra are fitted with a

minimum number of Gaussian curves [19]. Each peak was assigned to a specific functional
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group in the N719 dye. The density functional theory calculations (DFT) of N719 dye
molecules were determined using the program package Gaussian 09 Revision-B.01-SMP. The
DOS were extracted from the calculation files utilising Gauss View. The peak positions and
full width at half maximum (FWHM) were fitting parameters that were kept the same for the
UP and MIE spectra. The purpose of the fitting procedure is to determine to which degree a
specific electron orbital is present in the electron spectra and it’s the same in UP and MIE
spectra. The peak intensities were allowed to be different for the UP and MIE spectra. This
procedure was applied to both pre-heated sputtered and pre-heated only TiOz surfaces after dye

adsorption.

4.4 Results and Discussion

4.4.1 Study of Ru depth profile and dye adsorption

NICISS was applied for determining concentration depth profile of N719 deposited onto TiO2
sample. Figure 4-1A shows the concentration depth profile of undyed and dyed TiOg, the
signals in time of flight (TOF) spectra can be assigned to titanium (4.5 us), oxygen (6.4 us),
and carbon (7.4 us). After TiO2 sample was immersed in N719 dye a very broad and intense
signal appeared at ~ 4 us and is attributed to Ru adsorbed on the sample. NICISS was then
applied to measure the concentration depth profiles of pre-heated, and pre-heated and sputtered
TiO2 substrates immersed in N719 dye. The total amount of adsorbed dye was determined by
integrating the concentration depth profiles generated by NICISS which has been shown to be
a direct and accurate method for determining the amount of adsorbed dye [20]. The results
show that the Ru concentration depth profiles have variations in the width as well as in the
depth of the profiles at which the maximum occurs Figure 4-1B. The coverage of the TiO2
surface with N719 is shown in Figure 4-1C and Figure 4-1D, for the pre-heated, and pre-heated
and sputtered TiOz, respectively. For the pre-heated samples, a clear increase in dye coverage
on TiO2 can be seen, while for the pre-heated-sputtered TiO2 samples the highest coverage is
at low sputtering doses with a monotonic decrease with increasing sputter dose. Figure 4-2A
and B shows the ruthenium (Ru) concentration depth profiles of the pre-heated and pre-heated-

sputtered samples after dye immersion.
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Figure 4-1: A) NICISS spectra of TiO2 before and after immersion in N719 dye. The inset shows

the peak at ~4 related to Ru. B) The concentration depth profile of N719 dye on a pre-heated

600 °C TiO2 surface and a pre-heated 200 °C then sputtered 18-10** ions/cm? TiO2 surface are

shown in. C) Molecular coverage of Dye N719 as a function of temperature and D) as a

function of sputtering doses.
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Figure 4-2: Concentration depth profile of dye N719 on A) pre-heated TiO2 surface and B)
pre-heated-sputtered TiO2 surface.

4.4.2 The Chemical state and component concentrations

XPS was performed on all samples, and high-resolution XP spectra for the pre-treated TiO2
samples were recorded. The peak positions and the relative peak intensities for the pre-treated
samples after dye adsorption are listed in Table 4.1and Table 4.2. All samples were calibrated
with the C-C bond at 285.0 eV.
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Table 4.1: Peak positions (eV) with uncertainty of + 0.2 and the relative peak intensities £ 0.3
for the ascending temperature pre-treated TiO2 samples.

Element/Temperature Untreated 200°C 400 °C 500°C 600°C
intensity% 8.7 5.6 11.3 12.2 12.4

C2 Position 286.1 285.9 286.1 286.2 286.2
intensity % 7.4 9.7 4.6 4.6 5.8

C3 Position 288.8 289.1 288.6 288.9 288.9
intensity % 2.2 14 2.8 2.2 1.9

o1 Position 530.3 530.4 530.1 530.2 530.2
intensity % 42.0 48.4 48.2 43.4 48.2

02 Position 530.9 531.1 530.9 530.9 531.1
intensity % 13.3 7.4 6.3 110 6.0

03 Position 532.1 532.2 531.8 532.0 532.1
intensity % 4.9 4.8 4.2 3.8 3.5

Ti (Ti*") Position 459.2 459.2 458.9 459.0 459.0
intensity % 19.2 19.5 18.4 18.7 18.6

Ru Position 281.3 281.3 281.1 281.0 281.1
intensity % 0.16 0.26 0.3 0.30 0.29

Npyd Position 400.4 400.4 400.2 400.2 400.2
intensity % 1.6 1.6 2.3 1.9 1.9

Nncs Position 398.6 398.4 398.0 397.9 398.1
intensity % 0.5 0.8 0.9 0.9 0.8

Ntea Position 0.0 401.6 0.0 402.3 402.3
intensity % 0.0 0.0 0.0 0.2 0.2

S Position 0.0 161.7 162.1 162.2 162.0
intensity % 0.0 0.4 0.7 0.8 0.4
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Table 4.2: Peak positions (eV) with uncertainty of + 0.2 and the relative peak intensities £ 0.4
for the Ar+ sputtered at different doses pre-treated TiO2 samples.

Element/Dose [ions/cm?] 9-10% 12-10% 15-10% 18-10%
C1 Position 285.0 285.0 285.0 285.0 285.0
intensity % 9.2 8.2 7.7 6.7 53

C2 Position 286.1 286.1 286.2 286.3 286.2
intensity % 6.1 6.6 3.6 3.1 5.1

C3 Position 289.0 289.0 289.0 289.1 289.4
intensity % 1.3 13 1.4 0.9 0.9

01 Position 530.3 530.3 530.3 530.3 530.6
intensity % 52.5 47.2 51.0 52.9 54.2

02 Position 531.3 531.2 531.2 530.9 531.5
intensity % 5.7 9.7 9.7 7.3 7.9

03 Position 532.0 532.4 532.3 531.7 532.4
intensity % 2.7 4.1 3.6 5.9 4.0

Ti (Ti*") Position 459.1 459.1 459.1 459.0 459.3
intensity % 19.6 19.8 20.7 21.5 21.0

Ti (Ti**) Position 4575 457.4 457.4 457 6 457.7
g | intensity % 16 22 23 27 3.2

Ru Position 281.1 281.1 281.1 281.2 281.5
intensity % 0.2 0.22 0.18 0.1 0.12

Npyd Position 400.3 400.3 400.3 400.3 400.7
intensity % 1.4 1.6 1.2 0.9 1.0

Nncs Position 398.1 398.1 398.1 398.0 398.2
intensity % 0.6 0.7 0.5 0.3 0.3
Ntea Position 402.3 402.2 401.9 0.0 -0.2
intensity % 0.3 0.2 0.1 0.0 0.0

S1 Position 162.0 162.0 162.1 162.1 162.4
intensity % 0.3 0.3 0.3 0.1 0.1

S2 Position 162.8 162.6 163.0 162.7 163.0
intensity % 0.2 0.2 0.1 0.2 0.1
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Heating the samples did not affect the Ti oxidation state, indicating that the heat treatment

under vacuum conditions does not affect measurably induced Ti®* defects. In contrast, the

heated and then sputtered samples have an additional Ti component at 457.5 + 0.1 eV,

attributed to Ti®* defect states [21]. A high-resolution scan of the Ti 2p spectra is shown in

Figure 4-3A. As the sputtering doses increased, the intensity of Ti®* defect states increased as

shown in Figure 4-3B.
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Figure 4-3: A) High-resolution scan of Ti 2p spectrum showing Ti** and the defect Ti®* at a

sputtering dose of (18-10*ions/cm?). B) Defect concentrations are represented by the ratio of

Ti%* to Ti peak as a function of sputtering doses (Red data represent 200 °C heated sample
without sputtering). C) High-resolution scan of C1s and Ru 3d. C-C at 285 eV, C-O at 286.7 eV
and COO at 289.3 eV and 281.7 eV correspond to Ru 3ds/2 (sample 200 °C Heating).
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Following the immersion of the TiO2 substrates into the dye solution, XP spectra were acquired.
Peaks arising from the dye layer corresponding to ruthenium (Ru 3d) at 281.7[22] + 0.2 eV as
shown in Figure 4-3C, nitrogen (N 1s) at 402.6 + 0.2 eV, 400.5 £ 0.2 eV and 398.4 +£ 0.2 eV
as can be seen in Figure 4-4A and B, and sulphur (S 2p) at 162.1 +£ 0.2 eV [22] as in Figure 4-
4C and D, are indicative of successful dye adsorption. The high resolution Cl1s and Ru 3d
spectrum was fitted with 5 peaks. The Ru 3ds/2 located at 281.2 + 0.2 eV and Ru 3ds2 at 285.3
+ 0.2 eV with the latter overlapping with the carbon C1s contribution in the spectrum. Fitting
the C1s spectra resulted in three peaks, the main C peak located at 285.0 eV is attributed to C-
C bonds, the peak at 286.7 £ 0.2 eV corresponds to C-O, and peak at 289.3 + 0.2 eV corresponds
to COObonds [23].
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Figure 4-4: High-resolution scan of N1s spectra heated-sputtered (6-1014) TiO2. The increase
of NTBA related to pre-sputtered TiO2 with low doses, B) High-resolution scan of N1s spectra
pre-heated TiO2 at 400 °C. C) High-resolution S2p spectra of Heated (600 °C) TiO2 and D)
High-resolution S2p spectra of Heated-sputtered (6-10'* ions/cm?) TiO:z fitted with two spin S

contributions.
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Changes in the amount of dye adsorption configuration induced by the

treatments

Ruthenium

The influence of the two treatments on the amount of dye adsorbed on the TiO2 surface was
measured by comparing the intensity ratio between Ru/Ti for all samples. For the pre-heated
TiO2 samples, the Ru/Ti ratio is increasing with an increase in temperature, which means that
the dye adsorption is increasing when the heating temperature is increased, as shown in Figure
4-5A. During heating, surface contaminations like moisture and hydrocarbons are removed,
which allows for more dye molecules’ adsorption to the TiO2 surface. The heated-sputtered
TiO2 samples show a decreasing Ru/Ti ratio with increasing sputtering doses, as shown in
Figure 4-5B. This decrease is occurring even though sputtering decreases surface
contaminations more than the heating treatment only. However, sputtering also induces defects
due to the preferential removal of oxygen and the formation of Ti** defects. Introducing oxygen
vacancies on a TiO2 surface will reduce the Ti*" oxidation state and affect the electrostatic
interactions of the -COO" groups of the N719 dye with the TiO2. The interactions between the

Ti* oxidation state and the -COO" are stronger than those with the Ti%* oxidation state [24].
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Figure 4-5: A) Ratio Intensities of Ru to Ti as a function of heating temperature, B) as a
function of sputtering doses. (Red data represent 200 °C heated sample without sputtering)

Nitrogen
There are six nitrogen atoms surrounding the Ru atom in the N719 dye. In order to characterize
the dye coverage on the TiO2 sample, a high-resolution scan of the N1s peaks was measured

and is shown in Figure 4-4A. The peak located at 400.5 + 0.2 eV represents N from the pyridine
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ligands in the dye (Npyd). The second peak located at 398.4 + 0.2 eV was assigned to N in the
thiocyanate groups (Nncs). An increase in the peak located at 402.6 + 0.2 eV appeared only
with samples pre-heated at (500 °C and 600 °C) and with samples pre-heated-sputtered with
doses (6-10%* ions/cm?, 9-10™ ions/cm? and 12-10%* ions/cm?) and was assigned to nitrogen
atoms in Ntsa as its illustrate in Figure 4-4B. This small intensity peak could indicate that a
small amount of TBA ions are present, or they are located deeper in the molecular surface

layers. In addition, it may also be under the detection limit of XPS.
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Figure 4-6: A) Ratio of XPS intensities between Npya/ Nncs, as a function of heating
temperature. B) As a function of pre-heating- sputtering doses. (Red data represent 200 °C

heated sample without sputtering)

The Npyd: Nncs (2:1) ratio for the pre-heated samples is close to the ratio of the groups in the
dye molecules apart from the non-heated sample (25 °C) which had a larger ratio as can be
seen in Figure 4-6A. This indicates a stable orientation of the dye molecules when they adsorb
on a pre-heated TiOz2 surface. In contrast, for the pre-heated-sputtered TiO2 samples the same
ratio increased with increasing sputter doses as in Figure 4-6B. This suggests that increasing
the number of defects on the TiOz surface results in a rearrangement of the dye molecules with

the Nincs orienting more toward the TiO2 surface with increasing number of defects.
Sulphur

The effect of the pre-treatments methods on S can be seen in Figure 4-4C and Figure 4-4D.
The S 2p spectra of the pre-heated TiO2 samples were fitted with a single S contribution which
is related to the NCS ligands. For the pre-heated—sputtered TiO2 samples fitted with two S
doublet contributions had to be used for fitting the S peak in XP spectra. The larger S 2p doublet
has a similar binding energy to the one in pre-heated samples (S-A) and is found at 162.2 + 0.2

eV. The second doublet is shifted by approximately 0.75 eV toward higher binding and is found
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at 162.9 + 0.2 eV. This contribution is assigned to S in the NCS group of the dye interacting
with the TiOz surface (S-B) [25]. Figure 4-7 shows the ratio intensity of S-A/Ru and S-B/Ru
with different sputtering doses. The intensity ratio of S-A/Ru decreases, while the intensity
ratio S-B/Ru increases with increasing Ti* defect states, where the more TiO: defects created

allows for more oxidation species to be adsorbed like S.
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Figure 4-7Ratio intensity of S-A/Ru and S-B/Ru with different sputtering doses.

From the previous results, the recording of the second S-B peak and the increase in the S-B/Ru
ratio together with the increase in the Npyd: Nncs ratio indicate that NCS group is forced toward
the TiO2 surface. This suggests reduced dye adsorption and altered orientation of the dye at the
TiO2 surface more in the presence of Ti®" oxidation state. It has been shown previously that
thiocyanate ligands might interact with TiO2 surface, and it is plausible that this is occurring in
our samples as well [26]. XPS also shows that the bonds were formed between NCS groups

and the TiOz surface in the pre-heated sputtered TiO2.

A similar conclusion to NICISS can be drawn from XPS analysis, where for the pre-heated
samples, an increase in the dye adsorption occurs, and the adsorption decreases with an increase
in the sputtering doses in the pre-heated-sputtered TiO2 surface. Therefore, the change in
nitrogen and sulphur intensities measured by XPS is showing how the dye reorients and has

different types of bonding based on the different pre-treated TiOz2 surfaces.

We can conclude that the dye interacts with TiO2 substrate through NCS group and this

interaction increases as the surface defects Ti®* increased.
4.4.3 Analysis of electronic properties with UP spectra

UPS measurements were recorded for untreated and treated TiO2 surfaces. Figure 4-8 shows
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the UP spectra of pre-heated and pre-heated-sputtered TiO2 samples. Both sets of spectra show

similar features with a double peak structure corresponding to O 2p with binding energy at

5.3eV and 7.8 eV, assigned to oxygen planes [27]. Heating the samples did not create any
surface defects as no peak related to Ti** could be found. The Ti** occurs around 1.1 eV. For
the heated-sputtered TiO2 samples, an additional peak appeared around 1.1 eV which can be
attributed to Ti®* in Figure 4-8B [24, 27, 28]. The intensity of this peak increases with
increasing sputter doses which also corresponds to the appearance of the Ti* peak in the XP

spectra. After dye adsorption a new peak at 2.1 eV appeared in all UP spectra which are related

to the dye adsorption on TiO2 surface as shown in Figure 4-9.
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Figure 4-8: UP spectra A) pre-heated TiO2 surface as a function of heating temperatures (B)

pre-heated- sputtered TiO2 surface as a function of doses. The inset shows UP spectra of the

emission of Ti%* on sputtered TiO2 surface with different doses.
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Figure 4-9: UP spectra after dye adsorption for (A) pre-heated (B) pre-heated- sputtered TiO2

surface and. The inset shows UP spectra showing the emission in the valance band region after

dye adsorption

The work function for both treatments was measured and provided in Figure 4-10. In both
treatments, there is a similar change in work function, where after the treatments, the work
function stable at 4.5 + 0.1 eV, and after dye adsorption, the work function decreased to

~4.1+0.1eV.
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Figure 4-10: The work function (£0.1 eV) of A) pre-heated and B) pre-heated-sputtered TiO2

before and after dye adsorption.

4.4.4 Analysis of MIE spectra

Valence spectra of MIES have been measured for both treatments after dye adsorption Figure
4-11. As the temperature increases, the features become more prominent at ~2.4 eV and
~3.8 eV, as shown in Figure 4-11A, while in the pre-heated sputtered samples, the spectra had
the smoothest spectrum at highest sputtering doses at ~2.4 eV and ~3.8 eV Figure 4-11B. Those

peaks are an indication of dye adsorption on TiO2. The SVD was further used to analyze the
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MIE spectra for both treatments.
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Figure 4-11: MIE spectra after dye adsorption for (A) pre-heated (B) pre-heated- sputtered
TiO2 surface and. The inset shows MIE spectra showing the emission in the valance band
region after dye adsorption.

4.4.5 Singular Value Decomposition

SVD was applied to evaluate the components quantitatively in the MIE spectra for both
treatments after dye adsorption. In MIE spectra, the SVD analysis of both sets of treatments
can be described with two reference spectra; each is shown in Figure 4-12A and Figure 4-12C.
Reference spectra 1 in pre-heated and pre-heated sputtered dyed samples are similar to the MIE

spectra of untreated-dyed TiO2 samples, thus they represent the dye adsorbed on the sample.

In addition, Reference spectra 2 in both pre-heated and pre-heated-sputtered dyed samples are
similar to the MIE spectra of the pre-heated pristine TiO2 sample. Thus, they can be identified
as representing the TiOz2 substrate.

SVD reveals the surface coverage of the dye via weighting factors for each base spectrum as
shown in Figure 4-12B and Figure 4-12D.
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Figure 4-12: (A), (C) The decomposed MIES reference spectra using SVD and the comparison

with the dyed and undyed TiO2. (B) and (D) are the weighting factors of the individual

reference spectra for fitting MIES spectra of pre-heated and pre-heated-sputtered dyed on TiO2

surface. Where alfa represents the dye and beta represents pristine TiO2 surface.

The related weighting factors for the SVD of MIE spectra reveal the composition ratio of the

functional groups in the outermost surface layer. In pre-heated TiO2 samples the dye coverage

was increasing, and a complete dye surface coverage was found at pre-treatment with heating
at 500 °C, then there was a slight decrease to 90 % at 600 °C. While in the pre-heated-sputtered

TiO2 samples the weighting factors for the SVD reveal that the maximum coverage of the dye

was at doses 6-10% to 12-10'4. The weighting factors of both treatments revealed that the dye

adsorption increases with increasing temperature, while the adsorption decreases with

increasing sputtering doses. It is also important to note that the MIE reference spectra are the

same for both cases. This means that the structure of the outermost part of the dye layer on the

TiOz2 surface is the same for both surface treatments.

