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Abstract

Although the high cost of solar cells prevents them being a primary candidate for energy
production, great attention has been paid towards them because of the depletion of the
conventional energy sources—fossil fuels—and the global warming effect, and the need to
provide power to remote communities disconnected from the power grid. To reduce the cost,
thin film technologies for silicon solar cells have also been investigated and commercialized,
but dye sensitized solar cells (DSSC) have been considered as a promising alternative even for
the silicon thin films with efficiency exceeding 10%.

Compared with silicon-based photovoltaic devices, DSSCs are quite complex systems that
require an intimate interaction among components. Within the last few years, conclusive smart
solutions have been provided to improve the efficiency of these cells, with solar efficiency that
makes them potential competitors against silicon devices. The most successful systems use
titanium oxide as a core material tuned to collect and transmit the electrons generated by the
photo-excitation of dye molecules. However, most of the solutions demonstrated so far require
a thermal treatment of the TiO:. photoelectrodes at temperatures that preclude using any
flexible organic substrate. This treatment prevents development of any roll-to-roll
manufacturing process, which would be the only way to achieve cost effective large scale
production.

In order to overcome this major drawback, a novel synthesis of TiO> at room temperature is
described in the present document. This synthesis leads to 4-6 nm nanocrystalline anatase, the
desired phase of titanium oxide for photoactive applications. An intensive study was carried
out to explore the properties of these nanoparticles, via a mixture design study designed to
analyze the influence of the starting composition on the final TiO> structure. The influence of a
post-synthesis thermal treatment was also explored. This 4 nm nanocrystalline TiO2 exhibits a
high specific surface area and a good porosity that fulfills the requirements for an efficient
photoanode; a high surface area allows high dye loading, and, hence, increases photocurrent
and photo-conversion efficiency. Another important result of this study is the band gap, as it

confirmed that nanocrystalline anatase has an indirect band gap and a quantum confinement for
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a crystal size of less than 10 nm. This result, well-known for bulk materials, had been
discussed in some previous publications that claimed the effectiveness of a direct band gap.
Following this synthesis and the structural and spectroscopic analyzes carried out in parallel,
photocatalytic study was an important tool to further explore the semiconducting properties of
this material. Additionally, our material gave very promising results in photocatalytic dye
degradation, compared to the commercial products, even if it was not initially synthesized for
this application. We assign these performances to the improved crystallinity resulting from
thermal activation, without changing the crystal size, and to the ability to optimize the surface.
This photocatalytic study gave us insights into the methods that optimize the electronic
structure of the titanium oxide. Hence, we decided to thermally activate the nanoparticles
before the preparation of films to be inserted into DSSCs. At this stage, as the thermal
activation applies to the powder, the resulting material can still be used with flexible substrates.
We have successfully integrated these nanoparticles in dye sensitized solar cells. Various
organic additives were added to the TiO2 paste used to prepare photoelectrode films, to
increase the porosity of the film and have a crack—free film with good attachment to the
substrate. We demonstrated that the dye was chemically attached to the TiO2 surface, which led
to better electron transport. Different treatment methods (UV and thermal) were applied to the
film to cure it from organic additives and improve the electronic connectivity between the
particles. When the UV treatment was applied as a single method, i.e. without thermal
treatment, the cell performance was lower, but a combination of thermal treatment and UV
enhanced this performance. We compared our nanoparticles to the reference material used in
most of the studies on DSSC, that is, TiO> Degussa, with cells prepared the same way. Our
nanoparticles revealed higher overall conversion efficiency. As the dye attachment to the TiO»
surface is an important parameter that enhances the cell efficiency, so we checked via ATR-
FTIR how the dye attached to the TiO; surface. In addition, FTIR, UV-Vis, and IV
measurements revealed that the amount of dye adsorbed was increased through HCI treatment
of the photoelectrode. We also checked the internal resistance of the cell using impedance
spectroscopy, and the analysis proved a successful integration of the nanoparticles in dye—

sensitized solar cells as there was an increase in both the electron life time and the
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recombination resistance, and a decrease in the charge transfer resistance compared to the

commercial powder.
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Figure 5.21 UV-Vis absorption spectra of the Z907 dye desorbed from TiO> films
prepared with different organic additives compared to those desorbed from TiO>
commercial

Figure 5.22 Nyquist representation of the impedance data obtained for Z907 dye—
sensitized TiO2 solar cells prepared with preheated naoparticles at 350°C mixed
with a) Pluronic P123 b)surfactant and acetic acid . Experimental data are
represented by symbols and solid lines correspond to fits obtained with View
software using the circuit presented in figure. The inset in b) presents the
magnification of circuit under light
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Chapter 1: Introduction
1.1. Motivation

The market for silicon solar cells with different applications has been growing—from small—
scale distribution of power to megawatt power plants. However, the high cost of solar cells in

terms of energy, material, and processing time has limited their large scale production.

An efficient alternative to silicon solar cells is Dye-Sensitized Solar Cells (DSSCs), which
have attracted interest since the pioneering work of Graetzel and coll.! The core design of these
cells depends on obtaining a short path length for the collection of the photogenerated electron-
hole pairs from the generation sites to their collection sites, and on obtaining a long optical
path length for the incident photons through reflection and scattering. DSSCs are considered
one of the thin film technologies with the highest potential, among all types of organic solar
cells: dye-sensitized, polymer, and molecular. The efficiency of this technology has exceeded
11%, and it is also theoretically expected to reach 20%? compared to the efficiency of the
traditional thin film silicon technique, which is commercially available at efficiencies of 12%
and 15%. Due to the low cost of raw materials, low production cost, and high conversion
efficiency from light to electrical energy, DSSCs have attracted great attention over the past
years, but progress must be made on both improving the components involved and the design

and engineering for large-scale production.

Dye-sensitized solar cells convert photons into electrical energy through charge separation in a
dye that acts as a sensitizer. As a result of the charge separation mechanism, the electron is
transferred to a semi-conductor, and the holes are transferred to the electrolyte. Unlike silicon-
based devices, these cells separate the two functions: the silicon acts as both the source of
photoelectrons and as the provider of the electric field that separates the charges and creates a
current, whereas the bulk of the semiconductor (called the photoanode) is used solely for
charge transport in dye-sensitized solar cells, since the creation of the photoelectrons is due to

the photosensitive dye molecule. The dye works as an antenna for photon capturing, so



adsorbing large amounts of dye on TiO, nanoparticles has been considered an important goal

for enhancing the performance of the dye sensitized solar cells.

More generally, the requirements for high performance solar cells depend on three factors:
efficiency, cost, and stability. Any research devoted to increasing the performance must take
into account of such devices, these three factors, which are highly interrelated. Doing so can
achieve not only high solar efficiency and good reliability, but also a manufacturing process
that will allow for large scale manufacturing. The following schematic shows the overall view
of the dye solar cell components. This flow diagram illustrates the requirements of each
component and the interaction between the components that must be meet are illustrated to

construct high performance dye-sensitized solar cells.
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As can be seen from the flow chart, the high efficiency of dye solar cells must be obtained via
the optimization of each component (the substrate, the photoanode, the photosensitizer, the
counter electrode, and the electrolyte). For example, the substrate has to be transparent and
conductive in order to allow the penetrating light to be absorbed by the sensitizer (dye).
Furthermore, the photoanode, which is prepared by the deposition of the TiO. paste on the
substrate, has to be conductive enough and porous in order to allow the penetration of the
electrolyte into the pores up to the dye molecules adsorbed onto the surface of the photoanode.
However, the porosity of the film has a significant effect on electron transport: as the porosity
increases, the connection between particles can decrease, resulting in lengthening of the
electron transport pathway. Another example deals with the size of the particles used for the
photoanode: decreasing their size will allow us to increase the total surface area, hence the
amount of dye that can be grafted, and optimize the porosity. However, too small size can
prevent any light scattering within the photoanode, which reduces the efficiency of the light
collection. A last example deals with the nature of the electrolyte that can be liquid for higher
conductivity. However, there is a risk of leakage that will reduce the overall lifetime of the
DSSC. It appears from these examples that the optimization of the components is not a one-
way route as properties and structures are correlated within a complex network of interactions.
Therefore, the improvement of one component must be validated as a function of its integration

in the whole system.

As a result, proper integration and connectivity of all these components are compulsory. The
intrinsic electrical conductivity of each component is not sufficient if the conductivity between
components is weakened by bad adhesion or defective interfaces. As explained above, the
structure of the photoanode plays an important role in enhancing the light harvesting
efficiency: the photosensitizer (dye) has to be adsorbed on the large surface area of the
semiconducting photoanode to increase the dye loading. The transfer of electrons depends on
the area of interconnection between the particles, and the smaller the area of the
interconnection, the slower the overall transport. However, increasing the density of the
photoanode to increase the electron conduction will result in a decrease in dye loading. On the

other hand, when a redox mechanism is involved in the hole capture and electron transfer at the
3



counter electrode, this electrode not only conducts electricity, but has an effective catalytic
activity, speeding up the chemical reaction that allows one component of the electrolyte to
capture the electron coming from the outer circuit and transfer it back to the dye molecule to
balance the electron loss resulting from the photoreaction. Finally, if a liquid electrolyte is
used, a good sealing material is important to ensure high stability of the cell by preventing
leakage. The sealing material can also work as a spacer to prevent the cell from being short
circuited. Consequently, the elements of the dye solar cell are related to each other, and great
care should be taken in the selection of these elements to achieve high performance plastic dye-
sensitized solar cells. In addition, their contribution cannot be evaluated without taking into

account their correct integration.

1.2. Research Objectives

The initial objective of this study was to explore the possibility of using only room-temperature
processes for the manufacturing of DSSCs in order to contribute to the development of high
efficiency devices. Indeed, from an engineering point of view, performance of a solar cell is not
only defined by its intrinsic efficiency, but as the ratio between the efficiency and the
manufacturing cost. High efficiency and low production cost are important factors in making
DSSC modules competitive with other products on the market, and reduction of the cost can be

achieved by using specific processes that could more easily be scaled up to the industrial level.

Therefore, a manufacturing method based on multilayer roll-type processes would be a good
candidate, but it implies the choice of flexible—plastic—supports, which precludes any high
temperature operation during the assembly process. Usually, the photoanode of DSSC is
prepared from a colloidal paste of TiO. nanoparticles glued with organic additives, and the
connectivity between these particles is provided by a thermal treatment that creates a partial
sintering between particles. This thermal treatment is also used to generate a suitable
crystalline phase. Obviously, this process prevents the use of any flexible organic substrate,
hence any roll-based manufacturing method. Therefore, our initial goal was to adapt room—

temperature procedures developed for other domains to the preparation of titania to be used as



a photoanode, and to explore the requirements for the assembly and testing of DSSC made

with soft organic substrates.

During the research, we managed to synthesize a new type of nanocrystalline TiO, at room
temperature by a novel soft chemistry pathway is highly competitive with other preparation
methods. As recommended by the PhD Thesis Committee along the work, it also became
important to further explore the properties of this new type of nanomaterial, to see how it
could be modified and optimized for photovoltaic applications. Therefore, we decided to focus
on three topics, starting from the synthesis of the material, up to the validation of DSSCs using
this material: (i) synthesis, characterization and optimization of a new nanocrystalline titania;
(1) exploration of the property/structure relationship, especially the semiconducting properties
developed by the study of photocatalytic properties; (iii) integration and testing of this

optimized material in DSSC devices.

1.3. Contributions

1.3.1. A New Material

Although the components of the dye solar cell play an important role in achieving high
performance solar cells, the photoanode is considered the most important component of the
cell. Recently, a lot of work has been done in order to commercialize dye-sensitized solar cells
taking into considerations different factors that affect their performance. The recent reports of
dye-sensitized solar cells have shown that high efficiency solar cells can be obtained with
specific combinations of their components, such as nanostructured TiO, as a semiconductor,
organic dyes as they have higher extinction coefficient, and electrolytes consisting of volatile
organic solvents with an iodide/triiodide redox couple.? Except for some specific geometries*
3>, most of the studies use commercial powders that are not fully optimized for this application.
Being able to synthesize nanocrystalline TiO. with the anatase structure using the room
temperature method allowed us to propose a new material, and to explore in detail how the

nanostructure of the material and crystallinity can affect semiconducting properties.



1.3.2. A Method for Material Development

Usually, the development of materials is based on trial-and-error methods where by different
parameters are tested independently and randomly. This approach finds its limitations when the
parameters are correlated. We used a mixture design method to explore how synthesis
parameters modify the final material, and to be able to define a priori these parameters to

achieve a specific final structure.
1.3.3. Parameters That Govern Photocatalysis of TiO:

Titania has been a material largely studied for its photocatalytic properties. To increase our
understanding of the structure/property of the new material we had synthesized, we used
photocatalytic tests that are easier to undertake than assembling and testing of photovoltaic
cells, which can depend on other parameters. Our room temperature synthesis of
nanocrystalline anatase allowed us to expand the domain of study and identify the role of

different parameters.
1.3.4. A New Material for DSSC

This new form of titania was tested in DSSCs, and the preparation of the thin film photoanode
allowed us to compare different methods for an optimized integration and structure of the film.
The cell preparation was modified by adding different organics (polyethyleneoxide-PEO
12000-, Pluronic P123, and Span 80/tween 80 with acetic acid). Two treatments (UV and
thermal) were applied to the film, and their effect on the cell performance was studied. This
study allowed us to compare these additional treatments (some had been published before,

some are new).

1.4. Document Outline

This thesis is organized as follows:

. Chapter 1 presents the motivation, objectives and the contributions of this work.