4.4.6 Gaussian Fitting

To analyze the dye orientation, both SVD reference spectra were fitted with minimum numbers

of Gaussian curves to fit into a spectrum following the procedure described in [19]. The fitted
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peaks were assigned to the functional groups in the N719 dye by comparing the peak position
with the theoretically calculated DOS. The peak positions and FWHM were kept constant

between UPS and MIES, and only the intensity was used as a fitting parameter.

The reference spectra were fitted with Gaussian curves. The peaks’ binding energy was
compared with theoretically calculated DOS to relate each peak to its respective functional
group in dye N719 Figure 4-13. The DOS calculations are shown as vertical lines. The
dominant peaks are located at 2 eV and ~ 3.7 eV correspond to Ru with NCS groups, and peaks
between 6 eV to ~9 eV correspond to pyridine ring and carboxyl groups in N719. We can
conclude from the Gaussian fitting and the weighting factors for each treatment that all the dye
N719 functional groups were observed on the outermost layer. The HOMO level is found in
the NCS ligands of Ru based dyes where the reduction of the oxidized dye through these ligands
is favored in solar cells and hence, it is preferred for the NCS group to be projected away from

the TiOz2 surface towards the electrolyte [29].
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Figure 4-13: Gaussian peak fitting for MIES reference spectra-2 in A) pre-heated, B) pre-
heated-sputtered TiO2 samples. The calculated DOS using DFT calculations are shown as

vertical lines.

The dye adsorption increased in the pre-heated TiO2 samples, while the adsorption decreased
as the defects increased in pre-heated-sputtered TiO2. The main indication is through
determining the amount of adsorbed dye via the Ru intensity in XPS and NICISS. The findings
are also supported by the XPS results of N, C, O, and S. The second S peak observed at higher
binding energy in the pre-heated-sputtered TiO2 samples indicating that S atoms in NCS groups
interact strongly with TiOz surface. Furthermore, the intensity ratio of Npyd/Nncs drops when
heated but stays constant for all heating temperatures. This means that the orientation of the

dye molecules on the heated titania surface does not change once water and adventitious
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hydrocarbons have been removed through mild heating at 200 °C. For the sputtered surfaces
Npyd/Nncs ratio increased with increasing sputter doses, indicating a preferential orientation of
the dye molecules where NCS ligand are oriented toward TiO2 surface and Npyd away from the

surface with increasing sputter dose.

All the dye ligands were observed in MIES. The MIE spectra are the same for both titania
treatments. The spectra indicate that the composition of the outermost part of the dye layer is
the same and that any preferred orientation of the dyes is just occurring within the dye layer

and does not influence the outermost part of the dye layer.

The obtained results show that the dye N719 adsorbed on TiO2 in different configuration

depending on pre-treatment method

4.5 Conclusions

Both NICISS and XPS indicate that pre-heating treatment of TiO2 surface resulted in increased
dye adsorption with little alteration of the TiO2 surface. However, dye adsorption on the heated
and sputtered TiO2 surface decreases with increasing sputter dose and has a strong inverse
correlation with the concentration of Ti%* surface defects created by Ar* sputtering. The noted
change in NCS orientation suggests that introducing Ti®* surface defects on TiO2 samples
results in an altered orientation of the NCS ligands toward the TiO2 surface thus, reducing the
dye adsorption. The MIE spectra are the same for both titania treatments. This shows that the
composition of the outermost part of the dye layer is the same and that any preferred orientation
of the dyes is occurring only within the dye layer and does not influence the outermost part of

the dye layer.

In summary, heating of TiOz surface results in the removal of hydrocarbons leading to better
dye adsorption on TiO2 surface. Whereas, heating and Ar* sputtering results in creation of
surface defects that lead to reduced dye adsorption on TiO2 surface. Therefore, our data
suggests that heating pre-treatment of TiOz surfaces prior to dye adsorption might result in a

more efficient DSSC production.
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Chapter Five

5 lon Scattering and Electron Spectroscopic Investigation on
DPA/dye/TiO: interface of Dye Sensitized Solar Cells

5.1 Abstract

The influence of the phosphonic co-adsorbent decylphosphonic acid (DPA) on the adsorption
of Ru based dyes onto TiO2 surface in dye-sensitized solar cells was investigated using a
combination of ion scattering and electron spectroscopic techniques. Neutral impact collision
ion scattering spectroscopy (NICSS) was employed to quantify the adsorption of the dyes. X-
ray photoelectron spectroscopy (XPS) was applied to determine the chemical composition of
the sample. The valence electron structure was measured with ultraviolet photoelectron
spectroscopy (UPS). Increasing the concentration of DPA in the dye solution used to sensitize

the TiO2 surface decreases the dye loading while maintaining cell performance.
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5.2 Introduction

Dye-sensitizes solar cell (DSSC) is a promising low-cost technology that can directly convert
solar energy to electrical energy using a simple manufacturing process and abundant materials.
DSSC comprises of dye-sensitized molecules which are absorbed on a mesoporous
semiconductor for which usually TiOz2 is used. When the dye is photoexcited, electrons will be
injected into the conduction band of TiO2 [1]. The oxidized dye will be regenerated by a redox
mediator (such as iodide/triiodide (I7/13), SeCN)3s/SeCN~, Brz/Brand Co(lll)/Co(ll)) in the
electrolyte[2, 3]. Many efforts have been applied to improve the efficiencies of DSSCs.
Currently, the maximum efficiency reported is 14 % [4]. There are several drawbacks that are
limiting the improvement of DSSCs. Charge recombination, where electrons injected into the
conduction band of TiO2 recombine with cations formed by the dye and the electrolyte, are
affecting the cell performance by decreasing the open-circuit voltage (Voc) [5]. The dye/dye
intermolecular interaction on the TiO2 surface is one of the most important factors and can
affect charge separation in DSSCs in two different ways [6]. High loading of the TiO2 surface
with dye increases the absorption of light, leading to an increase in the short-circuit current
(Jsc). On the other side, the formation of dye multilayers causes the dye to aggregates on the
TiO2 surface, increasing the distance between the top dye molecules and the TiO2 surface,
leading to impeding the charge carriers transfer and also decrease the generation of dye
molecules close to the TiO2 surface which cannot be reached by the electrolyte.[7, 8].
Therefore, there have been many attempts to decrease and prevent the formation of aggregates
and multilayers. The use of additives and co-adsorbents is one of the attempts to decrease and
prevent dye aggregation and thus avoiding the formation of dye multilayers. Co-adsorbents are
small molecules containing either carboxylic or phosphonic groups on one end of the molecule
and long hydrophobic alkyl groups on the other end. Adding co-adsorbent simultaneously with
the dye solution can lead to preventing dye aggregation by occupying the uncovered sites on
the TiO2 surface[9]. In addition, the use of co-adsorbents in the dye solution can influence to
some extent the anchoring configuration of dye molecules on TiO2 substrate [10, 11] and
improve the cell performance [12, 13]. Thus, adding co-adsorbents to the dye solutions when

forming the dye/TiO2 interface can be expected to improve the performance of DSSCs.

However, the formation of the dye/TiO: interface in the presence of co-adsorbents is not fully

understood and requires further analysis.

68



Chapter Five

In the present work, decylphosphonic acid (DPA) was used in different concentration as co-
adsorbent with two of the most commonly used dyes, N719 and Z907. Neutral impact collision
ion scattering spectroscopy (NICISS) in conjunction with X-ray photoelectron spectroscopy
(XPS) was employed to determine the structure of the dye layer by measuring concentration
depth profiles of the elements of the co-adsorbent/dye formed on the TiO2 surface. UV-
photoelectron spectroscopy (UPS) was used to determine the valence electron structure of the
co-adsorbent/dye layer. The results obtained from NICISS, XPS and UPS, were used to

elucidate the performance of the respective DSSCs.

5.3 Experimental
5.3.1 Sample preparation

Details of DSSCs fabrication can be found in chapter 3. The working electrodes with various
DPA concentrations as co-adsorbents were manufactured for both the N719 and the Z907 dyes
and assembled into fully operating DSSCs. All cells were made identical with the same
components and had the same compositions, apart from the difference in the dye used (N719
or Z907) and DPA concentrations. Any changes in the cell performance attributed to the
concentration of DPA. Working electrodes of N719-based dye and Z907-based dye were
fabricated for comparison purposes. (Six cells were fabricated to test the reproducibility and

the average of best three cells used in this work).

5.3.2 Methods
5.3.2.1 J-V characteristics

All I-V measurements were conducted using an Oriel solar simulator system fitted with a 150
W Xenon lamp (Newport) filtered to give irradiation of 100 mW/cm?, an equivalent of 1 sun
at air mass (AM 1.5G). A Si reference cell was used to calibrate the light intensity prior to the
I-V measurement. A Keithley 2400 source meter operated by LabVIEW software was used to
obtain the open-circuit voltage (\Voc), short-circuit current density (Jsc), the fill factor (FF) and
the over conversion efficiency (n) of the cells. Six cells were fabricated to test the
reproducibility, and the average of the best three cells is used to report the cell performance in

the present paper.
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5.3.2.2 NICISS, XPS and UPS

Experimental details for neutral impact collision ion scattering spectroscopy (NICISS) [14], X-
ray photoelectron spectroscopy (XPS), and ultraviolet photoelectron spectroscopy (UPS) can
be found in chapter 3. Singular value decomposition (SVD) was used to analyze a serious of
UP spectra. The SVD procedure results in reference spectra, which are used to reproduce the
UP spectra as a linear combination representing the sample surface with a specific composition
and electronic structure. A summary is provided in chapter 3, and more details of the procedure
can be found in references [15, 16]

5.4 Results and Discussion

Table 5.1 and 5.2 (see also Figure 5-1 and Figure 5-2) summarize the photovoltaic performance
of the DSSCs using N719 and Z907 as the photosensitizers. The reference N719 cell without
DPA shows an overall conversion efficiency (n) of 4.8 %, with Jsc of 10.8 mA/cm?, Voc of
0.75 V, and FF of 0.59. The respective reference Z907 cell shows an overall conversion
efficiency (n) of 4.7 %, with Jsc of 9.4 mA/cm?, Voc of 0.73 V, and FF of 0.67.

Upon adding the phosphonic acid-based co-adsorbents DPA, the N719 based cells reach a
maximummn of 5.9 % in N719: DPA of 4:1 ratio. Then it increases to 5.9 %, which is an increase
of 23 % compared to the N719 reference cell (see Table 5.1). The n drops to 4.6 % on further
increasing the DPA concentration to N719: DPA 1:1 ratio. The increase in efficiency is
achieved through both an increase of the Voc (0.80 V at the 4:1 N719: DPA ratio) and Jsc,
(11.2 mA/cm? at the 4:1 N719: DPA ratio).

Adding DPA to the Z907 cells shows a little variation of the cell performance (see Table 5.2).
The maximum 1 of 4.9 % is achieved at a Z907: DPA ratio of 10:1. However, both the Voc

and Jsc change only to a minor degree.
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Figure 5-1: J-V characteristics for DSSCs fabricated with different concentration of DPA
using two different dyes: N719 (A) and 2907 (B).

Table 5.1: The influence of various concentrations of DPA using the dye N719 on the cell
performance. The N719: DPA ratio is shown in the first column and the respective DPA molar

ratio in the second column.

N719:DPA DPA Jsc (mA/cm?) Voc (V)
conc. ratio molar ratio
1:0 0 10.8:0.3 0.75+0.0 0.59+0.04 4.8+0.3
40:1 0.02 11.1+05 0.78+0.01 0.64+0.01 5.5+03
20:1 0.05 11.1+02 0.78+0.01 0.65+0.02 5.740.2
10:1 0.09 11.2+0.2 0.78+0.01 0.58+0.03 5.0+0.2
4:1 0.2 11.1+01 0.80+0.01 0.67+0.01 5.9+0.2
2:1 0.3 10.9+03 0.79+0.01 0.62+0.04 5.4+0.1
1:1 0.5 9.1:01 0.78+0.01 0.65+0.02 4.6+0.1
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Table 5.2: The influence of various concentrations of DPA using the dye N719 on the cell

performance. The Z907: DPA ratio is shown in the first column and the respective DPA molar

ratio in the second column.

Z907:DPA DPA Jsc (mA/cm?) Voc (V)
conc. ratio molar ratio
1:0 0 9.4+0.3 0.73+0.01 0.67+0.03 4.740.3
40:1 0.02 9.8+0.1 0.73+0.01 0.69+0.02 4,9+0.2
20:1 0.05 10.0+0.2 0.73+0.01 0.66+0.03 4.8+0.2
10:1 0.09 10.4+0.1 0.73z0.01 0.65z0.03 4.910.2
4:1 0.2 10.2+0.2 0.75+0.01 0.63+0.03 4.9+40.2
1:1 0.5 9.1+05 0.760.01 0.68+0.02 4,740.3
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Figure 5-2: Efficiency, Jsc, Voc and FF for DSSCs based on different concentration of DPA
using two different dyes:N719(A) and Z907(B). (The dashed line is used for guiding eyes).

The change of the cell performance upon adding DPA raises the question of how the structure

of the dye layer is changing upon addition of DPA. It has been reported for various dye systems

that the improvement in DSSCs efficiencies when adding co-adsorbents is caused by the

formation of a more compact monolayer decreasing the dye aggregation [17, 18].
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5.5 The influence of different concentrations of DPA on dye coverage and
depth

The Ru concentration depth profiles for all samples measured with NICISS are shown in Figure
5-3. They have a maximum at a depth between a depth of 10 - 20 A in samples sensitized with
N719 and between 20 - 30 A in samples sensitized with Z907. A measure for the coverage is
shown in Figure 5-4. It should be noted that the concentration depth profiles have not been
deconvoluted as it has been done in earlier work [19]. The reason is that we are here only

interested in the relative changes of the dye coverage and the concentration depth profiles.

The Ru profiles of the N719 samples show a change in coverage represented by the integral of
the profiles but only a minor change in shape when increasing the DPA content. The profiles
become somewhat broader when adding DPA and also decrease in intensity. The shape of the
Ru concentration depth profile in case of N719 can be interpreted as a mix of monolayers and
multilayers as has been reported earlier in [19]. Upon changing the DPA concentration, the
ratio between mono- and multilayers is not changing significantly. The Ru profiles of the Z907
samples show a significant change in shape with a decrease in concentration at the position of
the maximum but minor changes at larger depth. The concentration depth profile of Z907
samples can be interpreted as a loss of the Ru coverage more within the monolayers than the

multilayers.

The molecular coverage of Ru as a function of various concentrations of co-adsorbents is
shown in Figure 5-4. P cannot be identified in the NICIS spectra because the Ti contribution
dominates the P signal, and thus the P signal cannot be separated from the NICIS spectra.
Maximum coverage of Z907-based sample is 11x10** mol/cm? and is higher than it found in
N719-based sample 5.2 x10* mol/cm?. It can be seen that the surface coverage is changing
considerably with the DPA concentration. The highest coverage for the N719/DPA samples is
reached with 6.6x10! mol/cm? at DPA molar ratio of 0.02. The coverage is rather constant up
to a DPA molar ratio of 0.09. The lowest coverage is reached at the highest DPA molar ratio
of 0.5. At this DPA concentration, the coverage is only about 11 % of the highest coverage.
The Ru intensity for this DPA concentration is quite low, and it is difficult to assess the shape
of the Ru profile of this sample. For the Z907/DPA samples, the highest coverage is found for
the Z907 sample only and then decreases to about 65 % of the maximum coverage and then
stays approximately constant up to the highest DPA concentration. A similar observation was

obtained by Chandiran et al. when they studied the effect of different functional of co-
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adsorbents with Ru-based dye C106. Their revealed decrease in the dye loading of 57 % when

DPA was co-grafted with the dye C106. Furthermore, their ATR-FTIR spectroscopy results

showed the occurrence of the C-O vibration mode at 1047 cm™ when DPA was used as co-

adsorbent, and this vibration originating from the P-O-C group of the phosphonic acid function

increasing with increased DPA concentration was increased [20].
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Figure 5-3: NICISS Concentration depth profile of Ru with varying concentrations of DPA

using N719 (A) and Z907 (B) as sensitizer.
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Figure 5-5: short-circuit current, efficiency, open-circuit voltage and fill factor with the
coverage of the dye N719 (left) and Z907 (right).

Figure 5-5 shows the relation of the cell performance to the coverage with dye molecules. For
N719, Jsc and n decrease slightly with decreasing coverage and Voc, and FF stays almost
constant. For Z907, there is no clear trend for either of the cell parameters. We will discuss

these findings further below.

5.6 Changes in the chemical state

In XPS peaks from the elements C, O, Ru, N, S, Ti and P were found. The C 1s, O 1s, Ru 3d,
N1s, and S 2p were used to analyse the adsorbed dye. The Ti 2p peak and also O 1s are related
to the TiOz substrate. The P 2p peak was used to analyse the presence of the co-adsorbent DPA.
The amount of dye adsorbed to the TiO2 surface was quantified by determining the intensity
ratio of Ru 3d to the Ti 2p peak. Fitted high-resolution spectra are shown in Figure 5-6, and the

peak positions with the relative peak intensities are listed in Table 5.3 and Table 5.4
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Table 5.3: Peak positions (eV) with uncertainty of + 0.2 and the relative peak intensities + 0.3

for N719 based samples.

Pea DPA mola 0 0.0 0.0 0.09 0 0 0
Ratlo

C1 | Position 285.0 & 285.0 285.0 285.0 285.0 | 2850 | 285.0
Intensity % 17.4 19.6 18.2 22.8 21.8 22.8 24.5

C2 | Position 286.1 = 286.1 286.0 286.1 286.2 | 286.2 | 286.1
Intensity % 8.8 8.2 15.2 12.5 8.3 6.7 6.6

C3 | Position 288.6 = 288.7 288.8 288.7 288.8 | 288.7 | 287.9
Intensity % 2.4 25 3.3 1.9 2.1 1.6 15

O1 | Position 530.0 = 530.1 530.2 530.0 530.2 | 530.1 | 530.2
Intensity % 40.3 38.1 35.0 34.8 36.6 38.9 385

02 | Position 5314 @ 5314 531.5 531.3 5315 | 5314 | 5314
Intensity % 7.6 7.9 7.0 6.7 8.7 8.4 8.8

O3 | Position 532.8 | 532.6 532.7 532.3 532.7 | 532.6 | 5325
Intensity % 2.0 2.7 2.7 2.6 3.3 2.0 2.7

Ti Position 458.8 | 4589 | 459.0 458.8 459.0 | 458.9 | 459.0
Intensity % 14.4 13.7 12.7 12.7 13.3 14.1 14.0

Ru | Position 281.0 @ 2811 281.2 281.0 281.2 | 2812 | 281.2
Intensity % 0.4 0.4 0.4 0.3 0.3 0.3 0.1

N1 | Position 397.9 = 398.0 398.2 398.0 397.6 | 3979 | 398.0
Intensity % 1.1 0.8 0.8 0.8 0.6 0.5 0.2

N2 | Position 400.1 | 400.1 | 400.3 400.1 400.2 | 400.2 | 400.1
Intensity % 3.0 2.9 2.5 2.5 2.3 2.1 0.9

N3 | Position 402.0 | 402.2 | 402.3 402.3 402.3 | 4022 | 4024
Intensity % 0.5 0.4 0.3 0.3 0.2 0.2 0.1

P Position 1329 = 133.0 133.1 132.9 133.0 | 1331 | 1331
Intensity % 0.0 0.2 0.3 0.3 0.6 0.8 15

S1 | Position 162.2 = 162.3 162.4 162.2 162.4 | 162.3 | 162.0
Intensity % 0.6 0.7 0.6 0.7 0.2 0.3 0.1

S2 | Position 168.3 | 168.6 168.5 168.5 168.8 | 168.6 | 169.2
Intensity % 0.1 0.2 0.1 0.1 0.5 0.3 0.1

F Position 683.9 @ 684.1 684.3 684.1 684.3  684.1 @ 684.1
Intensity % 1.0 1.3 0.9 0.8 1.0 0.8 0.5

Sn | Position 484.4 | 4842 | 4845 484.4 4849 | 484.0 | 4845
Intensity % 0.2 0.2 0.2 0.2 0.2 0.2 0.1
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Table 5.4: Peak positions (eV) with uncertainty of + 0.2 and the relative peak intensities + 0.3

for 2907 based samples.
DPA molar
Ratio
C1 Position 285.0 285.0 285.0 285.0 285.0 285.0
Intensity % 32.2 35.2 31.9 34.7 32.4 31.8
C2 Position 286.1 286.5 286.1 286.1 285.9 285.9
Intensity % 9.5 1.7 10.4 7.6 9.0 10.6
C3 Position 288.3 288.2 288.4 288.4 287.1 287.2
Intensity % 14 25 1.0 1.2 11 0.8
o1 Position 530.0 530.0 530.1 530.0 530.1 530.1
Intensity % 31.0 27.5 30.2 29.5 31.6 30.2
02 Position 531.2 531.5 531.4 531.4 531.4 531.4
Intensity % 5.0 55 6.4 6.8 7.4 7.3
03 Position 532.1 533.3 532.5 532.6 532.6 532.5
Intensity % 1.9 4.4 2.3 2.2 2.7 3.0
Ti Position 458.8 458.8 458.8 458.8 458.9 458.9
Intensity % 11.4 9.8 10.8 10.7 115 11.0
Ru Position 281.1 281.0 281.1 281.1 281.2 281.2
Intensity % 0.5 0.3 0.4 0.4 0.4 0.2
N1 Position 398.1 397.7 398.1 397.9 397.8 397.8
Intensity % 1.0 1.0 0.8 0.7 0.4 0.4
N2 Position 400.1 400.1 400.2 400.2 400.3 400.3
Intensity % 3.4 2.9 2.7 2.8 15 15
P Position 132.9 132.9 132.9 132.9 133.0 133.0
Intensity % 0.0 0.3 0.4 0.7 0.5 15
S1 Position 162.2 162.2 162.3 162.3 162.5 162.4
Intensity % 0.9 0.8 0.8 0.5 0.2 0.2
S2 Position 168.6 168.3 168.9 168.5 168.7 168.8
Intensity % 0.2 0.4 0.2 0.2 0.1 0.3
F Position 684.1 684.2 684.1 684.8 684.5 684.6
Intensity % 0.8 0.8 0.9 1.2 0.6 0.6
Sn Position 484.2 484.4 484.4 484.3 483.6 484.2
Intensity % 0.9 1.0 0.9 0.6 0.6 0.6

The high-resolution C1s and Ru 3d spectrum were fitted with five peaks. Fitting the C1s spectra
resulted in three peaks, the main C peak is located at 285.0 eV is attributed to C-C bonds, the
peak at 286.7 + 0.2 eV corresponds to C-O/C-N and peak at 289.3 + 0.2 eV to C(=O)OH bonds.
The Ru 3ds2 located at 281.2 + 0.2 eV and Ru 3ds2 at 285.3 + 0.2 eV, with the latter

overlapping with the carbon C1s contribution in the spectrum [21, 22].

P 2p peak was fitted with one spin-orbit doublet at binding energy 133.0 £ 0.2 eV [10, 23]. The
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P was observed in all co-adsorbed samples with DPA with similar binging energy indicating

that the adsorption of DPA on the TiO2 surface is the same in all samples.

A relative measure for the dye and DPA coverage on the TiO2 surface was derived by
determining the Ru/Ti and P/Ti intensity ratio and is shown in Figure 5-7. It can be seen that,
with increasing DPA concentration the dye coverage decreases approximately linear and the

DPA coverage linearly increases. The first result is in line with the NICISS findings.

The decrease of the Ru/Ti intensity ratio and increase of the P/Ti intensity ratio is reflecting

the competition between DPA and the dyes for adsorption sites on TiO2 surface.
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Figure 5-7: intensity ratio of Ru/Ti and P/Ti with different concentration of DPA using N719
(A) and Z907 (B) as sensitizer. (The dashed line is used for guiding eyes).

The high-resolution O1s XPS of oxygen show three peaks, a major peak at 530.1 + 0.2 eV
originating from the substrate, and 531.4 + 0.2 eV, 532.6 £ 0.2 eV originating from oxygen in

the dye molecules the carbonyl, and carboxylic groups, respectively [24].

The high-resolution scan of the N719 samples of the N region show three peaks located at
397.9+ 0.2 eV, 400.2 + 0.2 eV, and 402.2+ 0.2 eV and are assigned to thiocyanate ligands
(NNCS), bipyridine ligands (Npyd) and Ntsa respectively [25]. For the Z907 samples, the N1s
region is composed of two peaks located at 397.9 + 0.2 eV and 400.2 + 0.2 eV assigned to
NNCS and Npyd ligands, respectively[10].
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Figure 5-8: Intensity ratio of Ntotal/Ru versus the molar ratio of DPA in the solution using
N719 (A) and Z907 (B) as sensitizer. (The dashed line is used for guiding the eye).
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Figure 5-9: The intensity ratio between Npyd and NNCS with different concentration of DPA
using N719 (A) and 2907 (B) as sensitizer. (The dashed line is used for guiding eyes).

The total intensity of N 1s of the N719 samples is constant with increasing DPA concentration
apart from the highest DPA concentration as can be seen in Figure 5-8A but decreased for the
Z907 samples, as shown in Figure 5-8B. The ratio Npyd/Nncs in both N719 and Z907 based on
their chemical structure is 2:1. Figure 5-9 shows the experimental Npyda/Nncs ratio measured at
various concentrations of DPA. It can be seen that the ratio is larger than 2:1, which can be
attributed to the preferential orientation of the dye molecules. A ratio larger than 2 has to be
interpreted such that the Npya moiety is pointing to the outermost layer (i.e., away from the TiO2
surface) and that the Nncs group is positioned closer to the TiO2 surface in both dyes N719 and
Z907. The Npyd/Nncs ratio increases for N719 with increasing DPA concentration and seems

to indicate an orientation effect becoming stronger with increasing DPA and decreasing N719
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loading. The change of the Nrow/Ru ratio could potentially be interpreted as change in
orientation of the dye molecules in the dye layer. However, the change is too subtle for being

interpreted. Similar but stronger changes are observed for S and will be described below.
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Figure 5-10: Intensity ratio of the total S and S components with Ru versus the molar ratio of
DPA in the solution using N719 (A) and Z907 (B) as sensitizer. (The dashed line is used for
guiding eyes).

Two S 2p peaks are observed with a binding energy of 162.4+ 0.2 eV (S1) assigned to S atoms
in the NCS group interacts with TiO2 surface [26], and at a binding energy of 168.3+ 0.2 eV
(S2) attributed to highly oxidized sulfur (such as S®* to S8*) [27] and not involved in formation
a bond to the substrate. The binding energies of the S1 component are the same for all samples.
However, in S2, a shift to the higher binding energy of 0.5 eV, 0.9 eV for N719 samples with
DPA molar ratio of 0.2 and 0.5, respectively. This shift in the binding energy indicates some

changes in the oxidation state of sulfur.

The intensity ratio of Swtal/Ru, S1/Ru, and S2/Ru for both dyes are plotted versus the molar
ratio of DPA in Figure 5-10. For the N719 samples, the total S/Ru ratio is increasing with
increasing DPA concentration. The effect is strongest for the highest DPA concentrations. The
intensity ratio of S1/Ru tends to remain constant, which is in agreement with the unchanged
shape of the Ru depth profile as measured with NICISS when changing the DPA concentration.
For the Z907 samples, the total S/Ru ratio is decreasing with increasing DPA concentration as
well as the intensity ratio of S1/Ru. This observation is also in agreement with NICISS results
showing the loss in Ru coverage in regions with thinner layers. The S2/Ru peak (oxidized
sulfur) of the N719 samples is profoundly affected by the addition of DPA, where it’s increased
as DPA increased. The S2/Ru ratio is not suitable for conclusions about the dye orientation

because the S2 is not involved in the formation of a bond to the substrate.
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5.7 Analysis of UP spectra
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Figure 5-11: UP spectra comparison with different concentration of DPA using N719 (A)
and 2907 (B) as sensitizer. (Inset shows the magnified region of the HOMO level).

UPS was used to measure the work-function and evaluate the position of the highest occupied
molecular orbital (HOMO) level of the samples. Figure 5-11 shows the UP spectra, and the
inset shows the HOMO level. In case on N719, a clear structure can be seen at binding energy
of ~2 eV for the plain N719 sample. This feature gradually decreases with increasing DPA
concentration and cannot be identified for the highest DPA concentration. This is in accordance
with the finding from XPS and NICISS that the amount of N719 strongly decreases with
increasing DPA concentration. In the plain Z907, a structure can be identified at ~1.5 eV, the
HOMO level is hard to discern when DPA is added. It can be seen that the intensity of the peak
with the lowest binding energy at 1.5 eV decreases in the Z907 samples stronger than the
respective structure in the spectra of the N719 samples, even though the decrease in Z907

coverage is less strong than in the case of N719 samples. It is not clear why this is the case.
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Table 5.5: Work Function + 0.1 eV

dye:DPA Molar WEF (eV)
Ratio N719 Z907
0 4.1 4.0
0.02 3.7 3.7
0.05 3.6 3.3
0.09 3.9 3.3
0.2 3.7 3.8
0.3 3.9 -
0.5 3.5 3.5

The work-function was measured by determining the secondary electron cut-off as described
and is listed in Table 5.5 Where the work function is defined as the difference between fermi
level and the vacuum level. The work function of the samples with only N719 and Z907 is
4.1 eV and 4 eV, respectively. The work-function is decreasing for both dyes with increasing
DPA concentration. The substantial decrease in the work function might be responsible for a
relative change in the energy level between the co-adsorbent dye/TiO2 interfaces and could
influence the cell performance. For a more detailed analysis the energetic position of the dye
in its excited state and the valence band edge of the titania would have to be known. We note

that the best photovoltaic performance was obtained with the cells having low work function.

5.8 Singular Value Decomposition analysis (SVD)

Further analysis of the UP spectra was applied using the mathematical algorithm SVD. The
SVD procedure is used here to fit a series of UP spectra as a linear combination of reference
spectra. It was found that two reference spectra are required for the series of spectra for both
the N719 and the Z907 samples, and resulted in two reference spectra in each of the N719 and
Z907 samples, representing a surface with a specific composition and electronic structure. The
reference spectra were compared with the pristine N719, Z907 and DPA spectra. In the SVD
of the N719 samples, both the reference spectrum A and B have a very similar shape and
features as the spectrum of the dye, and thus it is assumed that they both represent the dye on
the sample Figure 5-12. Reference spectrum B is shifted slightly to higher binding energies in
case of N719. The shift of reference B is probably subjected to a dipole as described in [28]. If
that is the case, the dipole would be located at the interface between the dye and TiO-. For the
Z907 samples, reference spectrum A shown in Figure 5-13 is very similar to the spectrum of
the pristine Z907. While the exact nature of reference B could not be clarified so for reference
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B is not identical with any of Z907 or DPA spectra. It might be possible that it represents either
of these two materials but with a different orientation at the surface.
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Figure 5-12: SVD reference spectra A, reference spectra B compared with pristine N719, and

their respective weighting factors for samples sensitized with N719.
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Figure 5-13: SVD reference spectra A compared with pristine Z907, reference spectra B
compared with pristine DPA and their respective weighting factors (right) for samples
sensitized with Z907.

5.9 The adsorption configuration of the dye molecules on TiO; surface and
the cell performance

From XPS, the Ru/Ti ratio shows that the amount of dye adsorbed in N719 samples decreased
by 83 %, and for Z907 decreased by 50 % at DPA molar ratio of 0.5. These results are in line
with the dye coverage obtained from NICISS, where a decrease in the dye coverage ~ 87 %
and 60 in N719 and Z907 samples, respectively. Within experimental uncertainty, the decrease
in dye coverage measured with XPS and NICISS is the same. Through the shape of the Ru
concentration depth profiles as measured with NICISS it was found that the structure of the
dye layer in case of N719 is hardly changing while for Z907 a loss of the dye coverage at places

with thinner dye coating was found. The information about the dye layer structure through the
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S spectra in XPS allow for conclusions about the orientation of the molecules in the dye layer

and the thickness of the dye layer which is in agreement with the NICISS results.

Despite the strong decrease in the dye coverage, the performance of the cells is hardly
decreasing with decreasing dye coverage. The highest concentration of DPA in case of N719
shows some exemption. However, even in this case a reduction in dye coating by > 80 % results
in a decrease in efficiency by only 15 % when averaging over the efficiencies of all other DPA
concentration. This observation allows for the conclusion that the adsorption of DPA onto the
titania results in inhibiting of the adsorption only of those dye molecules which would not

contribute significantly to the cell performance.

Furthermore, it can be observed that both XPS and NICISS showed that the dye coverage in
Z907 samples is larger than N719. However, the Z907 cell shows a lower Jsc, due to the

remaining of some thicker dye layers, thus increasing the charge recombination.

XPS results show that the coverage of P on TiO2 substrate in Z907samples is higher than in
N719 samples; the increase of DPA adsorption in Z907 samples can be related to the large size
on N719 compared to Z907 allowing more DPA to be adsorbed on the TiOz2 surface, moreover,
the dye adsorbed on TiO:2 surface by its carboxylic group, and N719 contains four carboxyl
groups, whereas Z907 contains only two [29], allowing N719 to occupy more area on the

substrata minimizing the dye/dye interaction and resulting in less DPA adsorption.

5.10 Conclusion

Different concentrations of DPA as co-adsorbent were studied by ion scattering and electron
spectroscopy. Using DPA as co-adsorbent in the dye solution decreases the dye coverage in
the sample and changes the dye’s bonding to the titania substrate and dye layer formation for
both of the dyes on the TiO2 surface. XPS and NICISS analysis showed that DPA co-adsorbed
with the dye strongly reduces the amount of adsorbed dye. It is assumed that the adsorbing
DPA affects the weakly adsorbed dye molecules on TiO2 and inhibits their adsorption onto the
TiO2. In N719 samples, the substantial decrease in the dye coverage is accompanied by a slight
increase in the efficiency. For the highest DPA concentration, the cell efficiency was stable
compared to that large decrease in the dye coverage. For the Z907 sample, the dye decreases

but not as strongly as for the N719 and does not affect the cell efficiency.

In conclusion, the main role of DPA replaces the weakly and undesirable dye on the TiO:

surface and having efficient cell performance with the strongly bounded dye molecules.
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Chapter Six

6 The effect of the carboxylic chenodeoxycholic as a co-adsorbent

on the dye formation on dye/TiO: interface

6.1 ABSTRACT:

Co-adsorbents are small organic amphiphilic molecules containing carboxylic or phosphonic
groups on one end that is responsible for efficient anchoring of the co-adsorbent on to the
mesoporous TiO2, and long hydro-phonic alkyl groups on the other end, and they are mostly used
as anti-aggregation in dye-sensitized solar cells (DSSCs). In this study, the carboxylic
chenodeoxycholic (CDCA) co-adsorbent used to study the effect on the adsorption mode of the
dyes N719 and Z907 in DSSCs and the correspondent photovoltaic performance. The co-
adsorption interface structure of the ruthenium-based dyes with different concentrations of CDCA
was investigated using a combination of electron spectroscopic techniques, X-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and metastable induced
electron spectroscopy (MIES). While neutral impact collision ion scattering spectroscopy
(NICISS) was used to measure the concentration depth profile of the adsorbed dye.

NICISS results shows that the co-adsorption of CDCA with Z907 is more effective on the
reduction of the dye coverage and can reduce the formation of dye multilayers. The dyes N719
and Z907 are expected to be adsorb to TiO2 surface via the carboxylic acid groups. However, XPS
shows that the dyes can adsorb in mixed configurations on TiO2 substrate. XPS shows signs of
interacting with TiO2 surface via the sulfur atom from the thiocyanate group in the dye. The results
show that CDCA with different concentration plays a role in restructuring dye layers on TiO2

surface.
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6.2 Introduction:

Since 1991, dye-sensitized solar cells (DSSCs) have been studied extensively in consequence of
their simple synthesis, and moderate to high power conversion efficiencies. DSSCs represent
promise for next-generation photovoltaic technology [1, 2]. They are composed of dye sensitizes
molecules chemisorbed on a mesoporous semiconductor with a wide bandgap (TiOz2) in contact
with the counter electrode and redox mediator. When the cell is irradiated with light, photons
absorbed by the dye result in the excitation of electrons which will be injected into the conduction
band of TiO2 while dye loses electrons thus oxidized. Subsequently, the oxidized dye is then
reduced by the redox mediator iodide/triiodide (I~ /13) in the electrolyte. The electrons through
the external circuit will recombine with the triiodide (I3) ions regenerating the iodide (I7).
However, several drawbacks are limiting the conversion efficiency of DSSCs. One of them is
charge recombination, where the electrons injected into the conduction band of TiO2 recombine
with the cations formed by the dye after the electron transfer to the titania and with the 13" reducing
the cell performance.