Chapter 2 illustrates the overall background on the Dye-Sensitized Solar Cell,
how it works, the components of the cell, the theoretical concepts of the cell,

and the research that has been done so far in this area.

Chapter 3 explains the first step in manufacturing dye-sensitized solar cells and
describes the novel soft chemistry synthesis of TiO2 nanoparticles by sol-gel

accompanied by phase separation.

Chapter 4 optimizes the operating temperature as a crucial requirement for
enhancing solar cell performance. Moreover, a photocatalytic behaviour for the

synthesized nanoparticles is tested.

Chapter 5 illustrates the steps of manufacturing dye sensitized solar cells and the

different treatment methods that affect cell performance.

Chapter 6 provides concluding remarks and introduces areas for future work.



Chapter 2: Literature review

2.1. Introduction

Dye-Sensitized Solar Cells (DSSCs) can be divided into three types according to the type of

the electrolyte used:

DSSCs with liquid junction such as ionic liquid or other organic solvent

DSCs with quasi solid-state electrolyte such as polymer electrolytes

DSCs with hole conducting electrolytes such as p-type semiconductors

Although dye-sensitized solar cells have existed for a long time and their charge separation
occurs at high efficiency, they have had traditionally low conversion efficiency below 1%. This
low efficiency is due to the adsorption of the dyes onto a relatively flat surface of
semiconductor electrodes. In 1991, in order to achieve high efficiencies in solar cells, O’Regan
and Graetzel made drastic improvements in the performance of DSSC at the Swiss Federal
Institute of Technology (EPFL) through two approaches. The first approach was to obtain high
surface area of photoelectrodes, and the second was to promote new trends in photosensitizers
(dyes) with broader absorption ranges.! For example, using a nanoporous TiO> photoelectrode
that has a large surface area enhances the adsorption of a large amount of Ru terpyridine
complex dyes that are capable of absorbing visible and infrared light from 400 to 900 nm. The
resulting cell reached a photo-efficiency 1 = 10.4% under AMIL.5 with a short-circuit
photocurrent density, Jsc, of 20.5 mAcm 2, an open-circuit voltage, Voc, of 0.72 V, and a fill
factor (FF) of 0.70. High efficiency and low production costs are important factors in making
DSSC modules competitive with other alternatives on the market. Several research groups have
been working on developing DSSC products. Currently, the overall light conversion efficiency
of the dye-sensitized solar cells is larger than 11%, a percentage which is still two times lower

than that achieved with silicon technology. 2



2.2. Components of Dye-Sensitized Solar Cells

Dye-sensitized solar cells, which are also known as photoelectrochemical solar cells (PSCs),
consist of three basic components in addition to the photosensitizer: a photoanode, a redox
mediator (electrolyte), and a counter electrode. Another essential component is a sealing
material, and finally the solvent which plays an important role in increasing the cell efficiency.
I. Other additives were found to be important in enhancing the efficiency of the cell by adding

them to the electrolyte. Figure 2.1 illustrates the components of dye sensitized solar cell.

The energy conversion efficiency of the dye-sensitized solar cells interrelates with the
effectiveness of the electron transport and transfer rates. The parameters that influence the rate
of electron transport are: (i) the preparation method of TiO., in term of nature and particle size,
(i1) the surface treatment of TiO., (iii) the annealing temperature of the TiO, film, (iv) the
concentration of the redox couple and its cation, (v) the additives to the electrolytes, (vi) the
nature and catalytic performance of the counter-electrode, and (vii) the solvent. Individual
properties of the components of the solar cell and the processes can significantly affect the

overall performance of the dye solar cell.
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Figure 2.1 Cross-sectional area of the dye sensitized solar cell.



2.2.1. Photoanode

The morphology and the interfacial properties of the nanostructured electrode are the master
keys to achieving high efficiency solar cells. The nanostructured anode must exhibit a large
surface area to allow a high dye loading, but both the particle size distribution and interparticle
pore size distribution affect also the ion diffusion and the optical properties. In addition, good
interparticle electrical connectivity enhances the electron diffusion. The photoanode consists of

three parts as follows:

* a transparent conducting oxide (TCO) on a substrate such as glass

* a thin layer of nanocrystalline TiO,

* a layer of dye molecules adsorbed onto the surface of TiO, particles

In order to prepare TiO> nanoelectrode, two steps are required. The first step is to deposit a
paste or a suspension of TiO: particles onto a glass substrate previously coated with a
conducting layer. Different techniques can be used, such as chemical vapor deposition (CVD),
spray pyrolysis,® DC sputtering, and precipitation. In the second step, sintering is used to form
a continuous and porous body of TiO, nanoparticles that displays sufficient cohesion to stand
mechanical stress and exhibit good electrical contact, but enough porosity to allow for a large
adsorption of dye molecules and facile access of the electrolyte. Usually, in addition to
nanoparticles that contribute to increase the total surface area, the TiO: film contains some
larger particles (250 - 300nm) that allow for an improved internal light scattering, which results

in a better light harvesting efficiency.

2.2.2. Substrate

The substrate usually is glass coated with a conductive layer. Glass is a cheap transparent
support and efficient barrier against water and oxygen penetration into the cell. For high solar
cell performance, the transparent conductive layer (TCO) must exhibit low electrical resistance
and high transparency. Moreover, the resistance must be temperature independent, and the
layer must stand temperatures higher than 500°C, the usual sintering temperature of TiO2
nanoparticles. There are two types of TCO used in dye-sensitized solar cells: Indium-doped tin

oxide (ITO) and fluorine doped tin oxide (FTO).The most commonly used TCO in solar cells is
10



fluorine-doped SnO:> due to its optical and electrical properties, and compatibility with high
temperature processing. However, because of the lack of flexibility, and brittleness of glass,
plastic substrates are studied as a viable option. The choice of plastic substrates is more the
result of being able to develop large scale roll-to-roll manufacturing processes, than a simple
competitive cost between materials. Recently, flexible plastic substrates such as polyethylene-
terephethalate (ITO/PET) and polyethylene-naphthalate (ITO/PEN) have been used in DSSC.
In 2003, Murakami et al., fabricated a plastic film- based TiO> using the electrophoretical
technique to deposit the TiO2 layer on ITO-coated PET. In addition, they treated the film with
CVD followed by UV light irradiation below 110C°.> This electrode bearing Ru complex (Ru
535-bis TBA) yielded 3.8% efficiency. If Roll-to-roll production techniques using plastic

substrates could be applied, it would result a drastic reduction in production cost of DSSCs

2.2.3. Titanium Oxide

Titanium oxide remains the most used material for the preparation of photoanodes.
Mesoporous TiO. materials have been extensively used in diverse areas such as catalysis,
sensing electronics, solar cells, and separation science. TiO. has a high dielectric constant
(e=80) which enhances electrostatic shielding for the electrons injected by the dye, which
slows down the recombination of these electrons until the oxidized dye is regenerated by the
redox electrolyte. The light absorption is enhanced by the efficient diffuse scattering due to the
high refractive index of the titanium oxide (n=2.5). Titania presents different crystalline phases,
anatase and rutile being the two most important. Anatase is stable at low temperatures in the
form of pyramid-like crystals and gives mesoscopic films transparency.® Rutile, in the form of
needle- like crystals, is dominant at high temperatures. The densities of rutile and anatase are
4.26 and 3.89 g/ cm3, respectively. Anatase has a more opened structure than rutile, with a
different electronic structure that leads to a smaller band gap (3 eV) for anatase, compared with
that of rutile (3.2 eV). The TiO: is weakly n-doped semiconductor because of oxygen

vacancies in the lattice. The most stable lattice plane is (101).
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2.2.4. Dye

Several criteria are recommended for the dyes used as photosensitizers in solar cells. Spectral
properties are important in order to insure that the range of light absorption in the visible and
near IR region is covered, that is, the dye spectrum overlaps effectively with the solar
spectrum. Moreover, the sensitizer must hold attachment groups such as carboxylate or
phosphonate groups to graft firmly onto the surface of TiO>. The quantum yield should be
unity to achieve a high injection rate of electrons from the excited state to the conduction band
of the semiconductor, and the dye should be stable for many millions of cycles.” The most
common and most successful dyes until now, are Ru complexes which have been used
intensively in research because the excited states of the complexes have long lifetimes and that
the oxidized dye (Ru (III)) has long-term chemical stability. Figure 2.2 shows the molecular

structure of the most common types of Ru complex dyes that have been used in the research.

COOTBA

/\N/

TBAOOC /\) NCS

0% “OH RuL’(NCS),

RuL2(NCS): black dye
N3 dye

Figure 2.2 Molecular structures of typical Ru complex photosensitizers (Reprinted
from 1 with permission from John Wiley and Sons copyright 2009)!

The currently used dyes, ruthenium complexes, have some limitations as their extinction
coefficient is low. The molar absorbance of the ruthenium polypyridyl dyes is low (emax = 1.4
* 10* M- em!), which is considered a basic limitation for their future use. As the amount of
the adsorbed dye increases, the light harvesting efficiency of the solar cells increases in

parallel. Other metal complexes that have metal centers other than Ru have been synthesized,
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and organic dyes or metal free organic sensitizers as shown in Figure 2.3 have been
investigated, which have shown promising results. They are low cost and have molar extinction

coefficient higher than that of Ru dyes.?
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Figure 2.3 Molecular Structures of Metal Free Sensitizers used with Ionic Liquid
(IL) Electrolytes 8



Furthermore, Ru complex dyes have been tested with ionic liquids as the electrolyte for the cell
and have shown good results. Table 2.1 displays the comparison between the most commonly

used Ru metal complex dyes, Z907and N719, with ionic liquid electrolyte.®

Table 2.1 Comparison Between Z907 and N719 Dyes Using Ionic Liquid as
Electrolyte?

Type of dye Isc Voc FF n Electrolyte (ionic liquid)
Z907(Ru | 12.8mA/cm?|707mV | 0.727 | 6.6% |0.1 M iodine, 0.1 M Lil and 0.45 M NMB

complex) in a mixture of PMII and 1-ethyl-3-
methylimidazolium dicyanamide

(EMIDCA) (volume ratio, 13:7).

N719(Ru | Showed lower conversion efficiency due to the faster back transfer reaction of

complex) electrons from the TiO: to the tri-iodide

2.2.5. Redox Mediator and Electrolyte
2.2.5.1. Current Systems

The redox mediator is the second component of dye-sensitized solar cells. Its main function is
to mediate electrons between the dye on the surface of the photoelectrode and the counter
electrode. The most common redox mediator used in dye-sensitized solar cells is an iodide/ tri
iodide solution I /I5. One of the most important parameters that affect the selection of the
redox mediator is its reduction potential relative to the reduction potential of the dye. Since the
electron must be rapidly transferred from the mediator to the oxidized dye—to avoid the
electron-hole recombination—, the reduction potential of the mediator must be higher in energy
than the reduction potential of the dye. This mechanism is important to prevent recombination
of the photoinjected electrons with the oxidized dye and to maximize the cell voltage.
Furthermore, the electrolyte should not participate in the absorption of the incident light and
has to be chemically inert toward all components of the cell. In order to have a high

concentration of charge carriers, the solubility of the electrolyte in the solvent must also be
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high. Finally, the reduction-oxidation must be very fast to facilitate the electron transfer and the
reduced and oxidized species have to be stable to extend the lifetime of the cell. ® The iodide /
triiodide solution is prepared by adding the iodine solution to the solvent with iodine salt (KI,
Lil, alkyl methylimidazolium iodide, and methyl-hexylimidazolium iodide MHImI).
Performance of the cell is found to be influenced by the cation of the electrolyte salt. As the
cation radius decreases, the photocurrent of the device increases linearly (Figure 2.4). Besides,
another important factor that affects the performance of the cell, is the relative concentration of
I3 to I. ® The drawbacks of triiodide/iodide solution are as follows: limitation of the open
circuit voltage due to low redox potential, absorption of visible light by triiodide, and the attack
of the metal when silver is used as a current collector. In order to increase the stability of
DSSCs, alternative redox couples have been investigated, such as Co'/Co!"l. Nusbaumer et al.
reported that at low light intensity, Co'//Co' couple gave promising results, while Co!'/Co!l! at

high light intensity (1Sun) gave less promising results.!?
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Figure 2.4 Effect of Cation Radius on the Photocurrent ( Reprinted from 9 with the
permission from Elsevier) °

Liquid electrolytes have shown some problems regarding the stability of the dye-sensitized
solar cells. This instability is the result of the leakage of the electrolyte caused by the high
volatility of the solvent used with the electrolyte, than a true chemical unsuitability. A better
stability can be obtained by using a low vapor pressure solvent or using alternative electrolytes.
A lot of research has been done in order to solve the problem of the volatile liquid electrolyte,

and the research revealed that other alternatives can be used, as for example, ionic liquid, p-
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type semiconductors, organic and inorganic hole transport materials, nanocomposites, and

polymer gels.
In 2010, Moser et.al solved one of the major problems in the dye-sensitized solar cells by

discovering a new redox couple as an alternative liquid electrolyte to the iodide/ triiodide redox
couple: the disulfide/thiolate redox couple. This new redox couple has no absorption in the
visible light. The efficiency of the solar cells achieved using this new redox couple reached

6.4% under standard conditions.!!

2.2.5.2. Ionic liquids

Ionic liquids have been studied extensively as alternatives for liquid electrolytes in dye-
sensitized solar cells. Tonic liquids are salts with melting points less than 100°C, and many of
them are liquid at room temperature. Ionic liquids have unique properties such as low vapour
pressure, wide electrochemical windows, ability to dissolve a wide range of organic and
inorganic materials, high ionic conductivity, and high thermal and chemical stability. Room
Temperature Ionic Liquids (RTILs) consist of cations and anions. Organic salts such as
imidazolium, pyridinium or alkylammonium ions represent the cation, whereas halide or non-
coordinating ions represent the anions. Figure 2.5 shows some general structure for the cations
and anions of ionic liquids. At first, ionic liquids based on imidazolium salts were used as a
solvent for the electrolyte in DSSCs, but the efficiency of the cells was low as a result of their
high viscosity.!? In order to reduce their viscosity, ionic liquids were mixed with organic

solvents, and other types of low viscosity ionic liquids were synthesized.
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Figure 2.5 General Structure of Cations and Anions of Tonic Liquids.3( Reprinted
from 8 with permission from John Wiley and Sons)

2.2.6. Counter Electrode

The function of the counter electrode, which is the third component of the dye solar cell, is to
conduct the electrons that were injected into the external circuit, back to the cell, and help to
regenerate the oxidized mediator into its reduced state. Thus, the counter electrode has to be
coated by a catalyst layer that has high electrocatalytic activity in order to reduce I3 The
material of the counter electrode will play an important role if it has a low charge transfer
resistance, and if the platinum/electrolyte interface demonstrates good chemical and
electrochemical stability during the iodide/triiodide reduction. Platinum is the most commonly
used catalyst, and it is usually coated as nanoparticles to improve the catalytic efficiency. As a
result, the electrochemical performance of the cell is strongly affected by the structure and
morphology of the platinum catalyst. Good adhesion of the platinum nanoparticles on the
substrate is also very important as non-adherent Pt particles move through the cell, adsorb on
TiO2 and cause a dark current at the TiO/electrolyte interface, leading to less conversion

efficiency of solar cells.!3ab
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Papageorgiou, et.al. came up with a range of a desirable exchange current density (0.01 to 0.2
A.cm) related to the electrocatalytic activity for the reduction of tri-iodide ions.!# Different
methods have been used to deposit the catalyst layer on the surface of the TCO: spin coating,
sputtering, and vapour deposition. Pt has high electrocatalytic activity and is chemically and
mechanically stable, but it is expensive, which explains why much research has been done on
the use of other materials such as activated carbon which has catalytic activity comparable to
platinum.'* By example, Kay and Grétzel demonstrated that a porous carbon made of carbon
black, graphite powder, and nanocrystalline TiOz.could be used as a catalytic counter-electrode.
This carbon electrode shows high conductivity (for a S0um thick layer the sheet resistance is

5Q/sq).1

2.2.7. Sealing Materials

The function of a sealing material is to protect the cell from atmosphere, and to prevent leakage
of the electrolyte solution and evaporation of solvents. An example of a sealing material is
Surlyn™, which is a copolymer of ethylene and acrylic acid. Figure 2.6 is a photo of the
sealing material taking directly from Dyesol catalogue. A good sealing material must be
chemically inert with the components of the DSSC, adhere well to the substrate, be
impermeable to water and oxygen, and do not break due to thermal expansion. Beside Surlyn,
other types of sealing materials have been investigated such as epoxy glue, aluminum foil
laminated with polymer foil, and a vacuum sealant named Torr Seal®.!¢ In regard of the

existing commercial products, there is not a clear research in this domain.
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Figure 2.6 Surlyn (thermoplastic sealant) taking directly from Dysol (catalogue
2010).

2.2.8. Solvent

Selecting a good solvent for the liquid electrolyte that is used for high dye solar cell efficiency

requires some criteria:!'®

* the viscosity of the solvent should be low to facilitate carrier diffusion,

* the solubility of the electrolyte (redox mediator) in the solvent should be high,
* the desorption of the sensitized dye into the solvent must be avoided,

* the decomposition of the solvent has to be very slow over a long period,

* the volatility of the solvent must be low, between the range of (40-80°C) to avoid

freezing of the electrolyte.

Different types of solvents have been used for the electrolyte in dye-sensitized solar cells, such
as acetonitrile, methoxyacetonitrile, methoxypropionitrile, glutaronitrile, and ethylene
carbonate. Among these solvents, the one that has been used most intensively in research is
acetonitrile as it meets most of the listed criteria. However, it has some limitations for long
term stability of the cell due to its high volatility, which causes it to escape easily through the
sealing of the cell. Furthermore, its boiling point is 82°C, a temperature equal to the

temperature that a roof-top of solar cells can reach at full sun.
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2.2.9. Electrical Contacts

The need for the electrical contacts in solar cells is due to the limited conductivity of the TCO
layer. In 1996, Kay and Gratzel found that the losses related to ohmic contact in the TCO layer
increases as the distance between the photoactive species and the current collector becomes
longer than 1 cm. In addition, the Iodine-based electrolyte in the dye-sensitized solar cells
attacks most metals (Al, Ag, Cu, Ni, and Au) due to the highly corrosive effect of this
electrolyte. Thus, choosing an electrical contact and counter electrode that are compatible with

the type of electrolyte is very important.!>

2.2.10. Additives

Various compounds have been added to the liquid electrolyte (I/I3). The most commonly used
additives are 4-tert-butylpyrridine (TBP) and Li" ion. TBP is added to suppress the dark
current; it is adsorbed on the uncovered TiO; surface. Addition of TBP results in a decrease in
Isc and an increase of Voc because the negative shift of the conduction band of TiO; !. Li+ ion
has been shown to affect the conduction band of TiO> through either the adsorption or
intercalation mechanisms. Consequently, this intercalation shifts the flat band potential
positively. Furthermore, I3~ absorbs light below 500nm!¢; therefore, tetra-butyl ammonium

hydroxide (TBAHO) is added as a reducing agent for the light absorbing I3~ complexes.

2.3. Operational Principles of DSSCs

The operation of a photovoltaic cell is divided into three processes: light harvesting, charge
separation, and charge collection, and the efficiency of each step will affect the overall
efficiency of the photovoltaic cell. According to the different kinds of photovoltaic cells and
different materials used, the mechanisms of the three processes vary. In dye-sensitized solar
cells, the incident light strikes the dye, shifting electrons from their fundamental state to an
excited one (reaction 1). Instead of relaxing back to the fundamental state of the dye molecule,
the vicinity of the TiO. substrate allows the excited electron to be injected into the conduction
band of the oxide semiconductor (reaction 2). In parallel, the redox mediator regenerate the

electron lost by the dye by reducing the molecule - the redox mediator is oxidized - (reaction
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3). The injected electrons are transported in a narrow depletion region close to the particle,
created by the interaction between the electrolyte and the surface of the solid, until they reach
the TCO electrode. The electrons are injected into the external circuit, creating current, before
they go back to the counter electrode. These charges are used to regenerate— reduce— ((reaction
4) the redox mediator, but the charge transfer must be catalytically activated, which justifies
the need for a Pt nanostructure grown onto the counter-electrode. The following equations

clarify the different reactions':

D+hv——>D’ (1) | Dye sensitization
- Anode (photoelectrode
D —— D" +e (Ti02) (2) | electron injection Tion)
102
3 +2D" - 2D+1; (3) | Dye regeneration
redox mediator Cathode (counter
Iy +2e (Pt)— 31 4)
regeneration electrode, Pt)
e (Pt)+hv — e (TiO2) (5) Cell reaction

As can be seen from the overall reaction (cell reaction), the cell operation is naturally

regenerative: no chemical substances are produced or consumed.

2.3.1. Light Harvesting

As light must reach the dye molecules, any parasite absorption on its way will reduce overall
the cell efficiency (calculated as the photovoltaic efficiency as a function of the light intensity).
The light pathway uses the photoanode side, with the light being transmitted through the glass
support, the FTO layer and within the semiconductor film. Hence, using wide-band gap
semiconductors as a photoanode is appropriate for dye sensitization, because wide-band gap
semiconductors have band gaps greater than 3 eV, which make them nearly transparent to the
major part of the solar spectrum. In addition, the band structure of titanium oxide has the
configuration required to make it a good candidate for its use in DSSC, because its conduction
band is located slightly below the excited states of many dyes, which makes it the best host

material for electron transfer and prevent electron-hole recombination after dye sensitization.
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There are four energy levels (Figure 2.7) that define the performance of a dye solar cell: the
first two are the excited state (LUMO: lowest unoccupied molecular orbital) and the ground
state (HOMO: highest occupied molecular orbital) of the photosensitizer. The third one is the
Fermi level of the TiO; electrode, and the fourth one is the redox potential of the electrolyte.
The energy difference between LUMO and HOMO is critical for the photocurrent obtained
from the cell: the smaller the difference between the two energy levels, the larger the
photocurrent will be. With respect to the effectiveness of the electrons injection, the energy of
LUMO must be above that of the conduction band of TiO: electrode (AE:) to allow for
spontaneous transfer. After the electron transfer from the LUMO to TiO,, the hole in the dye
HOMO must be filled by an electron transferred from the redox mediator. Therefore, the
HOMO level must be below the potential of the redox mediator (AE:). Finally, a minimum
driving force for the electron-transfer reactions will require that the energy gaps, AE; and AE,,
must be at least 200mV.! The maximum voltage that can be obtained from the DSSC is the
potential difference between the Fermi level of the TiO: (-0.5V/NHE) and the redox potential
of the electrolyte (0.4V/NHE). This difference is expected to be 0.9V depending on the

electrolyte components and their concentrations.
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Figure 2.7 Schematic energy diagram and operating principles of DSSC ( Reprinted
from 1 with permission from John Wiley and Sons).!

2.3.1.1. Porosity and Nanostructure of the Semiconductor Film

The high surface area of the nanostructured semiconductor plays an important role in the
performance of dye-sensitized solar cells for different reasons. A higher surface area will allow
a larger amount of dye to be adsorbed, which facilitates high light absorption. On the other
side, if the particle size is too small, the particles are depleted by the surrounding electrolyte
solution, the depletion layer is no longer found. Hence, the semiconductor is considered as an
intrinsic one. Furthermore, the nanoporous structure speeds up the interfacial charge transfer
between the dye and the semiconductor.!” Consequently, the amount of the injected electrons

increases and the conductivity of the semiconductor increases.

2.3.1.2. Adsorption of the Dye Molecule

The adsorption of the dye molecule onto the surface of the semiconductor occurs via the
anchoring groups attached to the dye molecule. The following example is for the N3 dye (Ru!
polypyridyl complexes with 4, 4’- (COOH) 2-2, 2’-bipyridine ligand. When it is adsorbed onto

the surface of TiO2, a dehydration reaction takes place, creating an ester group. The carboxyl
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group can attach to the TiO, surface in different ways: physically through hydrogen bond or

chemically through unidentate, dinette, or bridging linkage (Figure 2.8).
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Figure 2.8 Different types of coordination: chemisorption (Reprinted from 18 with
the permission from American Chemical Society)!8

M: denotes to the metal The Spectral Response of dDifferent Types of Sensitized
Dyes

Figure 2.9 illustrates the spectral response for cells sensitized with different dyes compared
with TiO2. As can be seen from the TiO: curve, the absorption spectrum of TiO; alone is

restricted to a narrow band in the UV region.
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Figure 2.9 Photocurrent action spectra obtained with the N3 (ligand L) and the
black dye (ligand L’) as sensitizers (Reprinted from 19 with the permission of

Elsevier)!®
L=4, 4-COOH-2, 2’-bipyridine
L’=4,4’,47-COOH-2, 2°:6’, 2”-terpyridine

2.3.1.3. Light Absorption via MLCT

Photon absorption induces a metal-to-ligand charge transfer (MLCT) transition from the
highest occupied molecular orbital (HOMO) of Ru to the lowest unoccupied molecular orbital
(LUMO) of the ligand. In addition, the redox potential of the sensitizer should be positive
enough to be regenerated by the electrons donated from the redox electrolyte. Regarding

stability, the dye should also sustain 108 turnover cycles.
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Figure 2.10 Top - Ruthenium based "N3" dye adsorbed onto a titanium dioxide
surface; Bottom: Solar Spectrum and Ru-N3 dye (left-most red spectrum)
Additional spectra are predicted overlap from changing dye energy gap?’

Figure 2.10 (top) explains how the dye anchors onto the surface of titanium oxide. As can be
seen from the spectrum shown in the above figure (bottom side), there is a red shift in the
absorption property of the complex. This red shift occurs because NCS (-N=C=S) ligand shifts
the HOMO level negatively (higher in energy).! In 1996, Rehm et al. measured the electron
injection rate from N3 dye to the conduction band TiO; in femtoseconds using time-resolved
laser spectroscopy, and they determined that the rate of injection was high (5%10!2 sec-!).2!
Unlike TiO., it was observed that the injection rate of electrons from N3 dye into the
conduction band of ZnO was low,??> which means that the intrinsic semiconducting properties
of the photoanode are not sufficient for material validation. Indeed, these results demonstrate

that the rate constant for electron injection depends on the type of semiconductor used, and
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Zn0O, a potential good candidate cannot be kept because high energy conversion efficiency

requires a high injection rate.??

2.3.2. Charge Creation and Transport
2.3.2.1. Charge Separation

In the photovoltaic energy conversion process, the photons of incident light excite the dye
molecule, leading to the electron transfer from HOMO to LUMO. As these electrons access to
a higher energy state, they leave holes in the ground state. As a result, electron-hole pairs are
formed that tend to recombine if the system is left alone. Hence, the successful collection of
electrons by the photoanode and that of holes by the counter electrode (actually via an electron
transfer by the redox mediator) depend on the successful separation of the electron-hole pair
for a time long enough to allow the other mechanisms to appear. In other words, recombination
of the electron and holes after the separation has to be blocked. In p-n junction semiconductors,
the separation of the electron-hole pair happens due to the effect of the electrical current
formed in the space charge region. n-type and p-type semiconductors are formed by doping the
semiconductor (Si) with electron donor (phosphorus) or electron acceptor (boron), respectively.
If the two doped semiconductors are coupled, a p-n junction is formed, and the electrons in the
n-type side will diffuse to the p-type side as a result of the electron concentration gradient
between the two sides. The same phenomenon can be described with the holes in the p-type.