Furthermore, the amount of adsorbed dye on the TiOz surface can affect the charge generation. A
high dye loading can be beneficial increasing the charge generation; however, a too high loading
can form dye multilayers causes dye aggregation on the TiO2. The distance between the top layer
dyes and the TiO2 surface will be increased due to the aggregation, leading to blocking some of
the charge carriers’ transport to the TiO2 surface. Moreover, aggregation of dye molecules on the
TiO2 surface will decrease the interaction of the electrolyte with dye cations formed through the
excitation process and thus slow down the regeneration of the oxidized dyes molecules after
excitation [3, 4]. Therefore, to alleviate these drawbacks, small molecules such as co-adsorbents
are used to adsorb simultaneously with the dye to decrease and prevent the dye aggregation. The
addition of the co-adsorbents can help in suppressing the recombination between the injected
electrons and the electrolyte [5, 6]. Co-adsorbent contains either carboxylic or phosphonic groups
on one end and long hydrophobic alkyl groups on the other end. The co-adsorbent attach to the
TiO2 surface by its carboxylic or phosphonic groups. The alkyl group acts as a buffer between
TiO2 and the electrolyte, preventing charge recombination. Adding co-adsorbent simultaneously
with the dye solution has been reported to prevent dye aggregation by occupying the uncovered
sites on the TiO2 surface [5, 7-9], and is known to improve the cell efficiency by reducing the
charge recombination [10, 11]. Chenodeoxycholic Acid (CDCA) binds strongly to the TiO:
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substrate, CDCA is mostly used as deaggregating agent reducing the dye aggregation, and forming
a tightly packed layer working as a barrier shielding the electron recombination from the
conduction band in TiOz2 to the triiodide electrolyte [6, 12-14]. It has been shown that the usage of
CDCA as co-adsorbent in DSSCs fabricated with organic-based dyes P1 and P2 [10], and in the
Rhodamine and indoline dyes improved the cell performance [15].

A recent study by Trilaksana et al. [16] investigated the effect of CDCA on the N719 dye coverage
of TiO2 for various CDCA concentrations in the dye solution for preparing the DSSCs. Their
results showed that by increasing the CDCA concentration to 10 mM resulted in the decrease of
the dye coverage. At CDCA concentrations larger than 10 mM the dye coverage starts to increase
and reached at 20 mM a coverage close to that for the samples without CDCA. Adding the CDCA
also reduced the multilayer formation of the N719. The authors provide reasoning that the decrease

in dye multilayer formation should increase cell performance [16].

In the present work, CDCA in a range of concentrations is used as co-adsorbent with ruthenium-
based dyes, the hydrophilic N719 and the hydrophobic Z907. The co-adsorbent/dye/TiO2 system
is studied using neutral impact collision ion scattering spectroscopy (NICISS) to measure the
concentration depth profile of ruthenium sensitized on the TiO2 surface. The surface-sensitive
photoelectron spectroscopy techniques XPS and UPS are used to determine the composition of the

dye layer and its electronic properties.

6.3 Experimental
6.3.1 Sample preparation

Details of DSSCs fabrication can be found in chapter 3. The working electrodes with various
concentrations of CDCA as co-adsorbents, manufactured for both the N719 and the Z907 dye and
assembled into fully operating DSSCs. All cells were made identical with the same components
and hade the same compositions, apart from the difference in the dye used (N719 or Z907) and
CDCA concentrations. Any changes in the cell performance attributed to the concentration of
CDCA. Working electrodes of N719-based dye and Z907-based dye fabricated for comparison
purpose. (Six cells were fabricated to test the reproducibility and the average of best three cells

used in this work).
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6.4 Methods
6.4.1 J-V characteristics

All J-V measurements were conducted using an Oriel solar simulator system fitted with 150 W
Xenon lamp (Newport) filtered to give the irradiation of 100 mW/cm?, an equivalent of 1 sun at
air mass (AM 1.5G). A Si reference cell was used to calibrate the light intensity before the I-V
measurement. A Keithley 2400 source meter operated by LabVIEW software was used to
determine the open-circuit voltage (\Voc), short-circuit current density (Jsc), the fill factor (FF) and

the over conversion efficiency (1) of the cells.

6.4.2 NICISS, XPS, UPS and MIES

Experimental details for neutral impact collision ion scattering spectroscopy (NICISS) [17, 18].
X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and
metastable induced electron spectroscopy (MIES) can be found in chapter 3.

In NICISS, He ions were used as projectiles in with energy of 3 keV to bombard the sample with
a beam diameter of 1 mm. While an X-ray emission with Mg Ko was used as the source of photons
in XPS and operating with excitation energy of 1253.6 eV and at 200W, using a medium
magnification lens mode to analyze an area of 7 mm in diameter. UV photons from the Hel line
having the energy (hv=21.2 eV) was used in UPS, and a metastable helium atom (He* 2s1s) with

excitation energy of 19.8 eV was used in MIES.

6.1 Results and Discussion

6.1.1 Photovoltaic performance

Typical J-V curves of N719 and Z907 DSSCs are shown in Figure 6-1. and short curcuit current
(Jsc), open curcuit voltage (Voc), fill factor (FF) and efficiency n are tabulated in Table 6.1 and 2.
An overall conversion efficiency of 4.8 % obtained from the reference N719 cell without CDCA,
with Jsc of 10.8 mA/cm?, Voc of 0.75 mV, and FF of 0.59. The respective reference 2907 cell
shows an overall conversion efficiency of 4.7 % with Jsc of 9.4 mA/cm?, Voc of 0.73 mV, and FF
of 0.67.

The photovoltaic performance of the DSSCs upon adding CDCA as co-adsorbents are summarized

92



Chapter Six

in Table 6.1 and 2 (see also Figure 6-1) using N719 and Z907 as the photosensitizers, respectively.
The highest efficiency of 5.4% was found for the N719 cells at a CDCA concentration of 5mM.
For Z907 a very moderate variation of the cell efficiency was found with a maximum of 4.8% at
15 mM CDCA.

Furthermore, increasing the CDCA concentration in the Z907 cells has resulted in an increase in
the Jsc with more stabilized Voc and FF, while in N719 cell a slight decrease in Jsc with small

variations in VVoc and FF.

Table 6.1: The influence of various concentrations of CDCA on the performance of the N719 cells.

CDCA (mM) Jsc (mA/cm?) Voc (V) FF n (%)
0 10.8+0.3 0.75z0.01 0.59+0.04 4.8+0.3
5 10.5z0.2 0.76x0.01 0.68+0.02 5.410.2
10 10.5+01 0.76+0.01 0.67+0.01 5.3+0.1
15 10.4+0.3 0.74+0.01 0.64+0.02 4.940.1
20 10.3z0.3 0.75z0.01 0.67x0.02 5.210.0

Table 6.2: The influence of various concentrations of CDCA on the performance of the Z907 cells.

CDCA (mM) Jsc (mA/cm?) Voc (V)
0 9.4+03 0.73z0.01 0.67+0.03 4.7+03
5 9.7+06 0.73x0.01 0.68+0.03 4.710.1
10 9.6+0.2 0.73z0.01 0.67+0.03 4.710.2
15 9.9+01 0.73+0.00 0.66+0.01 4.8+0.1
20 9.2+03 0.73+0.02 0.67+0.02 4.5+0.1
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Figure 6-1: J-V measurements of DSSCs based on different concentration of CDCA using two
different dyes:N719(A) and Z907(B).

6.1.2 Restructuring the dye layers

Figure 6-2show the Ru concentration depth profiles for all samples measured with NICISS. Upon
the addition of CDCA, a noticeable shift in the Ru peak was observed in all co-adsorbed samples
compared to the plain one which is probably related to restructuring of the dye layer. Furthermore,
a change in peak width and depth, showing a maximum height between 10-20 A in N719 samples,
and 10 - 30 A in Z907 samples. The concentration depth profile in the pure N719 in this study is
in agreement with the previously published by Ellis-Gibbings et al. [19]and Johansson et al. [20].
However, a larger contribution of dye multilayers was observed by Trilaksana. This difference
could be related to the pre and post treatment of the working-electrodes by TiCls in this study,
where TiCls treatment is known to increase the surface roughness and forming about 1 nm shell
of ultrapure TiOz, increasing the dye adsorption [21-23]. The main finding in this study is to
investigate the effect of CDCA as a co-adsorbent with different concentration on the dye formation

on the TiOz2 surface. Thus the main finding is not affected by this difference.

It should be noted that the concentration depth profiles have been deconvoluted as it has been
done in earlier work [19]. The measured coverage in this work is corrected for the spherical nature
of the nonporous titania substrate.

The molecular coverage as a function of various concentrations of CDCA is shown in Figure 6-3.

A maximum coverage of Z907-based sample is 11x10 mol/cm? and is higher than it found in
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N719-based sample 5.2 x10°** mol/cm?. The coverage is rather constant with a slight increase in
the N719 samples, reaching a maximum of 6.4x10! mol/cm? at 15 mM CDCA.

For the Z907 samples, the highest coverage is found for the Z907 sample only and then decreases
with increasing the CDCA concentration to about 65 % of the maximum coverage at 20 mM
CDCA.

There is no noticeable change within the error bars in the dye coverage of the N719 samples, while
a slight change in shape when increasing CDCA concentrations. The onset of Ru peak in N719
samples, shifted to higher depth, indicating that the formation of Ru on the TiO2 surface is affected
by the presence of CDCA, where CDCA tends to stay on the outermost layer driving the Ru deeper.
The observed change in the intensity is different to what has been previously published by
Trilaksana et al. [16], their results show a decrease in the dye coverage from 0 to 10 mM CDCA
then an increase in the coverage again from 10 to 20 MM CDCA. In the present work, the coverage
is almost steady with small variations as can be seen in Figure 6-3A. This difference could be due
to the TiCls treatments of the photoanode in this work which was not applied in the work of
Trilaksana et al. [16]. The TiO2 surface structure for both treatments could be different. The
difference in surface structure for both treatments has not been investigated here. A significant
change in Z907 samples was observed with a decrease in the dye coverage by ~ 50 % at
5 mM CDCA, followed by a small decrease in the dye coverage with further increase in CDCA
concentrations. Figure 6-2B shows a significant decrease within the larger depth in the regions
between 30-~50 A, which is an indication that a lesser area is covered with thicker dye layers when
CDCA is used as co-adsorbent.

CDCA consist mostly of C and O, the region of these elements is dominated by the backscattering
projectiles from Ti, and thus NICISS is not suitable to determine the profiles of O and C in this

case and thus the coverage with CDCA.
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Figure 6-2: NICISS Concentration depth profile of Ru with varying concentrations of CDCA
using N719 (A) and 2907 (B) as sensitizer.. The concentration is plotted via two axis, the energy
loss represent the measurement and the depth scale which is approximation due to the shape of
porous titania.
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Figure 6-3: Molecular coverage of Ru with different concentration of DPA using N719 (A) and
Z907(B) as sensitizer.
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Relevence of photovoltic performance and the dye coverage fromNICISS

Figure 6-4 shows the cell performance with respect to the dye coverage. A stabilized cell
performance regardless the slight change in the dye coverage in N719 samples, while in Z907
samples, even though the Ru coverage reduced by about 60 %, the cell performance remains stable

without compromising the cell performance.

12 _ A _ 0-8 12 I B B 0.8
o L & ] I
£10 - L] S £10 1 o .
-é_‘ 1 L 0.6 ‘&- L) 0.6
1
£ 8 - =| &8 =
Pt =N =
o — )
= 6 7 042|736 042
S g||s g
] m Jsc - 0.2 = Efficiency - 0.2
é‘ 2 | © Efficiency £ 2 { Wsc
= Voc = FF
V u
0 . F:F ............ 0.0 0 m: : T T T 0.0
2 4 6 8 0 2 4 6 8 10 12
Molecular Coverage x10-"! (mol/em?)-N719 Molecular Coverage x10-! (mol/cm?)-Z907

Figure 6-4: Short-circuit current and efficiency (left y-axis), open-circuit-voltage and fill factor
(right y-axis) with the coverage of the dye N719(A) and Z907(B). The x-axis are different for

better illustration of the data.

6.1.3 Chemical characteristics

XPS performed on all samples, to assess the changes in the elemental composition. The peaks C,
O, Ru, N, S and Ti, were found. The C 1s, O 1s, Ru 3d, N1s, and S 2p were used to analyze the
adsorbed dye. The Ti 2p peak and O 1s are related to the TiO2 substrate. Fitted high-resolution
spectra are shown in Figure 6-5, and the peak positions with the relative peak intensities are listed
in Table 6.3 and Table 6.4.
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Figure 6-5: High resolution XP spectra;(A) Carbon 1s, (B) Titanium 2p, (C) Oxygen 1s, (D)
Nitrogen 1s in N719 dye, (E) Nitrogen 1s in Z907 dye, and (F) Sulfur 2p.
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Table 6.3: Peak positions (eV) with uncertainty of + 0.2. Small peaks have relative intensities

errors of £ 0.4 for (Ru, N3, S1, and S2) and an uncertainty of £ 0.3 for the other components in

N719 based samples.

DCA 0 0 0

Position | %lIntensity | Position | %lntensity | Position | %lntensity | Position | %lIntensity | Position | %lntensity
C1 285.0 174 285.0 17.1 285.0 20.7 285.0 20.2 285.0 204
C2 286.1 8.8 286.2 8.3 286.1 144 286.2 10.3 286.2 8.4
C3 288.6 24 288.8 2.3 288.9 2.3 288.8 2.3 288.8 2.3
01 530.0 40.3 530.2 39.7 530.2 334 530.2 36.3 530.2 37.9
02 531.4 7.6 5315 7.6 531.4 7.0 531.5 7.2 531.5 7.2
03 532.8 2.0 532.6 2.9 532.6 3.2 532.7 2.7 532.6 2.9
Ti 458.8 14.4 459.0 14.3 459.0 12.5 459.0 13.0 459.0 13.7
Ru 281.0 0.4 281.2 0.3 281.1 0.3 281.1 0.3 281.2 0.3
N1 397.9 1.1 398.0 0.8 397.9 0.7 397.9 0.7 397.8 0.8
N2 400.1 3.0 400.3 2.6 400.2 2.2 400.3 2.5 400.3 2.6
N3 402.0 0.5 402.4 0.3 402.2 0.2 402.5 0.3 402.6 0.3
S1 162.2 0.6 162.4 0.7 162.4 0.5 162.4 0.4 162.4 0.4
S2 168.3 0.1 169.9 0.1 168.9 0.1 168.3 0.1 168.4 0.1
F 683.9 1.0 684.2 1.3 684.0 1.0 684.1 1.0 684.2 0.9
Sn 484.4 0.2 484.0 1.7 483.4 15 485.4 2.6 483.6 1.8

Table 6.4: Peak positions (eV) with uncertainty of + 0.2. Small peaks have relative intensities

errors of = 0.4 for (Ru, N3, S1, and S2) and an uncertainty of + 0.3 for the other components

in.Z907 based samples.

mM Position | %lntensity | Position | %lntensity | Position | %lntensity | Position | %lntensity | Position | %lntensity
C1 285.0 321 285.0 30.2 285.0 32.2 285.0 318 285.0 313
C2 286.1 9.4 286.0 12.2 286.1 6.9 286.1 7.3 286.1 9.1
C3 288.3 14 288.4 1.3 288.5 1.6 288.5 14 288.6 11
01 530.0 30.9 530.1 30.9 530.1 32.9 530.1 314 530.1 31.2
02 531.2 5.0 531.3 5.4 531.2 5.6 531.0 6.1 531.1 6.0
o3 532.1 19 532.5 2.2 532.3 2.2 532.0 34 532.1 3.3
Ti 458.8 11.3 458.9 115 458.9 12.0 458.9 121 459.0 12.2
Ru 281.1 0.5 281.0 0.4 281.0 0.6 281.0 0.6 281.1 0.5
N1 398.1 1.0 397.7 0.9 397.8 0.9 397.9 0.9 398.0 0.9
N2 400.1 3.4 400.1 3.0 400.1 31 400.2 3.0 400.2 2.7
S1 162.2 0.9 162.2 0.5 162.3 0.6 162.3 0.7 162.2 0.7
S2 168.6 0.2 168.5 0.1 169.3 0.1 168.5 0.1 169.7 0.1
F 684.1 0.8 684.1 1.2 684.1 0.9 684.2 0.9 684.3 0.7
Sn 484.2 0.9 484.0 0.2 484.0 0.2 484.4 0.2 484.4 0.2
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The high-resolution C1s and Ru 3d spectrum were fitted with five peaks are shown in Figure 6-
5A. Three main components can be identified in the C1s spectra, the main C peak is located at
285.0 eV and is attributed to C-C bonds, the peak at 286.2 + 0.2 eV corresponds to C-O/C-N, and
the peak at 288.8 + 0.2 eV to C(=O)OH species. The Ru 3ds2 is located at 281.1 + 0.2 eV and Ru
3dsz at 285.2 £ 0.2 eV, with the latter overlapping with the carbon C1s contribution in the spectrum
[24, 25].

The amount of dye adsorbed to the TiO2 surface was quantified by determining the intensity ratio
of Ru 3d to the Ti 2p peak. The Ru intensity remains constant within the error bars in the N719
samples, while in the Z907 samples an increase in the intensity reaching its maximum at 10 mM
of CDCA, then decrease in the intensity was observed with further CDCA addition. Within the
experimental uncertainty, the dye coverage measured by NICISS and XPS is the same in N719
samples. In contrast, in the Z907 sample, there is a variation in NICISS and XPS results. NICISS
shows a decrease in the dye coverage, and an increase was observed from XPS results. This
variation in the dye coverage is probably related to some inhomogeneity in the surface coverage
with the dye, and the difference of the area measured using NICISS is much smaller compared
with area measured using XPS. Where in NICISS a 1 mm diameter of the area was measured while

7 mm diameter in XPS.
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Figure 6-6: intensity ratio of Ru/Ti with different concentration of CDCA using N719 (A) and
Z907 (B) as sensitizer.
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The high-resolution O1s XPS of oxygen was fitted with three peaks as can be seen in Figure 6-
5C, with peaks at 530.2 + 0.2 eV and 531.5 + 0.2 eV attributed to O and Ti-OH from TiOz2 surface.
The peak at 531.5+ 0.2 eV has also some contribution from the C=0 groups of the dye [24]. The
third peak at 532.7 £ 0.2 eV is attributed to oxygen in carboxylic groups of the dye [26].

A high-resolution scan of the N1s peaks measured, and N1s peak composed of three peaks as in
Figure 6-5D. The peaks are located at 397.9+ 0.2 eV, 400.3 £ 0.2 eV, and 402.3+ 0.2 eV and are
assigned to the thiocyanate ligands (Nncs), bipyridine ligands (Npyd) and Ntsa respectively, in
N719 samples. While in Z907 samples, the N1s composed of two peaks as in Figure 6-5E. The
peaks can be found at 397.9+ 0.2 eV and 400.2 + 0.2 eV and are assigned to Nncs and Npyd
ligands, respectively [27, 28].
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Figure 6-7: The intensity ratio between Npya and Nncs with different concentration of CDCA
using N719 (A) and Z907 (B) as sensitizer.