Due to the diffusion of the electrons and holes, an electric field is built up.

In contrast, dye-sensitized solar cells have no significant depletion region or space charge. The
particle size of the nanostructured semiconductor is too small to form a space charge layer
inside the particles.?? The depletion layer is created if there is transfer of mobile charge carriers
between the electrolyte and the semiconductor. This charge transfer occurs with the assistance
of electroactive species, which act as electron donors or acceptors in the bulk of
semiconductors in contact with aqueous media, which results in the formation of an electric
field at the interface between the semiconductor and the electrolyte. This electric field is
formed by the adsorbed dye anchored to the surface of the semiconductor with the help of the

carboxylic group. During the attachment of the COOH- group an H" is released making the
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charge on the dye partially negative. Transport of carriers is due to the potential difference
between cations in electrolyte and the negatively charged species (dye and iodide).!” A dipole
is formed across the Helmholtz layer and as a result, the difference in the electrical potential
between the semiconductor and the solution will drop within the Helmholtz layer, inducing a
shift in the position of the band edges of the semiconductor. This result was demonstrated by
Hodes when the action spectra for the nanostructured film electrodes were recorded with the

incident light on the interface between the electrode and either the substrate, or the electrolyte.
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The major charge separation for the electron and hole depends on the difference in energy
levels between the conduction band of the semiconductor and the LUMO of the excited dye,

and between the HOMO of the dye and the chemical potential of the electrolyte.

2.3.2.2. Charge Transport and Electron Transport Model

In order to figure out which elements affect the charge transport, the study of the whole system
of the semiconductor and of the electrolyte should be considered. The electrons are transported
in the semiconductor, while the ions and redox species are transported in the electrolyte. The
charge separation occurs at the interface between the semiconductor and the electrolyte. Both
electron transport and hole transport are very important mechanisms in dye-sensitized solar
cells. The nanostructured semiconductor is at the core of this system as it is a supporting area
for the sensitizer and a charge transport vector. The particles of TiO> are too small, to allow the
creation of an electric field and a depletion layer.?* Consequently, the transport of electron
proceeds by diffusion not by drift. When electrons are injected into the metal oxide, positive
ions move to the surface of the charged nanoparticles and neutralize long-range electrical
fields. Therefore, the change in electrical field occurs right at the substrate interface, and
electron transport occurs mainly by a concentration gradient, i.e., by diffusion. The diffusion
coefficient of electrons was measured by several groups and all of them confirmed the same
results:> the mechanism of charge transfer occurs by electron hopping via surface traps, which

are localized energy states, just below the conduction band edge of the TiO2.!® This hopping
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occurs because of the particle-based structure of the TiO, works as a network of individual

particles.

It is worth mentioning that there is a relation between particle contact number and the porosity
in nanoparticles film,?® and a sufficient number of interparticle connections in the material
network is required to allow for electrons to move readily from one particle to another. In
parallel, the mechanical stability of a particle network requires that the average coordination
number has to be at least 3.7 For dye sensitized solar cells, the porosity should be typically in
the 50-65% range which means more than half of the volume is voids. The redox electrolyte
diffuses into these pores and is in contact with the nanoparticles. Lagemaat et al. simulated the
relation between the film porosity and the coordination number of nanoporous films according

to the following equation:26: 28

N:&—I.B 2.6
P

With

N: coordination number

P: film porosity

According to this equation the expected coordination numbers for a porosity range of 50-65%

are 3.6-5, indicating that the nanostructured film is highly branched.

2.3.2.3. Charge Recombination

Recombination of the injected electron with the hole can occur during the injection process as
well as via the transport of the electrons through the semiconductor to the back of the TCO. In
p-n junction, the possibility of a recombination is high in the presence of impurities or high
grain boundaries. In contrast, nanocrystalline dye-sensitized solar cells have a high surface area
due to the nano-dimension and a lot of grain boundaries, but the probability of recombination
is low.!” This low recombination rate happens because injection of electrons occurs from the
excited dye to the conduction band of the semiconductor (TiO) while the holes are being filled

by electron transfer from the redox mediator in the electrolyte. The recombination occurs also
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at different interfaces such as TiO;-electrolyte interface, TiO>-TCO, and TCO-electrolyte
interface. In order to prevent charge recombination between the injected electron and the
oxidized dye, the rate of charge recombination has to be very slow (nsec-msec). In contrast, the
rate of charge injection from the excited dye to the conduction band of TiO2 has to be very fast
(fsec-psec). The only observed recombination reaction was between the tri-iodide solution and
the electrons from the conduction band of TiO.. The following figure (Figure 2.11) shows the

reaction time of the different mechanisms at the semiconductor/dye/electrolyte interface.
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Figure 2.11 Kinetics in the DSSC, showing by arrows excitation of the dye from the
HOMO to the LUMO level, relaxation of the exited state (60 nsec), electron
injection from the dye LUMO level to the TiO2 conduction band (50 fsec-1.7 psec),
recombination of the injected electron with the hole in the dye HOMO level (nsec -
msec), recombination of the electron in the TiO: conduction band with a hole (I3") in
the electrolyte (10 msec), and the regeneration of the oxidized dye by I (10 nsec).

2.3.2.4. Ion Transport in The Electrolyte Solution

The most commonly used electrolyte is the redox couple I/I3- . This electrolyte works as a hole
conductor as it provides the oxidized dye with the electrons at the photoanode; I~ is oxidized to
form I3~ while I3~ is reduced at the counter electrode to form I. The dye is continuously

receiving the electrons from the fast redox reaction between I/I3- couple.
* At the photoanode 3 +2D" > I, +2D (2.7
* At the counter electrode I;+2e =3I (2.8)

The second reaction happens according to successive steps as follows?? :
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=1L+ (Fast)
I,+e =1, (Fast)

20; > 1 +I;  (Slow)

2.4. Device Construction and Manufacture

The construction of the DSSC device is shown in Figure 2.12. The cell consists of two FTO-
coated glass substrates. The side of the top substrate is considered a photoanode on which a
(10-15um) porous-TiO2 layer with the sensitized dye is deposited. More often, a catalytic Pt
layer is deposited on the bottom substrate, this substrate being considered to be a cathode. The
two electrodes are clamped together and a sealing material, which also acts as a spacer, is
inserted between the two electrodes. The electrolyte solution, which contains usually the
iodide/triiodide redox couple as a redox mediator, fills the voids within the nanostructuredTiO2
film, and the space required between the two electrodes to prevent short circuit.!® The steps for

the cell manufacturing are illustrated in the following five sections.

Incident light
Spacer

Substrate with ITO layer %‘_t—j—‘_, TiO, with dye

Pt layer

Electrolyte

Figure 2.12 Schematic Construction of DSSC

2.4.1. Preparation of the TiO: Electrode

There are different methods to prepare the nanoparticles of TiO2. The most effective method is
the sol-gel (hydrolysis of aqueous TiCls, hydrolysis of titanium tetraisopropoxide in the

presence of nitric acid); this is the method used to obtain particles of a desired size. The
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hydrolysis and condensation kinetics must be controlled. The first step of preparing the
titanium oxide photoelectrode is to prepare the paste of titanium oxide. Organic binders,
surfactants, and porosity controlling agents are added to the suspension to optimize the
microstructure of the nanocrystalline coating. If Ti-alkoxides have massive groups such as
butoxide, they will hydrolyze slowly, and, as a result, slow condensation rates are achieved.
Autoclaving of these sols (heating at 200-250°C for 12 h) allows controlled growth of the
primary particles and, to some extent, the crystallinity. During this hydrothermal growth,
smaller particles dissolve and blend with larger particles through a process known as ‘Ostwald
ripening’. After removal of the solvent and addition of a binder, the sol is ready for deposition

on the substrate.® The usual preparation of TiO; colloids follows the successive steps:!

1. Precipitation by hydrolysis of Ti alkoxides using 0.1 M HNO;

2. Peptization by heating at 80 °C for 8 h, followed by filtering

3. Hydrothermal growth by autoclaving at 200° to 250°C for 12 h

4. Sonication with an ultrasonic bath

5. Concentration with a rotary evaporator

Ti-alkoxide modified with acetic acid or acetyl acetone yields a colloid of a particle size of 5-7
nm with a large surface area of >200 m?/g. The importance of the peptization is the ability to
separate the agglomerates to initial particles. Autoclaving allows those primary particles to
grow to 10-25 nm of the TiO: colloidal solution. Moreover, the crystallinity of the anatase
increases. In order to avoid formation of the rutile, the autoclaving temperature should be from
200° - 240°C. Sonication is done after autoclaving in order to redisperse the precipitates
because sedimentation occurs during the autoclaving. The rotary evaporator is used at 45°C to
concentrate the colloid solution so that it can reach the concentration of 11% wt TiOz. Prior to
the deposition, an organic filler such as carbowax is added to the sol in order to control the film
porosity. The porosity of the film is important because the electrolyte must penetrate the film
effectively to suppress the rate-determining step by diffusion of redox ions into the film. After
preparing the paste, the second step is the preparation of the film by the deposition, done by
either screen printing or doctor blade techniques on a substrate, which is usually glass. This

step is followed by the sintering process at a temperature of 450°C, a temperature required to
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allow the formation of low ohmic resistance contacts between particles, which leads to a good
electronic percolation. Therefore, the injected electrons can move without being trapped within
the layer.? The thickness of the film has to be optimized in order to increase the photocurrent
and, hence, the efficiency, within a given thickness because a too thick layer will see its
electrical resistivity increasing and, as a result, the photovoltage and the fill factor will
decrease.” Therefore, typical film thicknesses are 5-20um, with TiO2 mass 1-4 mg/cm?, film
porosity 50-65%. The diffusion coefficient, Defr, and the life time of the electron are affected
by the crystal structure of the particles; the crystal size; surface structure; the interconnection
between the particles; and the charge traps density and distribution. These parameters can
differ according to the different preparation methods of TiOz. The following table shows the

effect of the previous parameters on the electron diffusion coefficient.3°

Table 2.2 Electron Diffusion coefficients (D) in porous TiO: electrodes having
various characteristics3®

Structure Shape Size (nm)? D(x10-° cm?2s!)
S1 A* Spheric 19 12
S2 A/Amor Spheric 12 22.2
S2 TiCly A/Amor Spheric 12 2.2
A2 A Cubic 12 0.3
A2 550 A Cubic 12 2
A3 A Rod-like 12/34 4
A4 A Cubic 11 4.1
P25 A/R Spheric 21 4
P25 large A/R Spheric 21 4
R1 R Spheric 27 0.1
R1 TiCly R Spheric 27 0.4
R2 R Rod-like 23/73 0.3

* A: Anatase; Amor: Amorphous; R: Rutile
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As can be seen from Table 2.2 the highest diffusion coefficient, by far, was achieved with 19
nm average spherical particle size of crystalline anatase prepared by aqueous TiCls solution.
The rutile structure shows the lowest electron diffusion coefficient despite the preparation
method, the shape of the particles, and their size.?! The commercial P25 TiO», obtained from
Nippon Aerogel, with different particle size shows the same diffusion coefficient. It can be
observed that the annealing temperature modifies the value of the Diffusion Coefficient, as
illustrated for the samples A2 (non annealed and annealed at 550°C), the diffusion coefficient
being multiplied by seven. Sintering increases the diffusion coefficient by enlarging the
interparticle necking. However, it is worth mentioning that this is opposite to the need for a
large surface area that could accept a large amount of dye molecules. For plastic substrates the
use of high temperature annealing for increasing the electron diffusion coefficient is obviously

prohibited.

2.4.2. Fixation of the Dye

In this process, the dye is adsorbed onto the surface of TiO2 surface film by anchoring with the
carboxylate groups to form bidendate and ester groups, and the thiocyanate groups enhance the
absorption of the visible light. The adsorption of the dye is obtained by immersing the TiO>
electrode into (0.2-0.3 mM) dye solution, and, then the electrode is stored at room temperature

for 12-18 h. Lastly, the electrode is washed by alcohol to remove the non-adsorbed dye.!

2.4.3. Redox Electrolyte

The most commonly used electrolyte in dye-sensitized solar cells is the iodide /tri-iodide redox
couple. The redox electrolyte is responsible for the achievement of the electrical contact
between the two electrodes: the TiO2 photoanode and the counter electrode. It was found that
the organic solvents that were used with the iodine electrolyte, such as acetonitrile,
propionitrile, and methoxypropionitrile, have low viscosity; hence, high ionic conductivity is
obtained. In recent studies, using the imidazolium derivatives decreases the resistance of the

electrolyte solution.!
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2.4.4. Counter Electrode

Fabrication of the counter electrode is considered one of the most important steps as the Fill
Factor (FF) of the solar cell is influenced by the properties of the counter electrode. The
counter electrode is fabricated from FTO-coated glass, but it should have higher
electrocatalytic negativity to catalyze the reduction of the redox electrolyte. Therefore the
addition of Pt as a catalyst is important. Platinum (200-nm thickness) is sputtered onto a FTO
substrate. Droplets of the H2PtCls solution are added on the surface of the Pt electrode, which
is heated at 350°C for 10 min.! This process helps the reduction of metallic Pt, but the process
does not work with plastic substrates. Another way to deposit the Pt layer is based on
sputtering method, the commonly used method for thin film coating, and adapted to low

temperature processing.'4

2.4.5. Cell Assembly

The dye-coated TiO: electrode is covered by a spacer film (polyethylene), 15-30um thickness,
and one or two drops of the electrolyte solution is then added on the surface of the TiO:
electrode. The counter electrode is placed on the top of the photoanode, and the two electrodes
are fixed firmly with binder clips. The fabrication of the dye solar cell with long term stability
requires sealing of the cell using a low melting point polymer (Surlyn) after packaging with a

resin (EVA).!

2.5. Factors Affecting Cell Performance

Many factors contribute to low conversion efficiency. One of them is the poor electrical contact
between the TiO; layer and the TCO layer, which occurs due to the inefficient preparation of
the TiO2 thin film by colloidal solution where incomplete dispersion and aggregation of
particles is obtained. Many solutions have been proposed, such as adding a thin interfacial
layer directly to the TCO layer before adding the thick nanocrystalline TiO2.3!> 32 Another
reason may be the insufficient amount of anchoring sites for the dye attachment, which limits
dye adsorption. One possible mitigation is to protonate the TiO. surface before the dye

adsorption step. The anchoring of the dye on the TiO> surface does increase cell efficiency. A
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UV-treatment can be applied to the TiO thin film to remove organic contaminants. In this
method, the high energy of ultraviolet (UV) light directly or via photocatalysis of TiO> (UV
treatment) gives a clean surface that favors dye adsorption.3? 3435 Furthermore, the protonation
of TiO: prior to dye anchoring has been used to improve the photocurrent generation of DSSCs
because the protonation modifies TiOz surface to attract negatively charged dye molecules and,
hence, the generation of the photocurrent. The TiO> electrode is immersed in hydrogen chloride
(HC1) acid 0.1 M for surface protonation for 2 hrs and then washed with DI water (UV-HCI
treatment)>2, The adsorption mechanism of the dye can be investigated by attenuated-total-
reflection Fourier transform infrared absorption spectroscopy, whereby the dye molecules

anchor on the surface of TiO> through one or two of their carboxylic groups.

2.5.1. I-V Characteristic Curve

A photovoltaic cell is a device which converts light to electricity. The capability of the
photovoltaic device to produce voltage is characterized by the I-V curve under certain
conditions. When the cell is short-circuited under illumination, the maximum current of the cell
is the short circuit current (Isc), whereas the maximum voltage, i.e. the open circuit voltage
(Voc), is obtained at no current flow. An important point on the I-V curve (Figure 2.13) is the
point at which the product of the multiplication of the current and the voltage gives the
maximum power. Another important parameter of the cell is the fill factor, which can be

determined by the following equation

FF — VMPP * IMPP — Pmax 2.9
vV I vV I

oc™ sc oc™ sc

with:
V max: Voltage at maximum power point

Imax : Current at maximum power point

Pmax or MPP : Maximum power point
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Figure 2.13 I-V Characteristic curve of solar cells.

The J-V equation of the solar cell is as follows
= In( - s
q J J R

s s sh

Vv

+1)-JR, 2.10

with:
V: Voltage
n: diode ideality factor (has a value between 1 and 2)
J: current density
Jinj: injected electron current density
Rs: series resistance
Rsh: shunt resistance
Js: saturation current density
J:: surface recombination current’

Note: Photocurrent density:

S ==, 2.11

Jr = ncbkre[lg] 22 2.12
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with
neh: concentration of electron at the surface of the electrode

kee :the rate constant for the reduction of triiodide

2.5.2. Factors Affecting the Photocurrent

The photocurrent can be increased by the following factors:!”
* High injection rate from the dye to the semiconductor to decrease the possibility of
recombination between the semiconductor and the electrolyte.

* Fast removal of the injected electron by the back contact of the electrode to prevent

excessive built up of electrons.
* High polarity of the Helmholtz field to reduce the recombination.

* High negative charged hole transport to reduce recombination by electron repulsion.

2.5.3. Factors Affect Photovoltage

The requirements for having maximum photovoltage are conflicting with that for photocurrent.
Under dark current condition, the difference between the Fermi level of the semiconductor and
the conduction band should be high. Any factor that reduces the recombination will increase
the photovoltage. Therefore, optimization of open circuit voltage and the short circuit current is

a crucial step. The conduction band of TiO2 is known to have a Nernstian dependence on pH.

2.6. Cell characterization
2.6.1. Incident-light to Current Efficiency (IPCE)

The cell performance is determined by two factors: incident-light to current conversion
efficiency (IPCE) and the overall light to electrical current (n). The IPCE is determined by
three efficiencies, which are related to the components of the solar cell: the light harvesting
efficiency (LHE), the charge injection (CIE), and the quantum yield of charge collection
(CCE). LHE is defined as the ratio of absorbed photons to incident photons.
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2.6.2. Light Harvesting Efficiency (LHE)

LHE can be improved by increasing the following:

* The absorption coefficient of dye
* The density of adsorbed dye

* The thickness of dye adsorbed nanoporous electrodes

2.6.3. Charge Injection Efficiency

CIE is determined by several factors:

* Potential difference between the conduction band edge of TiO> and lowest unoccupied
molecular orbital (LUMO) of the adsorbed dyes

* Acceptor density in TiO2
* Spatial distance between the surface of TiO2 and the dye
Figure 2.14 demonstrates the path of the electron transfer inside the nanostructured material

TiO> and the different types of efficiencies that affect the IPCE.

TCoO

TlcoL

Figure 2.14 The path of the electron transfer inside the nanostructured TiO:
( reprinted from 16 with permission from John Wiley and Sons)'®

The rate of electron transfer from the dye into the conduction band of the TiO> depends on the
surface configuration of the adsorbed dye onto the semiconductor as well as on the energy gab
between the LUMO of the dye and the conduction band of the semiconductor. The incident-

light to current conversion efficiency can be determined by the following equations 23:

I:Q 25%10° )>< Photocurrent density [M%mz ﬂ
[vavelength [nm]x light intensity Mz ]

IPCE = 2.13
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IPCE(\)=LHE\) ¢, 2.14
The LHE can be determined by the following equation:
LHE=1-T=1-10"=1-10"" 2.15

Where T is the transmittance, @i, is the quantum yield of electron injection, and mc is the
efficiency of collecting electrons at the back contact is the dye coverage cm™, is the absorption
cross section cm?. The overall light to electrical current efficiency is defined as the power
produced by the cell (Pmax) divided by the incident power (Pin) on the representative area of the

cell, and it can be obtained by the following equation:

nzppL:-loozjw'VW%-loo 216
with:

Jse Short circuit current
Voc Open circuit voltage

FF fill factor

Pin Photon flux (1000W/m? for AM 1.5)

The efficiency of the photovoltaic cell depends on the temperature and the intensity of the light
and its spectral distribution; hence, a standard measurement condition has been developed
(light intensity=1000W/m? or 1 sun, AM 1.5 global standard spectrum, and 25°C the
temperature of the cell). This standard measurement facilitates the comparison of testing
different solar cells at different laboratories. The output power of the cell under the standard
conditions is the nominal power of the cell, Wp. An advantage of dye-sensitized solar cells is
that their performance is insensitive to temperature change. For example, increasing the

temperature from 20 to 60°C has no effect on conversion efficiency.!”
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2.6.4. Quantum Efficiency

Quantum efficiency is defined as the number of electron-hole pairs that is delivered to the
external circuit to the number of photons striking the surface of the cell. It measures the
spectral response of photovoltaic cells. Quantum efficiency can be useful in indicating the

wavelengths at which the solar cell converts light efficiently.
EQE=(1-R)*IQE 2.17

with:
* EQE : (External Quantum Efficiency)
* IQE: Internal Quantum Efficiency
* R: Reflection of light.
In order to achieve a high collecting efficiency of the charge carriers, an important key
parameter which is the diffusion length should be taking into consideration; the diffusion
length has to be greater than the thickness of the film. The diffusion length can be obtained

from the following equation:

L =Dt 2.18

n e e

Where:
De: diffusion coefficient of the electron

7, : electron lifetime

2.6.5. Dark Current

The dark I-V measurement has been used to evaluate the electrical performance of
photovoltaic cell, such as series resistance, shunt resistance, diode factor, and diode
saturation current). In the dark I-V measurement, the the cell is covered to avoid the light
generating current. The values of the voltage are predetermined to certain values. An
electrical current, generated by the power supply, is forced from the positive contact to the

negative contact. The current and voltage are recorded simultaneously. The direction of
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the current flow is opposite to the one under light. The shape and the linearity of the
measured curve can be used to determine the electrical parameters. At high current level,
if the degree of the curvature is to the right, the magnitude of the series resistance is high,
whereas at the low current level, a large curvature is an indication for low shunt
resistance. The presence of non-ideal carrier recombination is represented by the

inflection in the curve near mid current levels.

The recombination between the injected electrons and tri-iodide ions is a result of the dark
current in dye-sensitized solar cells. This recombination happens because the incomplete

coverage of the substrate (ITO layer) with TiOx.

2.6.6. Electrochemical Impedance Spectroscopy (EIS)

In order to optimize the process of dye sensitized solar cells, characterization of the cathode
plays crucial role to identify the limiting/defective element(s) of the total electrical circuit. The
electrochemical impedance spectroscopy was used to study the interfacial properties, internal
resistances, and the charge-transfer kinetics of the mesoporous TiO, films in DSSCs.
Therefore, problems in the performance of contacts, or transport layers, can be detected with IS
measurements. During an impedance measurement, the system is (ideally) kept at a fixed
steady state by imposing DC voltage (stationary constraints), and the Z(v ) is measured by
scanning the frequency over several frequency ranges (0.01 Hz-100kHz).3¢ The result may be
represented graphically using two types of plots: complex plane Nyquist plots(a plot of Z”
versus Z’). and Bode plots (a plot of log |Z| (magnitude) and phase-angle, ¢, versus log(®)). In

general, the complex impedance may be written for any circuit:

. Resistor R in series with (capacitor) C (R-C circuit)

The impedance is given by:

2.1
Z(jco):Z'+Z”:R+—_1 :R—jL ?
joC oC
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. 1 .
where the real part, Z’=R, the imaginary part, Z"= “oC” characteristic frequency w=1/RC
0]

which is equal to the inverse of time constant (1/t). The phase-angle between the imaginary
and real impedance equals ¢ = atan(-1/@wRC), which changes from 90° at low frequency to 0° at

high frequency.

o Resistor Rs in series with the Parallel combination of R and capacitor C

The impedance is written as:

2.20
Z(jo)=R, +

__
g +iec,
When the frequency tends to zero, the imaginary part tends to zero and the real part can be

expressed by Rs+ Ret. On the other hand, the real part Z tends to Rs when the frequency ® —

o0

When mobile charges are present in a solution, physical processes occur and the total electrode
impedance consists of diffusion, bulk generation-recombination effect, adsorption at electrode,

and electrochemical reactions taking place on the electrode.’’

o The Equivalent Circuit of the Dye Sensitized Solar Cell

; I— Reec | I Re
@ e AL e
| it . 1
CPE1 : CPE3 : : CPE2
RFTO/‘I’CO I . ‘ RCE
(b)o——_} { [Z] }@4[_'—:'1_—,-0
‘_"_h | |
| | |
CPE1 | a | CPE2
A | B ¢! p

Figure 2.15 Equivalent circuits of DSC. (a) a cell showing quantitative collection of
photoinjected electrons; (b) a cell showing incomplete collection of electrons.
Bottom line shows the interpretation of the electrical elements of the equivalent
circuit. (A) electron transfer at the FTO/TiO; interface; (B) electron transport and
back reaction at the mesoscopic TiO>/electrolyte interface; (C) diffusion of I3 in the
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electrolyte; (D) charge transfer at electrolyte/Pt-FTO interface ( Reprinted from 38
with the permission from American Chemical Society)*?

Figure 2.15 can be used for simplicity to represent the equivalent circuit for modeling the
DSSC at different states; either the quantitative collection efficiency of the photoinjected
electrons (case (a)) or incomplete collection of electrons (case (b)). These two cases will be

explained well hereinafter.

In the general EIS Nyquist diagram, DSC has three semicircles in the whole frequency range.
the first semicircle in the high frequency range (frequency of about 10 -100 kHz ) at the
electrode/ electrolyte interface, refers to the resistance of the electron transfer at the counter
electrode (the charge transfer resistance Rp;) where the the reduction of triiodide (I3°) to 1odide
(I') occurs. In addition, an interfacial capacitance which is the Helmholtz capacitance Cpy, is
present at the same interface. The second semicircle, a larger one in the middle frequency
range, represents the resistance about the electron diffusion across the TiO»/dye/electrolyte
interfaces and its recapture by triiodide. The change in the middle frequency range is closely
related to the condition of dye-adsorbed TiO: surface: if the number of the adsorbed dye
molecules increases, the resistive elements decreases.?® The last semicircle in the low
frequency range is related with the resistance about the ion transfer inside the electrolyte (the
role of the electrolyte is not only transporting holes between electrodes but also facilitating the
movement of electrons inside TiO2 by the screening effect) which is governed by a finite-
Warburg impedance.3% Other elements can be found such as the resistance and capacitance of
the back layer that are corresponding to the electron recombination and the charge
accumulation at the contact between the uncovered part of the substrate with the TiO> layer, the
resistance Rs of the transparent conducting layer (TCO), and the resistance between the TCO/
TiO: interface.** There are different electrochemical parameters that can be determined from
the impedance analysis:

* the ohmic resistance (Rs) is directly proportional to the sheet resistance of FTO, and it is

considered that the resistance element Rs in the high-frequency range > 10° Hz is mainly due
to the sheet resistance of FTO.
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* the charge transfer resistance at the counter electrode (R1), depends on the roughness factor

of the Pt counter electrode.4!- 42

* the constant phase element (CPE) reflects the interfacial capacitance, charge transfer
resistance at the photoelectrode, electrolyte resistance at the Warburg diffusion Ws, minimum
angular frequency (®min), and electron life time for recombination (t;).'% 4338 44 The impedance

of the CPE is given by the following equation:

Zepe =T (jO) " O=<p<D 221

with T and p frequency-independent parameters.
If p =1 this will represent a perfect semicircle in the Nyquist plot where the CPE behaving as a

capacitor because there is no charge transfer across the solution-electrode boundary.