The ratio Npyd/Nncs in both N719 and Z907 dyes is 2:1 based on their chemical structure. Figure
6-7 shows that the measured Npyda/Nncs ratios for different concentration of CDCA. The intensity
ratio of Npya/Nncs is higher than the theoretical ratio, which can be attributed to a preferential
orientation of the dye molecules. A ratio larger than 2 has to be interpreted such that the Npyd
moiety is pointing to the outermost layer (i.e., away from the TiO2 surface) and that the Nncs group
is positioned closer to the TiO2 surface. The Npyda/Nncs ratio in both of the N719 samples and the
Z907 samples are rather constant and the same for both dyes. Thus, both dyes have a similar

orientation where their Nncs group is positioned closer to the TiO2 surface.
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Figure 6-8: Intensity of S1/Ru and S2/Ru with different concentration of CDCA using N719 (left)
and Z907 (B) as sensitizer.

Two species were found in the high resolution S 2p spectra shown in Figure 6-5F. The main peak
is found at a binding energy of 162.4+ 0.2 eV (S1) assigned to S atoms in the NCS group interacting
with TiOz surface [29], and a second peak at a binding energy of 168.3+ 0.2 eV (S2) attributed to
highly oxidized sulfur (such as S®" to S8*) [30]. The latter species cannot be involved in the
formation of a bond to the substrate due to its high oxidation state. Figure 6-8 shows the intensity
ratio of Stota/RU, Si/Ru and S2/Ru. The addition of 5 mM CDCA to the N719 dye causes a
reorientation of the dye on TiO2 surface, whereas further increments of CDCA did not effect on
the dye orientation which also can be observed from the constant ratio between Si/Ru and S2/Ru,
and it’s in agreement with unchanged shape of Ru depth profile measured with NICISS. In the
Z907 samples, the total ratio of Stotal /RU is decreasing, which is showing the loss of coverage in
Ru in the region within the thicker layers as measured with NICISS, with some orientation since

the ratio between Si/Ru and S2/Ru is changing.
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6.1.4 UPS analysis of TiO./dye interface with various CDCA concentrations
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Figure 6-9: UP spectra of samples sensitized using N719 (A) and 2907 (B) with different

concentration of CDCA showing the valence band level.

The UP spectra and the valence band (VB) level of all samples are shown in Figure 6-9. A feature
presents in all the samples at ~2 eV representing the dye on the sample, and the intensity of this
peak is lesser in Z907 samples than N719 samples and become slightly broader with a high
concentration of CDCA. Which means that there are fewer electrons at the HOMO level, and it
can be observed in cell performance, where a higher current was produced in the N719 cells than
the Z907 cells.

Table 6.5: Work Function £ 0.1 (eV)

CDCA mM N719 Z907
0 4.1 4.0
5 3.5 3.5
10 3.4 3.6
15 3.7 3.6
20 3.6 3.7

The work-function was measured by determining the secondary electron cut-off and is listed in
Table 6.5, where the work function is defined as the difference between the fermi level and the
vacuum level. The work function of the samples with only N719 and Z907 is 4.1 eV and 4 eV,

respectively. The work-function is decreasing for both dyes with increasing CDCA concentration.
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This difference in work-function suggests the formation of a dipole layer on the dye/TiO: interface.

However, it is unclear what this would mean for the device performance.

6.1.5 The observation from MIES

The MIE spectra of all samples are presented in Figure 6-10. The spectra are almost identical, with
more pronounced features in Z907 samples at 6 eV and 11 eV attributed to the presence of
hydrocarbons [31]. The feature observed at ~2 eV in UPS was not observed in the outermost layer
in MIES, illustrating that the changes are in deeper layers and not pronounced at the outermost

layer.
A
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Figure 6-10: MIE spectra of samples sensitized using N719 (A) and 2907 (B) with different
concentration of CDCA.

Measuring the samples with a combination of NICISS, XPS, UPS, and MIES illustrate the amount
and how the dye molecules adsorbed on the TiO2 surface with the addition of the co-adsorbent
CDCA. NICISS results showed that the addition of CDCA remains on the surface and moves the
dye deeper into TiO2 surface, and this is consistence with UPS and MIES results, in UPS the
feature that corresponded to the dye was observed. A reduction in the intensity was observed with
increasing the CDCA concentration, while the outermost layer contains mostly hydrocarbons, and
no significant change was observed.

The coverage remains constant in N719 samples, while in Z907 samples, a decrease in the dye
coverage, as well as the change of the Ru concentration depth profiles, was observed by NICISS.

A strong contribution of thicker dye layers was observed in Z907 sample at 0 mM of CDCA, upon

104



Chapter Six

the addition of CDCA a significant decrease in the region of the thicker layers. CDCA reduces the
dye/dye interaction and strengthens the dye/TiO: interactions. The difference of the CDCA
behaviour when added to the dyes can be attributed the large molecule size of N719 compared to
Z907, in the case of N719 samples CDCA push the dye deeper and mostly remain on top of the
dye. The small size of Z907 allows more CDCA to be adsorbed on the TiO2 surface and have the
benefit to reduce the dye aggregation with some dye orientation. This can be observed from the
increase in Jsc with the steadiness of the Voc and FF in Z907 cells are more than N719 cells,
illustrating that CDCA adsorbed on TiO2 surface works as a buffer to reduce the charge
recombination and improving Jsc.

Furthermore, the difference in the dye coverage of N719 samples in our results with the previously
published by Trilaksana, could be related to the pre and post treatment of the working-electrodes
by TiCla. In addition of reducing the dye multilayers, CDCA has the benefit to improve the cell
performance when adsorbed on TiO2 surface and work as buffer layer reducing the charge
recombination.

In MIES measurements, which is sensitive to the outermost layer. The co-adsorbed and non-co-
adsorbed samples spectra are similar, indicating that the changes related to the co-adsorbent CDCA

are within the dye layers not on the outer surface.

6.2 Conclusion

The effect of CDCA as a co-adsorbent in the formation of the dye layer on the dye/TiO: interface
was investigated using two different Ru-based dyes (N719 and Z907). The dye formation was
investigated with the use of surface sensitive techniques. Co-adsorption of CDCA resulted in a
shift of the Ru peak onset in both N719 and Z907 samples pushing the dye deeper into TiO2 than
on the surface. The addition of CDCA with different concentrations replaces the weakly and
undesirable dye molecules in Z907 samples and maintaining the cell performance. By occupy the
vacant spots on the TiO2 surface, CDCA works as a buffer layer that prevents the charge
recombination. A minor change was observed on the N719 structure and this is due to the large
molecule size of N719 made it difficult for CDCA to be adsorbed on TiO2 surface, resulted in a

minor change in the cells current due to an increase in the charge recombination.
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Chapter Seven

7. Interfacial study of aged semiconductor/dye/electrolyte in Dye

Sensitized Solar Cells

7.1 ABSTRACT:

For cell commercialization, long-term stability is an essential factor. The electronic structure of
the TiO2/dye/electrolyte interface was investigated using ion spectroscopy and photoemission
spectroscopy as the cell aging prolong, and compared with cell performance. Dye-sensitized solar
cells (DSSCs) were fabricated with and without co-adsorbents, where the N719 dye was used as
sensitizer and decylphosphonic acid (DPA) was used as the co-adsorbent. A study of a 1000 h
stability-test of DSSCs working under different conditions was conducted to provide explanation

of the degradation mechanics in the cell.

The thick dye layer in the N719 DSSCs performed as a buffer layer, slowing down the electrolyte
penetration. In N719/DPA DSSCs, dye desorption was observed resulting from the competition
between the cell components to be adsorbed on the TiO2 surface. XPS results showed that small
changes in electrolyte components with an increase in the oxidized sulfur are the main reasons for

the cell to be degraded.
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7.2 Introduction:

The increase in the environmental pollution along with the increased demand for energy makes it
extremely important to find an energy sources and reducing emissions that impacting the climate.
Photovoltaic cells of different types have been intensively investigated as a solution for this
situation [1]. Dye-sensitized solar cells (DSSCs) were discovered in 1991 by Graetzel with an
efficiency of ~7 %. DSSCs are representing the most cost-effective cells from the third generation
of solar cells reaching an efficiency of ~13 % using porphyrin as sensitizer [2]. Although this
efficiency is not impressive compared to an efficiency of 38 % in perovskite solar cells [3], DSSCs
still represent a perfect model for the fundamental study of charge-transfer dynamics in
electrochemical based solar cells, which can provide insights into structural and material
engineering [4]. Designing a flexible colourful and transparence solar cell that can perform under
diffuse light conditions and at high temperature made DSSC the most promising candidate solar
cells. The main goal in the field of DSSCs is currently to focus on designing and developing new
dyes and electrolytes to increase the cell performance and the stability, where the long-term
stability is still challenging for commercialization this technology. With the tendency for
establishing a stable DSSCs, the need for further understanding of DSSCs degradation mechanisms
is essential for their commercialization. The TiOz/dye/electrolyte interfaces in DSSCs play a
crucial role in cell performance as well as stability, where the main processes in DSSCs such as
charge generation, collection, and recombination occurs at the interface. Studying these interfaces
during the aging process with photoelectron spectroscopy techniques and comparing it with the
cell performance will provide a better understanding of the changes of the chemical mechanism as
the cell ages.

The weakly bounded dye molecules on TiO2 is one of the reasons for DSSC instability [5].
Different types of co-adsorbents have been added to the dye solution to enhance cell performance
by orienting and reducing the weakly bonded dye molecules on TiO2 surface. Sharma et al. [6],
found that the addition of deoxycholic acid (DCA) as co-adsorbent to DSSCs sensitized with
perylene monoamide derivatives, enhances the cell performance by improving the short-circuit
current. This enhancement was attributed to the increase in the electron injection efficiency, where
the role of DCA as co-adsorbent was suppressing the charge recombination [6]. Furthermore,

malonic acid derivatives (phenylmalonic acid-PMA) and acetic acid derivatives (cyclopentylacetic
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acid-CPEAA) were used by Matsuyoshi et al., as co-adsorbents in DSSC sensitized with the dye
D908 to investigate their effect on the cell performance. The ATR-FTIR spectroscopy results
revealed that both the co-adsorbents increased the amount of dye anchored to TiO2 surface
increasing the short-current circuit [7]. In addition, using additives in the electrolyte such as 4-tert-
butylpyridine (4TBP) can influence the TiO2/dye/electrolyte interfaces by shifting the conduction
band of TiO:2 [8].

Many studies were conducted to study the stability of DSSC. Wang and collaborators [9], showed
long-term stability with more than 7 % power conversion efficiency for the first time. Nano-
crystalline TiO2 was covered with a mixture of self-assembled monolayers containing phosphonate
as co-adsorbents and Z907 Ru dye to enhance the efficiency and stability of the DSSC. A
significant improvement in the DSSC efficiency was achieved by stabilization of the voltage
output after the co-adsorption of (decylphosphonic acid) DPA. This was attributed to long chain
phosphonate excluding the water molecules from the interface [9]. A stability-test that took
2.5 years was successfully obtained in an outdoor stability-test using a series interconnected
DSSC, without specification about module efficiency [10]. With a continuous light soaking at
0.8 sun, a stability test of 2280 h at 25 °C was achieved by Leonardi et al. [11]. A year later, Dyesol
Ltd. achieved a stability test of 25600 h at 55 °C - 60 °C. With a minor degradation with the open

circuit voltage corresponds to the positive shift of the conduction band [12].

Despite the plethora of the efforts in the stability tests, there is a lack of direct observation of the
TiO2/dye/electrolyte interfaces during the aging process that need to be investigated. The aim of
this study is to investigate the TiO2z/dye/electrolyte interfaces for further understanding of the
chemical reactions at the interfaces during the aging process using surface sensitive techniques.
lon and photoelectron spectroscopy are essential for monitoring the chemical changes in DSSCs
periodically during their accelerating aging test, and correlate these changes with the cell
performance. Understanding these changes will provide some information towards fabricating
stabilized DSSCs.

In chapter 5, the co-adsorbent DPA was used with N719, showing an improvement in the cell
performance even though the dye coverage was decreased ~80 %. The main role of co-adsorbents
is to reduce the weakly bonded dye and filling the vacancy on TiO2 surface thus reducing the

recombination current. In this chapter, the cell stability was tested using the N719 dye with DPA
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as co-adsorbent, and by using DPA concentration resulted of the best cell performance from
chapter 5. Using ion and photoelectron spectroscopy to understand the interaction of the cell
components at the TiOz2/dye/electrolyte interfaces and associate these changes with the
photovoltaic parameters upon the aging test. DSSCs were assembled using the dye N719 only and
were used as a reference cells. The reference cells were fabricated with the same procedures used
in N719/DPA DSSCs, then subjected to same stability tests. The findings of the reference and the

co-adsorbed sets will be compared and displayed in conjunction.

7.3 Experimental

Details of DSSCs fabrication can be found in chapter 3. After the final sintering of the TiO2-
electrodes as described in chapter 3, a batch of 40 TiOz-electrodes were soaked in a dye solution
of (0.3 mM) of N719 dye and named the N719 DSSCs, and another batch of 40 TiO2-electrodes
were soaked in a solution of (N719 : DPA) with 0.2 molar ratio. The cell were then assembled as

described in chapter 3.

In order to understand deeply how DSSCs behave, the accelerated test was performed under three
different conditions,1) DSSCs were exposed to continuous irradiation (100 mW cm) in Atlas
Suntest CPS, and the temperature was constantly maintained at 60 ° C, these cells named light-set.
2) DSSCs were exposed to temperature at 60 ° C without exposing to irradiation, named heat-set.
3) In the third conditions DSSCs were kept at in dark at room temperature, dark-set. The
photovoltaic characteristics of the cells were recorded during the aging test at selected intervals.
After that, DSSCs were disassembled and gently washed with ethanol to remove the residual
electrolyte on the surface. Each cell measured at once only, where after disassembling the cell and

measuring the interface no further aging done on that cell.
7.4 Results and Discussion

7.4.1 JV- Curve (Stability test)

The cell’s parameters such as short circuit current density (Jsc), open circuit voltage (Voc),
efficiency (n) and fill factor (FF) were measured periodically during the aging test and their
parameters are summarized in Table 7.1and Table 7. 2. Figure 7-1 shows the photovoltaic
parameters during the aging test for DSSCs sensitized with N719 and N719/DPA.
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Table 7.1: Photovoltaic parameters of N719 DSSCs during the three conditions of aging test

24 11.0 0.78 | 0.61 5.2 9.8 0.82 | 0.65 5.0 10.2 0.81 | 0.66 | 54
48 10.5 0.77 | 0.61 4.9 9.9 0.82 | 0.64 5.2 10.5 0.81 | 0.65 | 55
100 9.5 0.78 | 0.68 5.0 6.5 0.72 | 0.66 5.1 9.8 0.80 | 0.62 | 4.8
200 10.4 0.74 | 0.63 4.8 8.9 0.80 | 0.65 3.1 9.8 0.82 | 0.68 | 5.5
400 3.0 0.62 | 0.69 1.3 24 0.71 | 0.65 4.6 9.3 0.81 | 049 | 3.7
600 6.6 0.60 | 0.50 2.0 7.5 0.77 | 0.7 11 9.1 0.78 | 0.65 | 4.6
800 5.6 0.60 | 0.44 15 41 0.70 | 0.63 4.1 9.3 0.81 | 0.66 | 4.9
1000 - - - - 2.4 0.69 | 0.63 1.0 6.7 0.77 | 0.66 | 3.4

test.

(h) (mA/cm?) | (V) (mA/cm?) V) (mA/cm?) V)

24 10.2 0.75 | 056 | 4.3 9.2 0.82 0.52 3.9 9.5 0.82 | 057 | 45
48 10.8 0.75 | 058 | 4.7 9.6 0.83 0.53 4.2 9.3 0.81 | 0.63 | 4.8
100 9.5 0.73 | 062 | 4.3 8.2 0.81 0.66 4.4 8.2 0.82 | 0.67 | 45
200 10.0 0.72 | 057 | 4.2 9.0 0.82 0.67 5.0 9.0 0.82 | 0.65 | 4.8
400 9.5 0.70 | 058 | 3.9 6.6 0.82 0.63 34 8.5 0.81 | 0.67 | 4.6
600 1.9 0.56 | 0.68 | 0.7 5.0 0.74 0.70 2.6 8.2 0.83 | 0.68 | 4.7
800 4.7 056 | 053 14 4.3 0.79 0.69 2.4 2.8 0.74 |0.60 | 1.3
1000 2.7 054 | 057 | 0.8 2.8 0.70 0.54 1.1 3.2 069 | 058 |13
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Figure 7-1: Photovoltaic parameters of DSSCs sensitized with N719 and N719/DPA in three
different conditions during the aging test.
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In Figure 7-1A, an initial increase in the cell performance was observed in all test conditions in
the co-adsorbed cells during the first 48 hours, while steadiness with a slight decrease in N719
cells. Upon aging, the efficiency of the co-adsorbed cells exhibits stabilized and an increase in its
efficiency up to 400 h in light-set, 200 h in heat-set, and 600 h in dark-set. While the N719 cells
fluctuates in efficiency as the cell ages.

The efficiency in N719/DPA cells in the light-set increased to maximum then a drastic drop in the
efficiency by 80 % at 600 h. While in the heat-set a boost in the efficiency was observed up to 200
h, then it’s systematically decreased as the cell ages. In the dark-set steepest efficiency decreased
at 800 h.

The maximum efficiency was obtained with the N719 cells in all conditions compared to the co-

adsorbed cells. However, a variation in the efficiency as the cell aged in the three conditions.

From Figure 7-1B, similar behavior was observed for the J,.comparing with the efficiency, where
the highest J,.was obtained from the light-set in both N719 /DPA and N719 DSSCs, indicating
more injection of electrons due to the photoexcitation of the dye in the light condition. A
systematical decrease in N719/DPA cell, while a variation in N719 cell in the heat-set. A stabilized
Jsc in the dark-set in both N719/DPA and N719 DSSCs with a drop at 800 h in N719/DPA DSSC.

A total drop of 28 % and 27 % in VVoc observed in the light-set of N719/DPA and N719 DSSCs
respectively, while no major changes in the heat-set and dark-set maintaining ~85 % after 1000 h
of aging. Indicating that exposing the cell to heat without light exposure worked in favor with Voc
Figure 7-1D shows the fill factor in the three conditions. A stabilized fill factor in the N719 DSSCs
while a slight improvement observed in N719/DPA DSSCs.

There are two types of resistance need to be considered when reviewing the cell efficiency. The
series resistance (Rs) which results from the contact between the interfaces of DSSC and the shunt
resistance (Rsh) which is attributed to the current leakage generated from the electrons that do not
reach the electrode due to charge recombination [13]. Figure 7-2 shows both of Rs and Rsh as the
cells ages. It can be seen from Figure 7-2A that Rs in N719 DSSCs constant within the first 200 h,
in the three conditions, then an increase in the resistance at 400 h in the light and heat sets while
Rs in the dark-set remains almost constant. In Figure 7-2B, the Rs of N719/DPS DSSCs are more
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stabilized up to 400 h in light-set, 800 h in heat-set and 600 h in the dark-set. The sudden increase
in Rs is attributed to the electrolyte consumption.