The constant phase element (CPE) is often used in a model in place of a capacitor to
compensate for non homogeneity in the system. When p approaches zero, a depression in the
semicircle is observed which is assigned to electrode roughness. Rough or porous surface can
cause a double-layer capacitance.* This is in contrast to a de levie pore finite length where the
pores are non active (infinite polarization resistance) or in another words, the penetration depth
of the ac signal is not sufficient to reach the bottom of the pore. However, if the material is
thick enough, low frequencies will not fully penetrate the layer and an infinite Warburg effect
is created. It is worth mentioning that de levie pore- semi-finite length element describes the

impedance of a pore with conductive and reactive pore wall.*¢

Under illumination, new photogenerated electrons are injected into the conduction band of
TiO2, leading to a significant increase in the concentration of the electrons, hence, an increase
of the Faraday current and a decrease of the charge transfer resistance Re.® In the dark under
forward bias, electrons are injected from the FTO substrate into the conduction band of the
TiO.,, and their motion is coupled to that of I/Iz- ions in the electrolyte, leading to a
tremendous increase of the R Fraction of the injected electrons reduce the I3~ ions in the

electrolyte.4’

45



The frequency response of the electron transfer at the TiO/electrolyte interface is expressed by

the following equation:*3 40

2.22
7= (—I,Q’R’ )"? coth[(, / 0,)"* (1 +iw/®,)"]
I+io/ o,
0=D/L2, o=1/t, R~=(wdor) R

with R¢ the diffusion or electron transport resistance in TiO> and and R: the charge transfer
resistance related to recombination, @ and o, are the corresponding characteristic frequencies,

and L, D, t the film thickness, electron diffusion coefficient, and electron lifetime, respectively.
The shapes of the spectra are regulated by the factor relating the characteristic frequencies r,
recombination frequency, and wq diffusion frequency, so we can classify equation 2.21 as in the
following cases:

* If Rr> Ry, this means that most injected electrons reach FTO without recombination. In

this case Eq. (1) becomes:

1 R 2.24
Z:§R’+l+ia)/a),.
This is the case for efficient solar cells at a moderate forward bias*?, where two features can be
seen in the spectrum: (i) at low frequency (o<<wq), a recombination arc appears which can be
represented in the equivalent circuit as a parallel combination of a R; and C,.; (ii) at high
frequency (0>>wd), the impedance spectrum on the Nyquist plot shows a short straight line
with a slope close to 1 due to diffusion, and in the low frequency, the spectrum represents a
large semicircle attributed to recombination. Bisquert and Wang have modeled the electron
transport and recombination in the TiO: electrode.*> 38 If [transport resistance Ri] <

[recombination reaction R;], the equivalent circuit is represented by Rr in series with a Warburg

impedance and both in parallel with CPE.
From equation 2.22 , omax= 1/t and the dc series resistance Rac= %5 Ri+R;

* If Re>> Ry, the equivalent circuit can be modeled by a single Gerischer impedance

element.
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When R; < Ry, a strong recombination occurs in which many injected electrons are consumed
by the reaction with I3 before they reach FTO. A single Gerischer impedance element
describes the diffusion of the electron in the TiO2 film and their recapture by the triiodide ions

in the electrolyte by the following equation:

_ i 12 2.25
I+iw/ o,

The low frequency resistance is R¢/3. This is an important feature, since the electronic
conductivity of the semiconductor layer can be directly extracted from R:. For the opposite,
The characteristic transport frequency, w., is the reciprocal of the transit time through the layer

of thickness, L :

, 1 1 2.26
wd = > = = —
L RC, 7,
1 1 227
Tr(TiOZ/electrolyte) = W = 27[f
min max

The electron diffusion length (L) is determined by the electron diffusion coefficient and the
electron lifetime. Obviously, as the electron lifetime increases, the diffusion length becomes
longer. The following equation reveals the relationship between the diffusion length and the

electron lifetime:

L=os

The total series resistance is given by

Rs

total

1
=R+R, +IR+R
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2.7. New Attempts for Manufacturing Dye-Sensitized
Solar Cells

Many attempts have been made to prepare low-temperature TiO> film. We must consider
several factors to obtain an efficient non-sintering electrode. For example, the physical and
chemical bindings between particles are important to insure that electrons injected anywhere in
the TiO2 film can be collected at the underlying conductive substrate. This binding is better
achieved by chemical means rather than high temperature sintering. In addition, the
optimization of the film porosity can be achieved by building a porous hierarchical structure

controlled by adding large aggregates.

Pichot et al. (2000) prepared TiO> film at temperatures <150°C without organic binders. The
performance of this film was much lower than that of the high-temperature film because of the

low electric interconnection between the particles and the substrate.°

Lindstrom et al. (2001) investigated a new method for manufacturing DSSCs by pressing a
nanostructured porous layer of a semiconductor material at room temperature onto a

conducting glass or plastic substrate. The overall efficiency was 5.2% at 0.1 Sun.!

Park et al. (2005) suggest that using ammonia with titanium oxide colloid lowers the
temperature of the sintering and increases the efficiency of the cell to 3.52%. Another
successful low-temperature sintering has also been successfully accomplished by applying

mechanical compression to the photoelectrode.>?

D. Zhang et al. (2006) described a new chemical method for the preparation of nanocrystalline
photoelectrodes, a method considered a breakthrough in dye-solar cells. The authors came up
with a solution for avoiding the high-temperature treatment of the photoelectrodes and for
synthesizing a room-temperature titanium oxide film.> A mixture of titanium oxide dissolved in
an ethanol solvent and titanium tetraisopropoxide (Ti(OPr):), which acts as a glue, improved
the interconnection between the titania nanoparticles. Controlled amount of titanium oxide to
titanium isopropoxide was added in order to obtain a good interparticle connectivity (Figure

2.16). This improvement in connectivity was confirmed by TEM analysis (Figure 2.17).
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Moreover, the authors asserted that preheating the titanium oxide nanoparticles at higher
temperatures and treating the titanium oxide film with the UV-ozone technique were ways to
obtain a higher solar cell efficiency. Figure 2.18 illustrates the effect of the UV-Ozone
treatment. This efficiency reaches 3.27% and 4% for plastic and glass substrates, respectively.
Their explanation was that nanoparticles preheating removes water and carbon compounds
formed during the titanium oxide preparation process; hence, increases the dye loading,
whereas UV-ozone treatment removes the organic contaminants resulting from the hydrolysis
of the Titanium isopropoxide. These organic contaminants, which act as surface states and
recombination centers for electrons, affect the performance of solar cells. Two spectroscopic
tests, intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated
photovoltage spectroscopy (IMVS), were carried out to study the effect of the post-UV-ozone
treatment on film performance. These tests reveal the electron transport period in the titanium
oxide film by measuring the electron lifetime. The results of these tests show an increase in the
lifetime of the electrons.>. We used these results in the parameters for material and cell

optimization in the current work.

Figure 2.16 SEM images of TiO: films prepared at room temperature on ITO/PET
with molar ratios TTIP: TiO: of a) 0.36 and b) 0.036 (Reprinted from S with the
permission from John Wiley and Sons) *
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Figure 2.17 TEM image of a porous nanoparticulate TiO: film prepared at room
temperature on ITO/PET (Reprinted from 5 with the permission from John Wiley
and Sons )3
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Figure 2.18 I-V curves of dye-sensitized TiO: films prepared at room temperature
on FTO/glass (solid line) and ITO/PET (dashed line) after pre-heating of the TiO:
nanoparticles and UV-ozone-treatment of the films (Reprinted from 5 with the
permission from John Wiley and Sons)?

Zhang and Cao, in 2010, classified different nano structured photoelectrodes for dye sensitized
solar cells and summarized their effects on cell performance.’® Four nanostructures were

described:

* Nano particles that offer high specific surface area for dye adsorption;

* Core-shell with the concept of forming a coating layer to decrease the possibility of

charge recombination;

* One dimensional structures (nanowires and nanorod) that provide direct and fast

pathway for electron transport;
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* Three-dimensioned- nanostructure (branched nanowire or nanotube and oxide
aggregates). The three-dimension structure has a bi-function that provides a large surface
area, and enables more light scattering, thus providing high harvesting efficiency. These
oxide aggregates are potential structure. This is illustrated in Figure 2.19, that shows how

the electrolyte diffuse through the internal and the external pores.

Figure 2.19 schematic diagram showing the electrolyte diffusion through the
external (A) and internal (B) pores in the film made of nanoporous TiO: spheres.
(Reprinted from 53 with permission from Elsevier)>3

2.8. Synthesis of Monolithic Materials (TiO2)
2.8.1. Sol-Gel Methods

The fabrication of bimodal porous nanocrystalline TiO> monoliths has been recently
developed. The most recent method to obtain macro-mesoporous structures of TiO2 is a
template free sol-gel process accompanied by phase separation.* One application of this
process is to use monolithic TiO, as a separation medium for high-performance liquid
chromatography (HPLC) , because it was demonstrated that HPLC columns filled with porous
monoliths instead of packed particles exhibited better properties.>> The sol-gel technique has
been known for a long time and is considered one of the most successful methods for preparing
metal oxide monoliths at room temperature. The sol-gel process can be divided into the
following steps:

1- Hydrolysis

2- Polycondensation
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3- Aging
4- Drying
5- Calcination

The basic steps are the hydrolysis and polycondensation, both of which happen
simultaneously. The reaction rate depends on the factors that contribute in the reaction such as
pH, type of precursor, temperature, and ionic strength. The first step, hydrolysis of the alkoxy
group, occurs as a result of the nucleophilic attack of the oxygen contained in water on the
alkoxy group, followed by proton transfer. Reaction 1 represents the hydrolysis reaction. The
second step is polycondensation, where by the metal hydroxide reacts either with metal

alkoxide, as shown by reaction 2, or with another metal hydroxide, as shown in reaction 3. 3

H
AN
H—OH+ M—QR — /o:—» M—0OR —— HO— M+ ROH (1)
H
hydrolysis
M—OH + M—OR — M (‘): » M—OR » M—0—M + ROH 2)
H
alcoxolation
M—=OH + M—OH » M—0Q0: = M-—O0OH » M—0—M+ HO (3)
: ‘
H
oxolation

2.8.2. Sol-Gel Method Accompanied by Phase Separation

Fabrication of monolithic materials with a bimodal pore structure via the phase separation
route in alkoxy systems has been used for the preparation of macroporous silica, not for TiO».
The problem related to the preparation of multiscale porous TiO2 monoliths in alkoxy systems
is that the reactivity of alkoxides is high; hence, reaction control is difficult during hydrolysis
and polycondensation. Fujita et al. improved a method of preparing monolithic TiO, with
controlled porosity, using a free template sol-gel process parallel to phase separation. Figure

2.20 depicts the coarsening of phase-separated domains. 3*
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Figure 2.20 Schematic illustration of coarsening of phase-separated domains
(Reprinted from 54 with permission from American Chemical Society).5

2.8.2.1. Spinodal Decomposition

Spinodal decomposition is observed in a variety of materials, from metals to liquids. The
transition of a solid or liquid solution occurs by diffusion up against a concentration gradient
(uphill diffusion) initiated by the spontaneous growth of local sinusoidal concentration
fluctuations. This growth occurs uniformly throughout the material, not just at discrete
nucleation sites without a thermodynamic barrier. In between the spinodal and coexistence
curve, free energy barrier arises that is overcome by the nucleus of the new phase (nucleation)

forming, leading to formation of a uniform-sized, periodic fine microstructure.

2.8.2.2. Thermodynamics of a Temperature- Induced Phase Separation

If we have a mixture of two phases, a phase diagram can provide information about the
composition and temperature of the two phases under different conditions (Figure 2.21). Above
a certain temperature (the critical temperature, Tc), the two phases form a homogenous solution
at all compositions (Figure 2.21a). If we lower the temperature, the system is not stable and
coexisting phases appear where there is a miscibility gap separated from the homogenous
solution by the binodal curve or the coexistence curve.’” When the system is exposed to large
fluctuation by dropping the temperature from Ti to Tf, then the existing mixture will consist of
solid and liquid phases, with A-rich and B-rich regions. The tie line cuts the phase boundary

and the spinodal curve at Tf at points (1,2) and (3,4), respectively. In the region between the
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coexistence curve and the spinodal curve, the liquid crystallizes by a nucleation mechanism
and then continues to grow (point 5 on the curve), whereas in the region of the spinodal curve,
the liquid is unstable and solidifies according to spinodal decomposition, no need to cross the

energy barrier to form nuclei (point 6 on the curve).’$- >
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Figure 2.21 (a) The demixing area and (b) the Gibbs energy curve for a binary
mixture. Spinodal decomposition takes place in the thermodynamic unstable region.
Above the coexistence curve, the system is in a homogeneous or disordered state.
Below the coexistence curve, the system is in a phase-separated state, characterized
by A-rich and B-rich regions. The homogeneous system is metastable between the
coexistence and spinodal curves and unstable below the spinodal lines.”- ¢! (modified
from 61)

The Gibbs free energy of a mixture is given by:

AG,, =AH,, —TAS

mix

AGnmix:Free energy of mixing
ASnix: Entropy of mixing
* In the stability region, the Gibbs free energy is negative and the second derivative is

positive. In addition, the tWwo components are completely miscible.
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d*AG. .
szlx > 0

AGmix <0 and

* For the unstable region, the Gibbs free energy of mixing is positive and the second

derivative is negative

2
AG, .
d )(szlx <0

AGmix >0 and
Any composition in the unstable region will spontaneously demix. For the composition in the
spinodal region, the Gibbs free energy has reached maximum and the second derivative is zero.
In the binodal region, the Gibbs free energy has reached a minimum and the first derivative is

Z€10.

d AG,;, _

ax

Any composition in the metastable region, which is between the binodal (coexistence) and

spinodal regions, will be stable, and demixing is achieved by nucleation and growth.>
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Figure 2.22 a) Nucleation and growth process b) Spinodal decomposition process
(modified from 58)38

Figure 2.22 shows two different processes: a) nucleation and growth, and b) spinodal
decomposition. The rows were divided into five stages: the first three show the effect of small
perturbation and the last two show the effect of a large perturbation; we next describe the effect
on one of the two components. The left and right columns exhibit two adjacent local regions of
component A. In Figure 2.22.a, the first stage displays a metastable region where the
concentration of the two components is equal. After small perturbation, the downhill diffusion
takes place (from left to right) as the concentration in the left column is larger than the one in
the right column (Cal*ft > Caright) until the system comes back to the initial state where the
concentration of left and right sides is equal (row 3). With greater perturbation, nucleation
takes place, in which the formation of the critical size of a nucleus starts (row 4). Accordingly,
the concentration of A on the left side depletes (Cae"=0), so the diffusion takes place but from
right to left (downhill diffusion). The Ostwald ripening occurs once some B reaches the left
(row 5). Stages 4 and 5 represent the phase separation, which occurs through the nucleation

and growth process. The fingerprint of this process is the downhill diffusion.>®
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In Figure 2.22.b, although the solution is in the unstable region, there is no difference in the
local concentration between the left and right (row 1). Therefore, no diffusion takes place (one
phase), so the density profile is flat. In row 2, the infinitesimal change causes a concentration
difference, and the diffusion (downhill) is expected to occur from left, higher concentration, to
right localities. Therefore, the density of the system has a wavy profile with maxima and
minima that result in a higher increase in the concentration in the left to the right (row 3). The
diffusion in this stage takes place from the right, lower concentration, to the left, higher
concentration (uphill diffusion) not the opposite as, it can not reach the state where
Caright=C,left_ because doing so contradicts with the first stage of instability. The density is large
in extent but small in degree. As the diffusion progresses, the density reaches to a point where
it equals the density of the pure component (A) (row 3-5). The phase separation in this process
is known as spinodal decomposition, which depends on local fluctuations in the concentration of

the components. Its fingerprint is the uphill diffusion.®

2.9. Commercial DSSCs

Table 2.3 compares the new trends in dye-sensitized solar cells to traditional ones. '4

Cell component Traditional technology New developments
substrate glass Plastic( PET, PEN), metal foil
Transparent conductive
FTO ITO
layer
Mixed oxides, nanorod or nanotube
photoanode Porous TiO>
TiO»
Counter electrode pt Carbon nanotubes, carbon black
Higher extinction coefficient dyes and
dye N3
other organic dyes
Sealing materials Surlyn, epoxy glue Lamination in polymer foils
Process technique High temperature Low temperature, room temperature
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Stability of the dye-sensitized solar cells is an important aspect of their commercialization. The
lifetime of dye-sensitized solar cells is determined according to certain degradation
mechanisms. Furthermore, it is important to define the criteria for evaluating the stability of
solar cells; the parameters that affect their performance should also be defined. Solar cell
stability has been evaluated in many studies by aging tests run for 1000 h, such as light soaking
tests at 60°C or 80°C at 100mw/cm?, dark tests at 60°C or 80°C, humidity tests, UV tests, and

heat-cycle durability tests.

Commercialization of DSCs has not been viable, unlike thin film silicon cells. Recently, some
companies have launched a large production of flexible dye-sensitized solar cells, using a roll-
to-roll process. For example, in October, 2009, G24 Innovations, Inc. in Great Britain shipped
its first solar modules, which produce 0.5W under direct sunlight to Mascotte. Dyesol, the
global leader in DSSC technology, opened a factory in Queanbeyan, Australia, to make tiles
that can be integrated into building facades. In May 2010, Dyesol was selected to exhibit a
building integrated photovoltaic (BIPV) window based on Dyesol’s dye solar cell (DSC)
technology in the Smithsonian Institution’s Cooper-Hewitt, National Design Museum’s
Triennial series “Why Design Now?”. Figure 2.23 shows some available applications of

DSSCs.

Any other significant advances in this field have been limited and attempts at progress are kept
under tight security. For example the author’s request for details on one chemical concentration
of the platisol T(transparent platinum catalyst paint) for Solaronix company was refused

on the grounds of security.
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The first G24 product is a light weight flexible power supply for mobile
telephones

Figure 2.23: (left) G24 Innovations DSC bags, (center) First product of G24i: light
weight power supply for mobile phones, (right) Building Integrated Photovoltaic
(BIPV) Window Based on Dyesol’s Dye Solar Cell (DSC) Technology
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Chapter 3:
Room temperature synthesis and thermal
evolution of porous nanocrystalline TiO:
anatase”

3.1. Overview

TiO2 nanoparticles are a major component in many areas, and especially for Dye Sensitized
Solar Cells (DSSC) as a result of their electronic structure that allows them to collect the
electrons transferred from the dye molecules after sunlight irradiation, as well as of their semi-
conducting properties, which provide the surface transport of these electrons up to the
collecting electrode. However, for this application or others, the optimization of both structural
and electronic properties of titanium oxide is still a challenge, because it depends on both
crystalline structure and material nano/mesostructure. We report how small (< 6 nm) titanium
oxide nanoparticles were synthesized by a single step method, with the anatase crystalline
phase obtained at room temperature, and an open nanostructure. A mixture design method was
required to identify the precise composition that led to the suitable material. Mesoporous
materials made of pure anatase nanocrystals were obtained with the suitable porosity (5 nm
pore diameter, 190 m?/g, 0.3 mL/g porous volume) without any surfactant agent. Both the
evolution of the crystal size and nature of the phases were studied as a function of heating
temperatures ranging from 20°C to 800°C. These materials display a good thermal stability up
to 400°C, in term of crystal size, and up to 700°C, regarding the crystalline phase. Finally, the
study of their semiconducting properties as a function of the crystal size, allowed us to confirm
the previous theoretical models regarding the crystal size-dependence of band gap, and to set

the limit of the size quantum confinement effect around 7 nm.

*Reprinted (adapted) with permission from (A. Hegazy and E. Prouzet, Chem. Mater., 2012,
24, 245-254) Copyright (2012) American Chemical Society.
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3.2. Introduction

Nanocrystalline phases of titanium oxides are required in many domains that use the specific
semi-conducting properties of this metal oxide. For example, Dye-Sensitized Solar Cells
(DSSCs),! have attracted interest since the pioneering work of Gritzel and coll.,> and DSSC
thin film-based solar cells technologies are currently considered one of the most promising
candidates,® due to the low cost of raw materials, and potential high conversion efficiency.! 4
However, results have been demonstrated only at the laboratory scale, and a lot of development
and processing have still to be developed. DSSCs are multifunctional systems where photons
are initially collected by dye molecules that host photoconversion.?® The electrons generated by
the dye molecule are extracted via an oxidation mechanism and injected into the conduction
band of a semi-conducting material, named the photoanode, before being transferred to the
electrical circuit through a charge migration into a small surface region (1.5 nm) of the
photoanode,’ as a result of a surface charge depletion induced by the surrounding electrolyte.6
In parallel, the dye molecules are regenerated by reduction with a I37/I- based electrolyte, itself
regenerated by the electrons coming from the external electrical circuit.

One of the most important challenges in DSSC devices is achieving synergy between all cell
components, and the nature, morphology and interfacial properties of the photoanode are
master keys to achieving high solar conversion efficiency. First, the material must possess a
wide bandgap to allow for the electron transfer from the dye molecule and prevent any
electron-hole recombination. Secondly, its nanostructure must allow for a high dye loading,
and good connectivity for easy electron transport to the current collectors, a requirement that
implies the existence of a hierarchical nanostructure.” Therefore, TiO, is one of the most
commonly used photoanodes for DSSC.® Among the different crystalline phases of TiO:
crystalline structures,. anatase has a more opened structure and a larger bandgap (3.2 eV) than
rutile (3.0 eV). This wider bandgap not only slows down the electron-hole recombination, but
it allows also the material to be transparent to most of the visible light spectrum, a compulsory
requirement to the electrode,?® even though the porous structure of the electrode will allow it to

reduce transparency and improve light scattering within, for a better photon capture by the dye
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molecules. Therefore, a specific nanostructure can help to confine the incident photons through
reflection and scattering and to increase the optical path length that favors a better absorption
by the dye molecules. To date, several groups have developed specific syntheses to achieve an
optimized nanostructure to better trap light within the photoanode,* including various
nanostructures.’ Since now, many experimental devices use rather large commercial powders.!?
With 85 nm anatase particles as in Degussa™ P-25,!! a 1.5 nm depletion layer means that only
10% of the particle volume is actually used for the electron migration. With 10 nm particles, it
would be 60%, and with 5 nm, 94% of the TiO> photoanode would be accessible for the
electron migration. Finally, it is assumed that the best way to scale-up the production of these
photovoltaic cells will be to use roll-to-roll manufacturing using organic soft substrates, which
requires room temperature methods. As a result, a room temperature synthesis of pure anatase
TiO,, with crystallite size that would be small enough to allow the whole volume to be
electronically depleted by the electrolyte, is still expected.

In addition to the specific structure, electronic properties are also extremely important for
various applications involving TiO,. Therefore, the ability to finely control the semiconducting
properties of titania would help to improve overall, the process efficiency by controlling their
semiconducting properties.”® It is now well known that the bandgap of semiconductors is
modulated by size-induced quantum effects when the crystal size reaches nanometric
dimensions,!!"!? as a result of an increase of the bandgap and the resulting blue-shift of the
optical absorption.!3 This quantum size effect on titania has been already observed for small
particles,'# thin films,!> and the prediction of the evolution was calculated for both rutile and
anatase.!® Surprisingly, the band gap structure of nanostructured TiO; anatase was reported in
some reports, being a direct band gap instead of the indirect band gap of the bulk compound.!”
We report hereinafter on a new route for the facile preparation at room temperature, of
nanostructured titanium oxide made of 4 nm anatase nanoparticles that aggregate and form a
mesoporous structure. This method allows for a single-step route that provides both the
expected crystalline structure and the correct mesostructure. The fine optimization of the
synthesis parameters was explored through mixture design, which we have demonstrated is a

very powerful method for analyzing multi-parameter systems.'® The nature, structure and
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electronic features of these materials were explored by UV-vis spectroscopy, SAXS,
Temperature-programmed XRD, N isotherm adsorption, and Dynamic Light Scattering, and
we took benefit from the large collection of pure anatase samples to explore more deeply the

influence of the quantum size-modulation on this band gap of these nanocrystals.

3.3. Experimental Work

3.3.1. Materials

Titanium n-propoxide (Ti(O-n-Pr)s4, Aldrich) was used as the titanium source. Hydrochloric
acid (HCI, 37wt%), and Formamide (FA: Ho2N-CHO) were purchased from Sigma- Aldrich. All

the chemicals were used as received without any further purification.
3.3.2. Synthesis

The preparation of TiO: nanoparticles was inspired by a synthesis initially developed by
Konishi et al.,'® for room temperature preparation of macroporous anatase monoliths. This
method was modified in order to adjust the nucleation/growth mechanism to favor particle
nucleation at the expense of crystal framework growth, which allowed us to obtain small
crystallized nanoparticles. TiO2 materials were prepared using different starting compositions
defined relatively to the mixture design.