Figure 7-2C show Rsh in N719 DSSCs, in the light-set an increases in the resistance reaching a
maximum at 400 h then drops down and remain increasing in the light-set, while a very low
resistance was observed in the dark-set. Figure 7-2D shows stabilized Rsh in N719/DPA DSSCs
as the cell ages. However, a sudden increase at 600 h in the light and heat sets.

Both resistances Rs and Rsh have contribution on the cell performance, the effect of the Rs is more

dominant on the cell performance, where a small variation of Rs effect the cell performance.
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Figure 7-2: Series and Shunt resistance of DSSCs sensitized with N719 and N719/DPA in three
different conditions during the aging test.
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7.4.2 Elemental depth profiles

Figure 7-3 shows the concentration depth profiles for all aged samples under the three different
conditions, and Figure 7-4 shows their respective molecular coverage. Ruthenium and iodide onset
are quite close to each other; that is why their depth profiles appeared close to each other and made
it difficult to differentiate between the contribution of how the depth of each of | and Ru peaks
infiltrating into the TiO2. Figure 7-4A shows an increase in the coverage in the three conditions in
N719 sample. In N719 cells, an increase in the coverage with cells subjected to light, while

fluctuating in coverage was observed for cells subjected to heat and dark.
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Figure 7-3: Concentration depth profile of N719 (left) and N719/DPA (right) aged sample in

three different conditions. (With respect to iodine depth scale).
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Figure 7-4: Molecular coverage of N719 (A) and N719/DPA (B) aged sample in three different
conditions.

743 XPS

XPS was used in this study to analyze the surface composition and the changes in the chemical
state, providing a complementary data to monitor these changes and the interactions between the
TiO2/dye/electrolyte interfaces as the cell ages. DSSCs were disassembled and analyzed by XPS,
comparing with unexposed photoanode to the electrolyte, all the aged samples showed a new
doublet peak at 619 eV arising from | 3d due to the electrolyte penetration into the substrate.
Moreover, there was no trace of Pt immigrating from the counter electrode, where the
iodide/triiodide redox is known as highly corrosive and attacks most metals. The thermally
platinized counter electrode was used to prepare the counter electrode for fabricating DSSCs in
this study, and this method is more favorable for long-term stability avoiding the redox attack [14].
Table 7.3- 7.8 shows the peak position and the relative intensities of each element as DSSCs aged.

The first part of the results will give an introduction presenting the total intensities of the main
elements (Ti, O, C, Ru, N, S, I, and P) as the cell ages. The second part will deal with the changes

in ratio between the elements such as Ru, N, S, and I, where they represent the dye, additives and

electrolyte in the cell.

In the last part the XPS results will be linked with the cell performance to investigate the how the

changes in intensities can affect the cell performance as the cell ages.
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Table 7.3: Peak positions (eV) = 0.2 and the relative intensities with errors of + 0.4 for (Ru, N3, S1, S2, 11 and

12) and + 0.3 for the other components in N719 samples in the light-set. Remaining percentage is F and Sn.

Element

Time

(h)

C1l
C2
C3
o1
02
03
Ti
Ru
N1
N2
N3
S1
S2
11
12

24

Position

285.0
286.0
288.3
530.0
531.3
532.6
458.7
281.0
401.8
400.1
398.1
162.3
168.5
618.6
620.3

Table 7.4: Peak positions (eV) = 0.2 and the relative intensities with errors of + 0.4 for (Ru, N3, S1, S2, I1 and

Intensity
%

12.9
15.0
2.8
35.3
6.4
1.9
125
0.4
1.9
2.8
11
0.8
0.16
1.0
0.1

48

Position

285.0
285.9
288.2
530.0
531.0
531.9
458.8
281.1
401.9
400.2
398.3
162.3
168.2
618.7
620.9

Intensity
%

9.6
17.9
2.6
35.2
5.6
3.3
135
0.4
1.9
2.9
11
1.0
0.1
1.2
0.1

100

Position

285.0
286.0
288.0
529.9
531.2
532.2
458.7
281.1
401.9
400.2
398.3
162.4
167.7
618.6
620.4

Intensity
%

10.5
21.6
2.8
30.7
54
19
11.4
0.4
3.7
2.5
1.0
0.9
0.1
3.8
0.4

200
Position Intizsity
285.0 21.7
285.9 20.0
288.1 2.1
529.7 254
531.1 54
532.3 2.7
458.5 9.1
280.9 0.3
401.7 24
400.0 24
398.1 0.6
162.1 0.5
168.3 0.2
618.4 2.1
619.9 0.1

Position

285.0
286.0
288.2
530.0
531.3
532.2
458.8
281.0
401.8
400.1
398.4
162.4
168.5
618.7
620.8

400

Intensity
%

10.3
18.9
2.9
32.5
5.3
15
114
0.3
2.9
2.8
0.9
0.5
0.3
4.7
0.3

Position

285.0
285.9
288.3
530.0
531.3
532.4
458.8
281.1
401.9
400.2
398.3
162.3
168.5
618.7
620.9

600

Intensity
%

10.8
19.3
3.1
34.6
6.1
2.3
125
0.4
1.8
2.9
0.8
0.8
0.2
2.0
0.1

Position

285.0
286.2
288.2
529.9
531.3
532.5
458.7
280.9
401.7
400.0
398.1
162.2
168.1
618.5
620.2

800

Intensity

%
23.9
14.2
2.1
275
54
2.1
9.9
0.2
3.4
2.3
0.7
0.5
0.3
3.8
0.2

12) and £ 0.3 for the other components in N719/DPA samples in the light-set. Remaining percentage is F and Sn.

Time

(h)

Element

C1
Cc2
C3
o1
02
03
Ti
Ru
N1
N2
N3
S1
S2

Position

285.0
286.0
288.1
530.0
530.8
531.8
458.9
281.1
401.9
400.2
398.3
162.4
168.1
132.9
618.7
620.6

24

Intensity
%

19.6
13.4
15
31.9
8.2
4.2
12.6
0.2
1.8
1.6
0.5
0.4
0.04
1.0
2.0
0.2

Position

285.0
286.1
287.3
530.1
531.3
532.3
458.9
281.1
401.9
400.1
398.3
162.4
168.3
133.0
618.6
620.5

48

Intensity
%

21.1
12.3
3.3
30.7
6.1
1.7
11.3
0.3
3.7
2.0
0.7
0.6
0.1
0.8
44
0.4

Position

285.0
286.0
287.1
530.0
531.2
532.3
458.8
281.0
401.9
400.1
398.1
162.4
168.3
132.9
618.7
620.7

100

Intensity
%

24.8
8.7
2.9

34.0
7.2
2.2

12.7
0.2
1.8
14
0.3
0.3
0.0
11
2.0
0.2

Position

285.0
286.1
288.1
530.1
531.3
532.4
458.8
281.0
401.9
400.2
398.3
162.3
168.7
133.0
618.7
620.7

200

Intensity
%

25.2
13.0
3.5
21.7
7.6
2.0
10.0
0.4
2.1
815
1.0
0.9
0.1
0.8
1.9
0.1

400
Position  Intensity
%

285.0 225
286.1 111
287.3 31
530.1 304
531.0 6.0
531.9 2.5
4589 117
281.1 0.2
401.9 3.4
400.2 1.6
398.4 0.3
162.5 0.4
169.1 0.1
132.9 1.0
618.6 5.0
620.6 0.5

600
Position  Intensity
%

285.0 211
286.1 121
288.2 2.0
529.9 33.0
530.9 6.9
531.8 2.9
458.7 124
281.0 0.16
401.8 2.4
400.2 1.7
398.8 0.6
162.4 0.2
168.5 0.1
132.7 1.2
618.6 2.8
620.5 0.4

800
Position Intensity
%

285.0 16.9
286.0 15.6
288.4 1.6
530.0 345
531.0 6.4
531.9 2.8
4588 12.7
281.0 0.2
401.9 2.1
400.1 2.0
398.3 0.5
162.3 0.4
169.1 0.1
132.9 0.8
618.6 2.8
620.8 0.3

1000
Position  Intensity
%

285.0 21.2
286.1 8.9
288.4 24
530.0 374
531.2 7.1
532.2 24
4588 13.2
280.9 0.2
401.8 1.0
400.1 2.2
398.0 0.5
162.4 0.3
168.8 0.1
132.9 1.0
618.7 1.2
620.8 0.1
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Element

Cl
Cc2
C3
o1
02
03
Ti
Ru
N1
N2
N3
S1
S2
11
12

Time (h)

Element

C1
C2
C3
o1
02
03
Ti
Ru
N1
N2
N3
S1
S2

Chapter Seven

Table 7.5: Peak positions (eV) + 0.2 and the relative intensities with errors of £ 0.4 for (Ru, N3,

S1, S2, 11 and 12) and £ 0.3 for the other components in N719 samples in the heat-set. Remaining

percentage is F and Sn.

24

Position

285.0
286.1
288.5
530.2
531.8
533.2
459.0
281.3
401.8
400.2
398.5
162.6
168.7
618.7
620.1

48
Intensity Position
%
55 285.0
385  286.1
3.5 288.5
23.5 5300
4.7 531.3
2.6 532.5
8.1 458.8
0.3 281.0
3.4 401.9
11 400.1
0.8 398.1
0.6 162.4
0.1 168.3
1.6 618.8
0.9 620.9

Intensity

%
11.3
16.5
3.1
34.6
6.6
2.0
12.3
0.4
2.2
2.4
13
0.7
0.2
1.8
0.1

100
Position Intensity
%
2850 103
286.0 17.2
288.2 2.9
5299 324
530.8 6.2
531.8 3.1
458.7 12.8
281.0 0.4
401.8 3.1
400.1 2.7
398.2 1.0
162.3 0.9
168.7 0.1
618.6 2.7
620.5 0.2

200

Position |

285.0
286.1
288.5
530.0
531.0
532.0
458.8
281.1
401.9
400.1
398.0
162.4
-0.5
618.8
621.3

ntensity
%

111
19.3
2.6
30.6
5.7
3.2
115
0.4
2.8
2.3
11
0.5
0.0
3.4
0.2

400
Position Intensity
%
285.0 8.4
286.0 181
288.6 3.3
530.1 36.5
531.4 6.6
532.5 1.9
4589 13.0
281.1 0.4
402.1 1.6
400.2 2.9
397.7 1.0
162.3 0.4
168.5 0.2
619.1 0.9
621.8  0.07

600
Position Intensity
%
2850 10.7
286.1 16.9
288.2 3.1
530.0 338
531.0 55
531.9 3.5
458.8 12.6
281.1 0.4
401.9 2.5
400.2 2.4
398.3 11
162.4 0.9
168.5 0.1
619.0 1.3
621.7 0.1

800

Position

285.0
286.1
288.1
529.8
531.2
532.1
458.5
280.9
401.6
400.0
398.1
162.2
168.3
618.4
620.6

Intensity
%

20.3
15.6
24
29.9
51
1.8
10.4
0.3
4.2
1.8
1.0
0.6
0.2
3.8
0.27

1000

Position

285.0
286.1
288.3
529.9
531.2
532.1
458.7
281.0
401.9
400.1
398.2
162.3
168.2
618.6
619.5

Table 7.6: Peak positions (eV) + 0.2 and the relative intensities with errors of £ 0.4 for (Ru, N3,
S1, S2, 11 and 12) and = 0.3 for the other components in N719/DPA samples in the heat-set.

Remaining percentage is F and Sn.

Position

285.0
286.2
288.5
530.1
531.1
532.6
458.9
281.2
401.9
400.2
398.3
162.5
168.8
133.0
618.6
620.6

24

Intensity
%

30.3
18.7
1.2
17.9
7.8
4.8
7.4
0.2
3.0
1.2
0.4
0.3
0.1
0.8
3.7
0.4

Position

285.0
286.2
288.2
530.0
531.3
532.3
458.8
281.1
401.9
400.2
398.2
162.4
169.0
132.8
618.7
620.9

48
Intensity ~ Position
%
240  285.0
135 28538
24 288.4
29.5 530.0
7.1 531.3
1.5 532.5
10.2  458.8
0.3 281.1
2.9 401.8
2.3 400.1
0.8 398.2
0.7 162.4
0.0 168.5
0.9 132.7
2.8 618.6
0.2 620.2

100
Intensity ~ Position
%
16.5 285.0
26.2  286.2
14 288.1
272 529.8
6.3 530.3
1.8 531.1
9.7 458.8
0.3 281.1
3.0 401.8
1.6 400.1
0.5 398.2
0.5 162.3
0.1 -0.5
0.8 132.7
3.3 618.7
0.3 620.8

200

Intensity ~ Position
%

232  285.0
9.8 286.2
1.8 288.2
19.7  529.8
116  530.4
11.0 5315
13.0 458.6
0.1 281.0
2.3 401.8
1.6 400.0
0.5 398.0
0.3 162.1
0.0 168.5
1.0 132.6
3.1 618.8
0.3 621.8

400

Intensity
%

26.3
8.3
1.8

295
9.7
4.7

12.9
0.1
1.7
1.6
0.5
0.3
0.1
1.2
0.8

0.03

Position

285.0
286.0
288.5
529.9
531.1
532.3
458.7
281.0
401.8
400.1
398.2
162.3
168.6
132.5
618.7
620.9

600

Intensity
%

24.3
13.7
1.7
314
6.5
2.0
111
0.2
2.2
1.4
0.6
0.5
0.1
1.2
2.1
0.1

Position

285.0
286.1
288.6
529.9
531.0
531.9
458.7
281.1
401.9
400.1
398.1
162.2
168.5
132.7
619.0
621.4

800

%
20.3
10.1
19
37.7
7.5
2.6
13.8
0.2
1.3
1.4
0.4
0.3
0.1
1.0
0.3
0.02

Intensity
%

12.0
154
3.4
35.9
6.2
2.7
13.2
0.4
2.6
2.5
11
0.9
0.2
0.5
0.16

1000

Intensity ~ Position

285.0
286.3
288.3
529.9
531.3
532.5
458.6
281.0
401.8
400.0
397.9
162.4
168.8
132.7
618.9
621.4

121

Intensity
%

221
6.9
1.8

37.6
8.8
3.7

11.8
0.1
1.0
1.3
0.3
0.1
0.1
11
0.4

0.05
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Table 7.7: Peak positions (eV) + 0.2 and the relative intensities with errors of £ 0.4 for (Ru, N3,
S1, S2, 11 and 12) and + 0.3 for the other components in N719 samples in the dark-set. Remaining
percentage is F and Sn.

24 48 100 200 400 600 800 1000

Element

Position Intensity | Position Intensity | Position Intensity | Position Intensity | Position
% % % %

Intensity | Position Intensity | Position Intensity | Position Intensity
% % % %

Cl 2850 | 62 | 2850 106 | 2850 80 2850 101 | 2850 109 | 2850 130 2850 | 28.7 | 2850 11.2
C2 2865 51.0 2860 | 162 @ 2859 264 2860 175 286.1 \ 165 2861 159 | 2863 83 2860 17.2
C3 2887 | 33 | 2883 30 |2884 29 2884 | 28 | 2884 31 2882 | 34 | 2879 31 |2883 30
O1 | 5302 113 5300 361 @ 530.0 321 5300 355 530.0 \ 333 | 5299 302 5297 260 5299 351
02 | 5313 40 5312 63 | 5313 58 5314 63 | 5313| 65 |5307 63 5312 73 5311 51
O3 | 5335 63 5322 26 5325 22 5326 15 5323 \ 24 | 5317 39 5324 33 5319 29
Ti | 4590 | 50 | 4588 129 | 4587 @113 | 4588 | 125 | 4588 @ 12.0 | 458.7 120 4585 | 87 | 4587 | 125
Ru 2813 | 02 2810 04 | 2811 04 2810 04 @ 2810 \ 04 2811 03 2809 06 | 2810 04
N1 | 4038 09 | 4019 22 4019 | 27 |4019 19 | 4019 20 4019 27 | 4016 1.7 | 4019 28
N2 | 4018 25 | 4001 26 4002 2.3 | 4001 27  400.2 \ 28 | 4002 25 3999 36 | 4001 21
N3 | 4003 | 09 |3982 14 3983 1.0 3981 09 3980 11 3983 1.0 3979 | 08 | 3982 09
S1 | 1625 02 1623 | 08 | 1623 1.0 1623 09 1624 \ 05 | 1623 1.0 1626 03 | 1623 07
S2 1691 | 01 1692 01 | 1683 02 | 1689 03 | 1686 02 | 1688 02 1681 | 02 | 1684 0.2
Il 6186 25 6187 11 6186 18 6187 12 6187 10 6187 14 6187 15 6187 1.0
I2 | 6205 134 621.8| 0.09 | 6205 013 6211 006 @ 6208 011 | 6209 008 6207  0.09 6210  0.08
Table 7.8: Peak positions (eV) + 0.2 and the relative intensities with errors of £ 0.4 for (Ru, N3,
S1, S2, 11 and 12) and £ 0.3 for the other components in N719/DPA samples in the dark-set.
Remaining percentage is F and Sn.
Time (h) 24 48 100 200 400 600 800 1000
Element Position Intensity | Position Intensity | Position Intensity | Position Intensity | Position Intensity | Position Intensity | Position Intensity | Position Intensity
% % % % % % % %
Cl | 2850 215 2850 231 | 2850 | 259 | 2850 213 2850 | 17.1 | 2850 20.1 | 2850 | 27.6 | 2850 | 19.8
C2 | 2860 150 2859 151 2861 67 2859 134 2858 164 | 286.1 86 \ 286.2 9.0 2862 | 10.1
C3 | 2885 24 2885 14 | 2884 10 |2883 13 | 2885 08 2879 | 16 2882 | 16 | 2882 27
Ol 5300 316 5299 322 5299 352 |5300 357 5299 330 5299 312 \ 529.9 327 5299 | 36.4
02 5313 | 7.7 |5312 61 5309 80 |5312 67 |5307 82 | 5305 111 531.1| 74 | 5311 6.7
O3 5324 | 26 5325 27 5318 39 |5323 19 5317 36 5315 57 \ 5323 29 5319 | 26
Ti | 4588 11.1 | 4586 11.6 | 458.7 | 136 4587 = 12.7 4587 | 13.1 | 4588 142 | 458.7 | 115 | 458.7 | 13.1
Ru | 2811 03 2809 02 2810 01 | 2810 02 2809 02 @ 2810 02 \ 281.0 01 2810 03
N1 | 4019 15 | 4017 | 14 | 4019 1.0 4018 | 1.2 | 4018 21 |401.8 15 4018 | 1.7 | 4019 20
N2 | 4001 23 3999 | 16 4001 1.2 4000 14 | 4001 13 | 4001 1.4 \ 400.1 @ 1.3 | 4001 22
N3 3981 08 |3978| 05 | 3979 03 3977 | 04 3976 04 |3980 05 3981 | 05 |3981 09
S1 | 1622 05 1621 04 1623 02 1620 01 | 1625 02 | 1623 03 \ 1623 | 04 1623 0.6
S2 | 1685 01 | 1684 02 1687 01 | 1689 01 | 1680 01 | 1686 0.1 1684 | 01 | 1679 0.1
P 1328 | 09 1327 09 1328 14 1329 10 | 1327 1.0 | 1328 1.3 \ 1327 | 11 1327 0.8
I1 | 6188 06 | 6185 08 6192 01 6188 | 10 |6184 11 | 6187 05 6186 | 08 | 6188 0.3
2 6204 002 6203 007 6199 001 6211 010 6207 0.4 6203 006 6204 00 6207 00
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7.4.3.1  Elements intensities as the cell ages
Ti2p

A high-resolution scan of the Ti 2p spectra is shown in Figure 7-5A. The splitting is due to the
spin-orbital coupling, where the peaks position at 458.8 + 0.2 eV and 464.5 + 0.2 eV attributed to
Ti** 2pa2 and Ti*" 2py2 states respectively. In all aged samples, the Ti 2p peaks show that the
surface consists of Ti*" and there were no traces of other oxidation states such as Til*, Ti?* and
T3 An increase in the intensity was observed in the heat and dark sets in both N719 and
N719/DPA samples within the first 48h. The intensity remains constant with small variations as
the cell aged as illustrated in Figure 7-5B and C.
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Figure 7-5: A) High resolution scan of Titania and Ti intensity in three different conditions in B)
N719 and C) N719/DPA samples.
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O 1s
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Figure 7-6: High-resolution scan of A) Oxygen and B) Carbon.

The O 1s was deconvoluted into three peaks as in Figure 7-6A. The peaks with lowest binding
energy at 529.9 £ 0.2 eV and 531.1 + 0.2 eV are attributed to O and Ti-OH from TiOz2 surface, in
addition the peak at 531.5 + 0.2 eV has some contribution from the double bonded oxygen (O=C),
oxygen in the carboxylate attached with the counter-ions (-COO TBAY), and carboxylate groups
bonded to TiO2 substrate (COO-Ti) [15]. The peak located at 532.1 £ 0.2 eV originating from

oxygen in carboxylic groups of the dye [16-18]. A similar observation to Ti was observed with O.
C1ls

A high-resolution scan of the C reveals three peaks at 285.0, 286.2 £ 0.2, and 288.3 + 0.2 eV. It is
worth to be noted that the Ru 3ds/2 peak is hidden under the main C 1s peak at 285 eV. This peak
contains a contribution from the TBA™ and NCS groups of the dye as well [15]. Therefore, the
main peak of C 1s at 285.0 eV is contributed to C=C, C—C, C=N, TBA* and Ru 3dzy2. , the peak at
286.2 £ 0.2 is attributed to C-O/C-N, and the peak at 288.3 £ 0.2 eV correspond to C (=0) OH
[15, 19, 20] Figure 7-6B.
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Figure 7-7: Ru/Ti ratio intensity of N719 (A) and N719/DPA (B) aged samples in three different

conditions.

Figure 7-6B shows the spectrum of Ru 3d adsorbed on TiO2 at a binding energy of 281.0 + 0.2 eV,
the splitting due to spin-orbital coupling corresponds to Ru 3ds2 and Ru 3ds2 with the former
overlap with C 1s peak as mentioned above. The Ru 3ds/2 peak is shifted 4.2 eV from Ru 3ds/2. The
dye coverage of the aged cells was measured by a comparison between the intensity ratio of Ru
and Ti in each sample, as illustrated in Figure 7-7. The intensity ratio of Ru/Ti is nearly constant
in N719 samples, despite the 800 h in the dark where the obtained FWHM for this sample increased
from 1 to 1.5 indicating substantial changes in the Ru and its interaction with TiO2 surface. In the
N719/DPA samples, a slight increase in the intensity in the light and heat sets, while the intensity
decreases in the dark set during the first 48 h. Upon aging the intensity of Ru/Ti is decreased and
remain stable as the cell aged. It is worth noticing that the Ru/Ti intensity in the N719/DPA
samples is almost 50 % less than the N719 samples, due to the presence and effect of the co-
adsorbent DPA.

N1s

The nitrogen can be found in the following components of the cell, the dye N719, which contains
eight nitrogen atoms, including its cations. In the electrolyte additives 4-TBP and BMII. XPS

reference measurements were performed on four of the TiO2 working electrode were immersed in
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the following separately, the dye N719, 4-TBP, BMII, and the full components of the electrolyte.
The high-resolution scan of the N region of each electrode is shown in Figure 7-8.
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Figure 7-8: A) High resolution scan of Nitrogen in A) Dye, B) 4TBP, C) BMII and D) electrolyte.

In the N719/ TiO: electrode, three peaks were observed, and they are located at 398.2 + 0.2 eV,
400.1 + 0.2 eV, and 401.8 + 0.2 eV. The peaks are assigned to thiocyanate ligands (Nncs),
bipyridine ligands (Npyd) and nitrogen in tetra butyl ammonium cations (Ntsa) respectively [17,
21] Figure 7-8-Dye. Both of the electrolyte additives exhibit two peaks, at 402.1 + 0.2 eV and
400.3 + 0.2 eV in 4-TBP/ TiOz2 electrode as in Figure 7-8-4TBP, and at 401.6 + 0.2 eV and 399.4
+ 0.2 eV in BMII/ TiOz2 electrode as can be seen in Figure 7-8-BMII, with different intensities
between the peaks in each electrode. The peaks with the higher binding energies at 402-401 eV
are attributed to the O-Ti-N or Ti-N-O linkage, while the peaks with lower binding energies at
399-400 eV originating from N-O, as reported by Phan et. al. [22].
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Figure 7-9: High resolution scan of S, Stotal intensity of N719 (B) and N719/DPA (C) aged

samples in three different conditions.

The high-resolution S 2p spectrum was fitted with two components as shown in Figure 7-9A, one
at (162.4 £ 0.2 eV) corresponding to C-S/C=S bond, the second component at high binding energy
(168.5 + 0.2 eV) attributed to highly oxidized sulfur (such as S®* to S®*) [23].

The Stotal intensities as the cell ages at the three conditions are shown in Figure 7-9B and Figure
7-9C. An increase in the intensity within the first 100 h in the three sets of N719 samples was
observed and variations in the intensities as the cell ages Figure 7-9B. Furthermore, the stabilized
Ru/Ti intensity in N719 samples as shown in Figure 7-7A, with the change in Stota indicate
different dye configuration as the cell ages. From Figure 7-9C, and despite the high intensity of
Stota @t 200 h in the light-set, a notable decrease in the Stotal intensity after 48 h in N719/DPA

samples was observed in all sets and returning to increase after 600 h in the dark-set.
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Figure 7-10: A) High resolution scan of I, and the Itotal intensity of N719 (B) and N719/DPA (C)

aged samples in three different conditions.

To observe the electrolyte behavior, the high-resolution scan of iodine (I) was measured. The XP
spectra of | 3d exhibits a doublet with peaks close to 618.0 £ 0.2 eV and 630.0 + 0.2 eV attributed
to | 3ds2and | 3da2 states respectively [24]. As shown in Figure 7-10A the high-resolution scan of
I 3d was deconvoluted to two doublets at (618.8 £ 0.2 eV, 620.5 + 0.2 eV and 630.0 £ 0.2 eV,
632.1 = 0.2 eV). The peak found at the lower binding energy 618.8 + 0.2 eV is attributed to
triiodide 15 denoted as 11, while the peak at higher binding energy assigned to iodide 1~ [14, 25,
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26] denoted as 12. Inconsistent pattern in the Itow intensity in the light-set in both N719 and
N719/DPA samples.

Figure 7-10B and C shows the intensity of Itotal in the three conditions of all samples. The highest
intensity of Itoral Was observed in the light-set, while the lowest was observed in the dark-set in
both of N719 and N719/DPA samples. In the heat-set, a variation with a decrease trend was

observed in N719 samples while a systemically decreased in N719/DPA samples.
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Figure 7-11: P intensity of N719/DPA aged samples in three different conditions.

The P was observed in all co-adsorbed samples with DPA with similar binging energy indicating
that the adsorption of DPA on the TiOz2 surface is the same as the cell aged. P 2p peak was fitted
with one spin-orbit doublet at binding energy 133.0 + 0.2 eV attributed to (PO.%) [21, 27]. Figure

7-11 show P intensity in all three conditions having the tendency to increase.

In order to investigate the aging behavior of the cells, the atomic ratio between the relevant
elements was determined to understand the changes during the aging process. Through this step,
XPS can provide some of the mechanisms that possibly ruling the interactions between the cell

components within the TiO2/dye/electrolyte interfaces.
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7.4.3.2 Intensity ratios as the cell ages

Based on the results in the previous chapters 4, 5, and 6, the intensity of Ntea is distinctively
reduced after dye adsorption, and this observation agrees with Johansson et al., and Lee et al. [16,
28]. Therefore, it is reasonable to conclude that the increase in the N 1s intensity at 401.9 £ 0.2 eV

as the cell ages is due to additives (4TBP and BMII) adsorbing on the TiOz surface.

The intensities of the N1s relative to Ru for N719 and N719/DPA aged samples are summarized
in Table 7.9 and 7.10 respectively, where N1 is the peak located at 401.9 £ 0.2 eV (4TBP, BMII
and TBA), N2 is the peak located at 400.2 = 0.2 eV (4TBP, BMI|I, bipyridine ligands) and the NCS
ligand located at 398.3 + 0.2 eV.

Table 7.9: N1s intensity ratio in N719 sample
Light Heat Dark
HIEWR Ni/Ru N2/Ru NCS/Ru Ni/Ru N2/Ru NCS/Ru Ni/Ru N2/Ru NCS/Ru
24 5.3 7.6 3.1 12.4 4.2 3.0 5.3 14.9 5.4
4.3 6.7 25 51 5.6 3.0 4.9 6.0 31
100 10.2 6.8 2.7 8.1 7.2 2.6 7.4 6.2 2.8
200 7.6 7.5 2.0 7.4 6.3 2.8 5.2 7.3 2.6
400 8.6 8.3 2.6 3.7 6.6 2.2 5.0 7.1 2.8
4.3 7.0 2.0 6.2 5.8 2.8 9.6 8.8 3.7
800 14.0 9.6 3.1 14.2 6.1 3.4 2.7 5.7 1.2
1000 - - - 6.0 5.7 2.6 7.6 5.8 2.4
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Table 7.10: N1s intensity ratio in N719/DPA sample

Light Heat Dark

LN Ni/Ru N2/Ru NCS/Ru Ni/Ru N2/Ru NCS/Ru Ni/Ru N2/Ru NCS/Ru
24 8.6 7.6 2.6 19.8 7.7 2.7 5.0 7.4 2.5
48 13.5 7.3 2.6 9.3 7.3 2.6 6.9 8.0 2.6
100 11.8 9.2 2.0 11.1 5.9 2.0 7.0 8.6 2.3
200 4.3 7.3 2.1 158 108 3.7 6.8 8.2 2.4
400 17.2 8.0 2.2 11.9 115 3.2 25 5.9 1.7

14.6 10.5 2.9 10.7 6.9 2.8 7.3 7.0 2.7

800 9.0 8.3 2.2 7.3 8.0 2.3 12.4 9.3 3.4

1000 5.2 11.2 2.3 7.9 10.5 2.3 6.5 7.0 2.8

Looking closely to the N/Ru intensities and starting with the N719 samples, a stabilized N/Ru
intensity in the light, heat and dark sets is found with a slight increase in the N1/Ru intensity in
both light and heat sets. The steadiness in N/Ru as the cell ages could be due to the thicker dye
layer make it difficult for the additives to be adsorbed on TiOz2 surface.

The highest nitrogen intensities were observed in the N719/DPA samples, especially in the heat-
set the N1/Ru presence in abundance and decreasing as the cell ages, followed by fluctuating in
the light-set reaching a maximum at 400 h then decreased and stabilized in the dark-set. N2/Ru and
NCS/Ru, both had a stabilized performance in the light-set, NCS/Ru had the trend to decrease in
the heat-set and increase in the dark-set.

7.4.3.3  Competition for adsorption on TiO2 surface

Comparing the intensities for P, R/Ti and N1i/Ru (which is attributed mostly to the additive TBP
adsorbed on TiOz surface) in N719/DPA samples, the following conclusions can be made. The
intensity ratio of Ru/Ti in N719 samples is almost constant despite the high intensity in the dark-
set at 800 h. In N719/DPA samples, the intensity ratio of Ru/Ti has the tendency to increase within
the first 200 h in both light and heat sets, while an apparent decrease was observed in the dark-set
as can be seen from Figure 7-7. Since not all the aggregated dye molecules are removed by DPA

as previously observed in chapter 5. The variation in the intensity ratio of Ru/Ti can be attributed
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to additives competing with the dye molecules to be adsorbed on the TiOz2 surface, resulting in
weakening some of the dye/ TiO2and dye/dye interaction as the cell ages [29]. From Table 7.10,
an increase in N1/Ru intensity was observed after dye desorption is an indication of more additives
were adsorbed on the TiO2 surface. This phenomenon was observed more in the light and heat set
in N719/DPA samples. While in the dark-set, it was observed later after 600 h.

Furthermore, the opposite trend was observed between Ru/Ti and P intensities. Where the sample
that contains high P intensity, lower R/Ti intensity was observed. There is no clear information
that can drown from this observation. Since Ru and N ratios almost stable in the N719 samples,

there was no such observation can be concluded from their intensities.
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Figure 7-12: Intensity ratio of Si/Ru representing (NCS) and S2/Ru representing (oxidized sulfur)
of N719 (left) and N719/DPA (right) aged samples in three different conditions.
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Figure 7-13: Intensity ratio of 11/ltotal representing (I5) and I2/Ivota representing (/=) of N719
(left) and N719/DPA (right) aged samples in three different conditions.

Figure 7-12 shows the intensity ratio of S1/Ru and S2/Ru, representing the NCS ligand and the
oxidized sulfur, and Figure 7-13 shows li/lTora and I2/Itotal representing the triiodide (I3) and
iodide (I7) as the samples aged. In the light-set a clear decrease in S1/Ru in N719 samples with
increasing in oxidized sulfur S2/Ru. Similar results were obtained from N719/DPA. In the heat-
set, a stabilized ratio of S1/Ru with a drop at 400 h in the N719 samples, while S2/Ru start to
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increase after 200 h. in N719/DPA sample, S1/Ru remain almost stable the start decreasing after
600 h, while S2/Ru increased.

In the dark-set, S1/Ru is fluctuating, and S2/Ru stabilized after 400 h in N719 sample. Both of
S1/Ru and S2/Ru follows the trend in N719/DPA sample.

In order to maintain a well-operating cell, an optimum and stable concentration of I~ /15 is required
to sustain the electrolyte conductive as the cell ages. A small change in 1~ /13 concentration will
affective on the cell performance. From Figure 7-13, a decrease in the intensity of I~ in N719
samples, while an increase in the intensity in N719/DPA samples was observed in the light-set. In
the heat-set almost a stabilized I~, despite the high values at 24 h and 1000 h in N719 samples.
While in N719/DPA samples, stabilized I~ with a small increase as the cell ages. In the dark-set,
[~was stable in N719 samples with an increase at 400 h. For N719/DPA, 1~ increases then. A

sudden decrease after 600 h.

7.4.4 Analysis of MIE spectra

The MIE spectra were measured for all aged samples at the three conditions. Figure 7-14 shows a
magnified valance electron spectrum reveals the HOMO level of the dye/electrolyte adsorbed on
TiO2 surface. Two clear features were observed in N719 samples, at ~3.5 eV with high intensity
and a peak at ~2 eV. A broader feature at ~3.5 eV in N719/DPA samples in the three conditions.
The peak located at ~3.5 eV is attributed to the presence of the iodine at the outermost layer of the
sample [30]. While the broad peak shows that the outermost layer contains both electrolyte and
dye in N719/DPA samples, it cannot be distinguished to what extent the dye or the electrolyte

covers the surface, where dye and electrolyte have contribution as shown in Figure 7-15.
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Figure 7-14: MIES spectra of aged samples (showin the HOMO level).
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Figure 7-15: MIE spectra of reference samples N719 and electrolyte

In order to find a physical explanation for the cell performance as the cell ages, the results obtained

from the photovoltaic parameters are linked with the results obtained from XPS.

7.5 Light-set aging cells

Cell performance (48h)

The results obtained from the cells exposed to light at ~60 °C shows some differences in the
performance when the co-adsorbent DPA was used. In the N719 cells, a small decrease in the cell
performance in the light-set during the first 48 h. A similar result was observed by Xue et al. [31].
While an increase in the cell performance was observed in the co-adsorbed cells during the first
48 h. This increase attributed to the final equilibrium between the electrolyte components and the
dye system on TiO2 surface was reached during the first 48 h, also due to electrolyte penetration
into the mesoporous TiO2 substrate improving the dye regeneration and reducing the
recombination [32-34]. A similar observation was also previously reported by Hara et al., using
the organic dye MK-2 [35], Lee et al., by fabricating plastic DSSC [36], and Han et al., using ionic
liquid electrolyte [37].
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7.5.1 ldentifying the mechanisms behind changes in the cell performance.

From Figure 7-1B a fluctuating behavior in the current was observed in the N719 cells, with an
increase in Rs in the N719 samples as shown in Figure 7-2. The increase in the resistances indicates
less electrolyte penetration as can be seen from the low FF obtained within the first 48 h as shown
in Figure 7-1D, the low contact between the electrolyte and the thick dye layer resulted in slowing
down the dye regeneration which results in decrease in the current within the first 48 h [38].

From Figure 7-7, the amount of dye on N719/DPA samples is almost 40 % lesser than what was
observed in the N719 samples, and this is due to the presence of DPA decreasing the weakly
bonded dye and occupying the vacant spots on TiO2 surface, Having the advantages of removing
the weakly bonded dye on TiO2 surface allows better infiltration of the electrolyte in to the
mesoporous TiO2 for faster dye regeneration and decreasing the charge recombination [34].
Furthermore, a stabilized Rs and Rsh was observed in the N719/DPA samples as shown in Figure
7-2 resulting in Jsc almost close to N719 samples even though the N719/DPA samples containing

40 % lesser dye adsorbed on TiO2 surface.

Cell performance after (48h)

N719-sample

Sample N719 experiences some fluctuations in its efficiency after 48 hours with maximums at 200
h followed by a continuous decrease after 600 h. The decrease in the cell performance in N719
cell resulted from the high resistance was obtained from the cell. Where an increase in of Rs is an
indication of some changes occurred at the interface of TiO2/dye/electrolyte. The FF increases
after 48 h and remains stable indicating better electrolyte penetration. A decrease in. the FF was
observed after 400 h due to some changes occurring which affect the FF. However, a big drop in
Jsc was observed at 400 h, attributed to the increase in Rs which is resulted from the increase in
the oxidized sulfur at this aging time. Suggesting some of the dye molecules losing their S from
NCS ligands resulting in an increase in oxidized sulfur. A notable change in Stotal intensity was
observed as in Figure 7-9. In Figure 7-12 a clear increase in S2/Ru ratio indicating more oxidized
S with less S1/Ru, and comparing with Rs in Figure 7-2, a parallel behavior between the increase
in the oxidized S and increase in Rs in the cell. A similar behavior of an increase in oxidized sulfur

and Rs combined with decrease in Jsc was observed at 800 h as well.
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The decrease in FF is due some changes in the electrolyte penetration into the TiO2 surface. From
Figure 7-12, I~ was decreased after 400 h which indicates non-regenerative reduction of I~ in the
cell. The thick dye layer makes it difficult for the electrolyte to penetrate the TiO2, thus a
competition between the oxidized dyes within the thick dye layer to be regenerated resulting in an
increase in I~ consumption. The decrease in I~ influencing the I~ /I3 ratio as the cell ages changing
the electrolyte ingredients. A low I~ /I3 concentration will result in difficulties in maintaining the
required conductivity [39]. From Figure 7-17 a comparison between Jsc and VVoc performance with
respect to the changes in 12/ltorar (I7). A clear increased in both of Jsc and Voc with increasing in

in l2/lvota ratio.
N719/DPA-sample

In the N719/DPA samples, the cell's efficiency and Jsc were stabilized then dropped at 600 h,
while a drop in the FF was observed after 600 h. A notable increase in the Rs at 600 h was observed,
indicating some changes at the interface. From the XPS results, and despite the aged sample at 200
hin light-set, a certain amount of dye was desorbed in the electrolyte in the three chosen conditions
caused by the presence of the additives and electrolyte on TiO2 surface [4]. This desorbed dye
becomes oxidized and starts competing to be regenerated with the bonded oxidized dye on TiO2
surface, slowing down the regeneration of the oxidized dye on TiO2 surface which led to the
decrease in the current in the cell as has been noticed. Furthermore, a clear increase in l2/Ivotal
intensity which is corresponded to (I7) in the electrolyte solution attributed to deeper penetration
of the electrolyte into the mesoporous TiO2 getting closer such that the excited electrons will be
more easily captured by the I3, causing charge recombination, therefore lowering the cells
efficiency. This phenomenon is affecting on the electrolyte structure as the cell ages by changing

the ratio between the redox couple and can be observed in drop of the cell efficiency.

An increase in the oxidized sulfur having a maximum at 600 h in parallel was found with the
increase in Rs at 600 h. However, an increase in the FF was observed which is an indication of the

good contacts between the dye and electrolyte on TiO: surface as illustrated above.
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7.6 Heat and dark sets aging cells

N719-sample

In N719 cells, both efficiency and Jsc in the heat-set follows the same trend in the light-set. From
XPS results, despite the drop at 400 h, a stabilized S1/Ru ratio was observed with a slight increase
in the oxidized sulfur compared to the light-set with a stabilized 1~ /I3 ratio as the cell ages. The
fluctuating in cell performance is due to Rs increases resulting from the increase in the oxidized

sulfur as described above.

In the dark-set, stabilized cell performance, however a decrease in the FF at 400 h. This decrease
can be verified from XPS results from the changes in the electrolyte concentration, as shown in
Figure 7-13.

N719/DPA-sample

In N719/DPA, cell efficiency and Jsc systematically decreased with stabilized FF. The FF
decreased at 1000 h due to the change in the electrolyte concentration and the high increase in the
oxidized sulfur as in Figure 7-12, resulted in Rs increasing in the cell. In the dark-set, stabilized

cell performance dropping mainly due to the drop in the I™.

Influence of the additives on cell ageing.

More additives were observed in N719/DPA samples than N719 samples, and this is due to the
presence of DPA as co-adsorbent reducing the thick dye layer, thus allowing more of additives to
be adsorbed on TiO2 in N719/DPA sample.

Furthermore, a clear competition between the dye and additives to be adsorbed on TiO2 surface
causing some dye desorption from the TiO2 surface. A change of the photoanode colors was
observed in the N719/DPA samples getting brighter as the cell ages, could be resulted from the
dye desorption as can be seen from Figure 7-16 showing the heat-set as an example where in those
cells the N1/Ru intensity (representing TBP adsorbed on TiO:2 surface) was more observed as can

be seen from Table 7.10.
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Figure 7-16: N719 and N719/DPA disassembled aged cell in the heat-set

An additional explanation to the change in the samples color could be due to some degradation in
the dye molecules by exchanging one of its NCS ligands with nitrogen additives like TBP as
previously shown by Nguyen et al. [40, 41]. Therefore, the systematically decrease of Jsc in the

heat-set could be resulted from the dye degradation.

However, the Voc was observed mostly being stabilized in the N719/DPA cells, resulting from the
more additives were adsorbed on TiO2 where the additive TBP is well known to increase the open
circuit voltage in the cell by suppressing the back reaction and shifting the conduction band of
TiO2 to more negative potential [8, 42, 43]. The presence of the co-adsorbent, with the remaining
of the thicker dye layers on the TiO2 surface made it over time possible for dye molecules to
rearrange on the substrate. Restructuring and desorption of some of the dye molecules allows more

of electrolyte additives to be adsorbed on the TiOz2 surface forming Ti-N bonds [44].

Effect of desorbed dye as the cell ages

Desorption of the dye was initiated by the electrolyte additives; these desorbed dye molecules
dissolved in the electrolyte solvent and are expected to be less photo-stable inducing a higher
viscosity in the electrolyte and hinder the diffusion of I3 slowing down the electrolyte regeneration

at the counter electrode [45].
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Adsorption of the dye and the additives on TiOz2 surface cause shift in the Fermi level, where the
adsorbed protons from the dye molecules on TiO2 surface will lead to a positive shift, while
adsorbing additives from the electrolyte onto TiO2 surface will cause a negative shift of the Fermi
level [46].

Diagnosing the cell performance

The competition between DSSC components to be adsorbed on the TiO2 surface causing different
alignments in the levelling of the TiO2/dye/electrolyte interface affecting the cell performance. In
this regard, a comparison has been made between the cell performance and XPS results. Figure 7-
17, Figure 7-18, and Figure 7-19 illustrate the correlation drawn from the comparison between
both Jsc and Voc and the intensity ratios of N1/Ru, I12/ltotar (I7), and S2/Ru (oxidized sulfur). A
gradient observation can describe a correlation occurs due to changes in the cell performance

attributed to the changes in the intensity.

The N1/Ru intensity showed a scattering pattern in the light-set, thus no correlation can be
concluded of such a pattern. While a strong correlation was observed due the changes in I2/ltotal
and S2/Ru intensities with the cell performance in both N719 and N719/DPA samples in the light

set.

The correlation between those elements can clearly be observed in Figure 7-17. From Figure 7-17
in the light-set, a scattering pattern in both of Jsc and VVoc was observed in N719 and N719/DPA
samples with respect to N1/Ru. The increase in Jsc is more correlated to the I~ /I3 ratio, where a
small changes effect on Jsc values, as shown previously in the N719 samples, where a decrease in
the I~ causes the decrease in Jsc. The increase in I~ in N719/DPA samples causes the decrease in
Jsc. In addition, the increase of S2/Ru (oxidized sulfur) decreases Jsc in both of N719 and
N719/DPA samples. The same was observed with VVoc in both N719 and N719/DPA.
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Figure 7-17: Jsc and Voc performance with XPS intensity ratio of N1/Ru, 12/ltotal, and D) S2/Ru

of aged samples in the light-set.

From Figure 7-18 in the heat-set, Jsc and VVoc have a scattering pattern in N719 samples, while Jsc
is increasing and Voc has the tendency to be constant in N719/DPA samples. There is no clear

correlation with 1=. While a clear decrease in Jsc as S2/Ru increases in N719/DPA samples.
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Figure 7-18: Jsc and Voc performance with XPS intensity ratio of N1/Ru, 12/ltotal, and D) S2/Ru

of aged

samples in the heat-set.

In the dark-set Figure 7-19, there is no clear correlation between the cell performance and the

results obtained from XPS, showing constant pattern.
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Figure 7-19: Jsc and Voc performance with XPS intensity ratio of A) l1/ltotal, B) N1/Ru, C) N2/Ru
and D) S2/Ru of aged samples in the dark-set.
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7.7 Summary

The thick dye layer in the N719 samples acts as a buffer layer preventing I3 penetrating, thus

slowing down the regeneration of the dye molecules bonded to the TiO2 surface.

The main reason for N719/DPA DSSCs degradation in this study could be due to the following.
The resulted thin dye layer due to the presence of the co-adsorbent made it possible for more
electrolyte penetration. The ease of electrolyte penetration resulted in a competition between the
dye, electrolyte, and its additives to be adsorbed on the TiO:2 surface resulting in dye desorption
dissolving in the electrolyte solvent. The desorbed dye oxidized and compete with the oxidized
dye bonded on the TiO2 surface to be regenerated, resulting in some changes in the redox ratio.

The increase in the oxidized sulfur was observed in both N719 and N719/DPA samples, and it was
the main role in increasing Rs, this in turn results in a decrease in cell performance. DSSCs
degradation was mainly caused by the change in the redox ratio with the increase in the oxidized
sulfur in both N719 and N719/DPA samples.

7.8 Conclusion

XPS revealed that it’s a powerful technique that can be used to reveal some of the degradation
mechanism on the TiOz/dye/electrolyte interface and correlate them with the cell performance as
the cell ages. DSSC consist of many components, studying each component individually does not
necessarily enhance the understanding of the cell performance. From this work it has been shown
that the performance of DSSCs is strongly affected by the interaction between each component
and the degradation mechanisms are localized at the TiO2/dye/electrolyte interface. A clear a

correlation was found between the cell’s degradation mechanism and the XPS results.

Furthermore, exposing the cell to light is not the dominant factor that effect on the long-term
stability of the cell. In the heat condition the cells showed a similar degradation where thermal
stress has contribution in reducing Jsc, however VVoc was almost stable in N719/DPA samples. In
addition, exposing the cells to thermal stress can affect strongly on the chemical compositions on
TiO2 surface (dye, additives and the electrolyte). A competition between the dye and electrolyte

was observed in the co-adsorbed samples due to the thinner dye layer causing some dye desorption.
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The thin dye layer allowed for a better penetration to electrolyte and its additives resulting in more
stabilized Voc.

Finally, DSSCs sensitized with Ru-based dyes can offer stabilized cell to temperatures up to 60 °C
by choosing the ideal concentration of each component that is compatible with each other plus

maintaining the proportion of those concentrations as the cell ages with proper sealing methods.
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8. Conclusion and future work

DSSCs are the promising technology to convert the sun’s energy into electricity that might be
applied in the near future. This thesis presents the results of using photoelectron and ion
spectroscopy techniques to study the geometrical and electronic surface structure at the TiO2
surface in DSSC.

For further understanding, in chapter 4, two different surface treatments were performed on the
TiO2 substrate. The treatments were heating with four ascending temperatures and heating-
sputtering with different doses using Ar*. The heating treatment was effective in removing surface
contamination, while surface defects (Ti®*) were created using the heating-sputtering treatment.

An increase in the dye adsorption was obtained upon removing the surface contamination in heat
treatment, while a decrease in the dye adsorption was observed as the Ti®* increases, thus
generating surface defects reduces the ability of the dye to be adsorbed on the TiO2 samples.
Furthermore, the dye configuration was different in both of the treatments. Removing the
adventitious hydrocarbons on TiO2 surface in the heating treatment did not affect the dye
orientation. In contrast, in the heating-sputtering treatment, a second sulfur peak was observed at
higher binding energy, indicating that S atoms in NCS ligands of the dye interact strongly with

TiO2 surface.

Expanding the work, in chapters 5 and 6, DSSCs were sensitized with two different Ru-based dyes:
the hydrophilic dye N719 and the hydrophobic dye Z907. Then the process of co-adsorption with
co-adsorbents was further investigated. Two different functional groups of co-adsorbents DPA and
CDCA with various concentrations were used to investigate how the presence of co-adsorbent
(type-concentration) in the dye solution influenced the formation of the dye layer on TiO2, and

how these changes are effecting on the cell performance.

In chapter 5, co-adsorbing DPA with both of N719 and Z907 induces changes on the dye coverage
and formation. A significant decrease of the dye loading upon increasing DPA concentration in

the sensitization solution. Despite this robust decrease in the dye coverage, the performance of
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DSSCs with the lowest dye loading is hardly affected. Where a small decrease in the efficiency of
DSSCs sensitized with the dye N719, and almost stabilized performance in DSSCs sensitized with
the dye Z907 was observed. That is because DPA reduces the formation of the thicker dye layers
on TiOz surface, reducing the dye molecules that not actively participate in the charge generation.
The effect of DPA was found to be dependent on the type of dye. The Z907 dye tends to form a
thicker layer than the N719, even with the presence of DPA in high concentration. The size of the
dye molecule influences the amount of DPA adsorbed on the TiO2 surface. The smaller molecule
size of the Z907 dye then the N719 dye, allowed more of DPA molecules to be adsorbed on Z907

samples, resulting in competing and reducing more of the thinner layers of Z907.

When CDCA was used as co-adsorbents, a shift of the Ru peak was observed in the co-adsorbed
sample, with a small change in the dye coverage in the N719 samples and a notable decrease in
the dye coverage in the Z907 samples when the lowest concentration of CDCA was used. With
further increments in CDCA concentration, the dye coverage remains almost stable in the N719
samples as well as the cells” Voc and FF with a minor decrease in Jsc. While in the Z907 samples,
the dye coverage was decreasing with further increases in CDCA concentrations, with a prominent
decrease in the depth regions indicating that CDCA reduces the formation of the thicker layers of

the dye leading with more stabilized Voc and FF and a slight increase in Jsc.

Different effects of CDCA was obtained when it was used with the dyes N719 and Z907. The
small size of the Z907 molecule compared to N719 molecule allows CDCA to penetrate to be more
adsorbed on the TiOz2 surface, decreasing the formation of thicker dye layers and suppressing the

charge recombination.

A closely look between the two co-adsorbent DPA and CDCA with the N719 dye the following
can be concluded. Better cell performance was obtained with samples co-adsorbed with DPA than
CDCA, where an increase in the efficiency with an increase in current was observed despite the
significant decrease in the dye coverage, and maintaining the cell performance when the highest
concentration of DPA was used. In the cells co-adsorbed with CDCA, the performance cell was
almost stabilized, with a slight increase in efficiency and a decrease in the current was observed.
The decrease in the current is an indication of the occurrence of the charge recombination due to

thicker layers dye formation.
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Although the concentration of DPA was much lower than the concentration of CDCA used in the
dye solution, a higher effect on the dye loading was observed with DPA. Both DPA and the CDCA
molecules have a similar size. However, DPA effect was more potent than CDCA, and this is due
to the presence of P atom in DPA, where P is strongly bonded to the TiO2 surface and made it a
strong competitor with N719 to be adsorbed on TiO2 surface. While CDCA mostly pushes the dye
more in depth into the sample where a shift in the Ru peak was observed.

The decrease in the dye coverage was observed using both DPA and CDCA as co-adsorbents in
Z907 samples. However, DPA strongly effects on the dye coverage, decreasing the thinner layers,
while CDCA was more effective in reducing the thicker layers. More current was obtained with
the cells co-adsorbed with DPA than CDCA, attributed to the strongly P binding on TiOz2 surface
occupying the uncovered areas on TiOz2 reorienting the dye molecules and suppression the charge

recombination.

The results showed that co-adsorbents have different functions when co-adsorbed with the dye.
They replace the weakly interacting and undesirable dye that is not contributing to the
photoexcitation, where they are used as anti-aggregation but not removing all aggregated dyes. In
addition, competing with the other dye molecules to be adsorbed on TiO2 surface and influence to
some extent the anchoring configuration of dye molecules on TiO2 substrate, subsequently

reducing the charge recombination that enhances the cell performance.

The aging test of DSSCs sensitized with and without the co-adsorbent DPA was investigated under
three different conditions, continuous light irradiation, thermal stress and dark. In chapter 7,
DSSCs were disassembled to study their components as the cell ages. Focusing on how the

interactions within the TiO2/dye/electrolyte interface is changing as the cell ages.

The co-adsorbed DSSCs showed an initial improvement in the cell performance related to the inner
equilibrium of the cell components was during the first 100 h of aging, followed by a variable
decreasing in the efficiency according to each condition. The results obtained from the
photovoltaic parameters were linked with the some of the chemical changes from XPS results. A
clear correlation was found in the compositional changes on the TiO2/dye/electrolyte interface
using XPS with the cell performance.
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In the co-adsorbed cell, an apparent decrease in the dye intensity was observed from XPS results.
The competition between the dye, electrolyte and additives to be adsorbed on the TiOz, resulted in
desorbing some of the dye molecules. Consequently, better penetration of the electrolyte and its

additives was observed with the co-adsorbed cells, resulting in a stabilized Voc.

The reason for the dramatic drop of the cell efficiency is mostly due to a combination of factors,

mainly the changes in the redox ratio and the increase in the oxidized sulfur.

NICISS is an ideal technique for measuring the concentration depth profiles of the elements.
However, due to the close masses of iodine and ruthenium, their onsets have appeared close to
each other cause’s difficulties in evaluating their depth profiles. Thus, further investigation using
heavier gasses (such as Ne) is needed to study the depth profiles of the iodine and ruthenium at the

interface during aging.

To ensure long-term stability and avoid any extrinsic contamination penetrating the cell, hermetic
sealing is required in DSSC. Since the electrolyte is in contact with the polymer sealants which
cause some damaging in the sealant that hold the cell substrates as the cell ages, where this issue
was observed in this work, a modification on DSSC design is needed to prevent this connection.
An example of such design is illustrated in Figure 8-1, where the dyed adsorbed photoanode (red)
in contact with the electrolyte (yellow) are separated from the sealant (dark grey) each in a different
layer.

Figure 8-1: Modified DSSC
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Further studies can be carried out using a selection of different dyes with different chemical
structure and electrolyte to obtain the best conformity of materials with a controllable method
maintaining a stabilized interface, where a slight change on the interface had influenced the cell
performance. Refilling the cell with dye or/and electrolyte as time prolong and investigate their
influences on cell stability will lead to a deeper dimension to test the cell’s quality. Finding a
system that allows refilling the cell while maintaining its skeleton (photoanode and counter

electrode), will accelerate DSSCs commercialization.
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