In a typical synthesis, 2.9ml HCl was added drop-by-drop within 5 minutes under vigorous
stirring (200 rpm) to 5 mL of Ti(O-n-Pr)4 left in an ice bath. 2.86 mL FA and 2.43 mL
deionized water were mixed before being added drop-by-drop to the previous solution within
15 min. After full addition, the sample was left for aging in a thermostated bath at 30°C for 24
hours. The solution experienced a phase separation during this aging phase, with a physical gel
formed at the bottom and a supernatant liquor on the top. The gel container was sealed with
Parafilm™ and left at 60°C for one week before drying. Ammonium chloride, a by-product of
the reaction, was removed by washing the sample three times with 100 mL of deionized water,

the powder being recovered by filtration afterwards. At this stage, the gel could be easily
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dispersed in water by sonication. The samples were finally calcined in air for 4 hours (100°C/h

ramp) at different temperatures: 300°C, 400°C, 600°C and 700°C.
3.3.3. Methods

Samples were characterized by SEM, SAXS, Temperature Programmed XRD (TP-XRD), N>
isotherm adsorption at 77K, and UV-Vis spectroscopy. SEM images were obtained on a Leo
1530 microscope at an EHT of 5 kV with gold-coated samples. TEM images were recorded at
100 kV with a JEOL 1200 XII microscope. SAXS measurements were recorded on an Anton
Paar SAXSess system equipped with a 2.2 kW Copper anode (A=1.54A) and focusing
multilayer optics. Collecting flux was enhanced by linear collimation, collected over a 0 to 40
(2 theta) angular range with a 2D Imaging Plate as detector. Scattering patterns are reported as
a function of the wave vector g=2n/d=4mnsin(0)/A,where d is the characteristic distance. SAXS
patterns were corrected from linear collimation, and background-extracted using SAXSquant®
and OptiQuant® as the interfacing programs. TP-XRD was performed with an Inel CPS120
equipped with a FUR1400 high temperature furnace. The sample was left to equilibrate for 20
minutes at the given temperature, before measurement (20 min recording time). The N»
adsorption isotherms were measured with a Quantachrome AUTOSORB-1. The samples were
outgassed at 150°C under vacuum for 12 h before the measurement. Surface area was
determined by the BET method in a relative pressure range of 0.05-0.25.2° Pore size
distribution was calculated with the Broekhoff and deBoer Model applied to the desorption
branch.?! The size of the particle suspensions was studied by dynamic light scattering, using a
Vasco-2 (Cordouan Technologies). A 60 mW monomode red laser (4 = 658 nm) with variable
intensity was used, and measurements were carried out at different temperatures (from 25 to
70°C) with a detector set at 135°. The correlated parameters were adapted for each sample
(sampling time x number of channels) to collect the whole autocorrelation curve. Accuracy and
reproducibility of the results were checked with several measurements ran with various
recording times. The autocorrelation curves were fitted with both a monodisperse cumulant and
a polydisperse Padé-Laplace models.?? UV-vis absorption spectra were collected with a Varian

Cary 5000 UV-Vis-NIR spectrophotometer. Quartz cuvettes (Spectrosil, Starna Cells Inc.,
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transparency 170-2700 nm) and the 1 cm optical path length were used to measure the
electronic absorption spectra. The UV-vis spectra were corrected from non specific absorption
before analysis. The band gap Eg was deduced from UV-vis spectra. The correspondence

between the energy (in eV) and the wavelength A (in nm) is given by:
E (eV) = 1,240/A (nm) 3.1

As anatase is an indirect bandgap semiconductor with an absorption edge E; around 3.2 eV, it

has been demonstrated that the value of E, can be obtained by plotting:2>23
(0.hw)!"2 = f(E) 32

where o is the absorption coefficient in cm!, 4o is the photon energy, and % is the Planck
constant (& = 41.34 10-'¢ eV.s). E; is calculated from the extrapolation of a straight line to the

abscissa axis, as E, = iv when o.(hv)=0.2*
3.3.4. Mixture Design of Experiments

The experimental design of a mixture is a subclass of the Response Surface Methodology
(RSM) which can be used to study the relationships between responses and factors.? In
another words, to study the effect of dependent variables, which related only to the proportion
of the ingredient in the mixture not to the amount of the mixture, on the independent variables.
The sum of all the components proportion must equal to 1. The RSM helps to obtain optimal
responses for the data collected from the designed experiments by a regression analysis.

A mixture design study was carried out to analyze the influence of starting composition on the
final TiO; structure after synthesis and after thermal treatment. The compositions of samples
were defined within the (Ti(O-n-Pr)s:FA:H,O+HCI) ternary diagram. The lowest and highest
level volume fractions were chosen to fit within a restricted domain: 0.3<Ti(O-n-Pr)4<0.6; 0.1<
FA <0.4; 0.3<HCI+H20 <0.6 (Figure 3.1.a). Specific data points were selected within this
restricted domain (Figure 3.1.b and Table 3.1).
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Figure 3.1 a) Q: (TiOz-rich), R: (H20-rich) and S: (FA-rich) b) Data points selected
for the experiment design study. For values of points, see Table 3.1.

Table 3.1. Sample composition (mL)

Sample Ti(O-n-Pr)4 HCI H>O FA
A 5.00 29 245 2.85
B 4.62 29 2.20 2.30
C 5.00 29 2.60 2.80
D 595 29 2.60 1.80
E 6.10 29 245 1.85
F 6.21 29 2.30 1.83
G 6.22 29 1.85 220
H 6.10 29 1.40 2.75
I 6.10 29 1.40 2.85
J 5.56 29 191 2.86

K 5.56 29 2.05 2.50
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The Design-Expert program V.8.0.4 (Stat-Ease Inc.) was used to define the optimum number of
experiments according to the limits selected for this study. Significance of the regression model
was tested by the "Prob(F)" statistics test, which tests the full model against a model with no
variables, and with the estimate of the dependent variable being the mean of the values of the
dependent variable. The value of Prob(F) is the probability that the null hypothesis for the full
model is true (i.e. that all of the regression coefficients are zero). For example, if Prob(F) has a
value of 0.01, then there is 1 chance out of 100 that all of the regression parameters are zero.
This low value implies that at least some of the regression parameters are nonzero and that the
regression equation does have some validity in fitting the data (i.e. the independent variables

are not purely random with respect to the dependent variable).

3.4. Results and Discussions

3.4.1. Nature and Structure of the TiO2 Nanocrystals

UV-vis spectra of specific samples selected across the phase diagram are displayed as
examples in Figure 3.2 (for all spectra, see Figure 3.3). These spectra exhibit an absorption
edge in the 3-to 3.5 eV range, characteristic of titanium oxide. The bandgap E, was calculated

according to eq.(2) (Figure 3.2(inset); Figure 3.4, Table A.I in Appendix A).
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Figure 3.2. Representative UV-vis spectra for samples A, F, I, and K selected at
representative locations in the phase diagram. After correction of the baseline,
spectra intensity were normalized to ease comparison. inset: Evolution of (0.E)'2 as
a function of the energy. The extrapolation of the edge down to a = 0 provides the
value of the band gap Eg, for indirect band gaps.
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Figure 3.3. UV-vis spectra of samples A (a), E (b), H (¢), selected at the corners of

the studied phase diagram area, and K (d) at the centre of this area. All spectra
have been normalized to facilitate comparison.
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Figure 3.4: Evolution of (0.E)"/? as a function of the energy for all samples treated at
different temperatures. The extrapolation of the edge down to a = 0 provides the
value of the band gap Eg, for indirect band gaps.

These values were injected into the mixture design model to obtain a response map for the
expected value of Eg within the phase diagram area used for this study. This response map is
displayed in Figure 3.5 for the as-synthesized samples (see also Figure 3.4). The values of Eg
(in eV) compare well with the values observed for anatase, brookite and rutile, which are

usually close to 3.2-3.3,26 3.4,2% and 3.0,2% respectively.
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Figure 3.5. Response map for Eg, the band gap calculated with the indirect band
gap model, for as-synthesized samples (RT). The % refer to the concentration range
of the study, given by the apex (e.g 49% for H.O) and the opposite side (e.g. 33%
for H20).

The response map found for the as-synthesized samples fluctuates between 3.1 and 3.4 eV,
with a minimum (blue) in the left side of the study area and a maximum (red) close to the right
corner. These fluctuations may result from phase transition (anatase to brookite) and/or particle
size effect, since a reduction of the crystal size leads to a wider bandgap.'® It must be
mentioned also that sol-gel syntheses of TiO2 lead to materials with a smaller bandgap that is
usually observed for anatase.?*

The crystallization and phase transformation were investigated in parallel by using both Wide
(WAXS) and Small (SAXS) Angle X-ray Scattering. Representative XRD patterns of samples
(A, F, 1, and K) are reported in Figure 3.6 ( All samples are reported in Figure 3.7).
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Figure 3.6. Representative X-ray diffraction patterns of samples A, F, I, and K
selected at different locations of the phase diagram.
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Figure 3.7.a: Evolution of X-ray diffraction pattern for the samples A, B, C, after
thermal treatment between 20 and 800°C (to be continued)
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thermal treatment between 20 and 800°C (to be continued)
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Figure 3.7. c: Evolution of X-ray diffraction pattern for the samples G, H, I, after
thermal treatment between 20 and 800°C (to be continued).
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Figure 3.7.d: Evolution of X-ray diffraction pattern for the samples J, K, after
thermal thermal treatment between 20 and 800°C.treatment between 20 and 800
thermal treatment between 20 and 800°C.

The existence of the anatase phase is confirmed for all samples. These diffraction patterns
exhibit broad diffraction peaks at 25.3 and 37.9 degrees, as a result of small crystalline
domains. When the samples are not pure anatase, additional diffraction peaks are observed
from the brookite structure, especially a diffraction peak at 30.8 degrees, the other brookite
diffraction peaks overlapping with the anatase peak at 25.3 degrees. For example, sample A is
clearly made of pure anatase, whereas sample I contains brookite, as seen by the additional

diffraction peak at 30 degrees, and a more intense peak at 25 degrees, as the result of overlap



of anatase and brookite diffraction peaks. The nature of the titanium oxide is very important for
the intrinsic performance of the DSSC electrode, but many devices use commercial powders
made of a mixture of anatase and rutile.'% We used the mixture design to plot the distribution
map of anatase and brookite within the studied area and identified the anatase-rich domains in
the studied phase diagram. The phase content distribution between brookite and anatase
(weight fraction) was calculated using the following equation:?’
Wy = (ky Ap) I [(ky Ap)+(ky Ay 3.3

where Wp is the weight fraction of brookite, 44, and Ap are the integrated intensity of anatase
(101) and brookite (121), and k4 = 0.886 and kp=2.721, two experimental coefficients. The
overlap between the (/01) anatase diffraction peak and both the (/20) and (/11) brookite peaks
was solved by numerical deconvolution.?’” The broadening of the diffraction peaks was large
enough to allow a Gaussian fitting instead of the preferred Pearson VII or Pseudo-Voigt
functions,?® and the intensity of anatase (/01), and brookite (/21) were deduced from the
respective peak areas. The weight fraction of anatase calculated from eq.(3.3) for all the as-

synthesized samples is displayed in Figure 3.8.

Ti(O"Pr), (53%)
Anatase wt%
2 p'~35“11'1 Points
0.507
14% 533%
0.610.7
H,O (49%) 37% .

Figure 3.8. Response map for the anatase weight fraction calculated from the
respective intensities of the diffraction peaks.
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The distribution of the anatase/brookite weight fraction indicates clearly that samples prepared
with the lowest proportion of Ti precursors give pure anatase (red area), whereas those with an
increased amount of Ti(O-n-Pr)4 contain a significant amount of brookite (blue area). However,
in the whole domain, the anatase proportion always remains higher and at least equal to 60 wt
% of the total material. It appears finally, that the area surrounding sample A is the region
where the combination of reagents is optimized to achieve a pure anatase phase.

The evolution of the crystal size was also studied as a function of the initial concentrations and

deduced from the broadening of the diffraction peak, using the Scherrer formula:
L(nm)=(0.9.4)/(Aw.cos(©)) 3.4

with L the crystal size, A the X-ray wavelength (0.154 nm), Aw the Full Width at Half
Maximum (FWHM) (in radians), and ® the angular position of the diffraction peak. The

crystal size of the anatase phase (Figure 3.9) was calculated from the 25.3 degree diffraction
peak, with the brookite contribution being removed, when required. The crystal size of the

brookite phase was deduced from the 31.0 degree diffraction peak (Figure 3.10).

I n (V)
P Ti(O Pr)ﬁ\(53 %0)
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Figure 3.9. Response map for the crystal size of the anatase phase.
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Figure 3.10. Response map for the crystal size of the brookite phase (the shadowed
area corresponds to anatase >90 wt%)

The response map for the crystal size of the anatase phase reveals that very small nanocrystals,
with a size ranging between 3.5 and 4.6 nm are obtained. An accurate analysis of the crystal
size for the brookite phase is difficult as the intensity of the diffraction peak is low, but the
same crystal size range can also be deduced. These sizes are much smaller than those observed
in the Degussa P-25 nanopowder (anatase and rutile elementary particles of 85 and 25 nm,
respectively),!% or those used for DSSC applications (16-20 nm).?° Being able to decrease this
size is a way to obtain a wider bandgap, a result of the quantum confinement, and to increase
the dye loading, a result of a more opened nanostructure (see hereinafter). However, reducing
the size of the photoanode particles should have also an influence on the conductivity of this
photoanode, since the whole particle could be electronically depleted by the electrolyte
interaction.’> As stated previously, with 4 nm nanoparticles and the same 1.5 nm Debye
screening thickness, almost all the particle should be affected by the dye and electrolyte,
leading to a new volume conduction mechanism. This first part of this study demonstrates that

4 nm size anatase nanocrystals can be prepared at room temperature, with a suitable ratio of
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components, and the mixture design study allowed us to identify this region in the area

surrounding the A sample composition.
3.4.2.Mesostructure

Beyond the preparation of small elementary particles, the way they are assembled, especially
with an optimized textural porosity and well-defined pore sizes, is another goal of achieving

suitable materials for applications like DSSCs or photocatalysis.
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Figure 3.11 Representative SAXS patterns of samples A, F, I, and K selected at
different locations of the phase diagram (SAXS patterns were vertically shifted).

We display in Figure 3.11 some SAXS patterns of as-synthesized samples selected within the
phase diagram (see also Figure 3.12). All samples exhibit an intense scattering that corresponds
to a porous aggregate of nanoparticles. It is observed that this high scattering curve decreases
rapidly upon thermal treatment (Figure 3.12). The scattering curves exhibit three distinct
regions. For most samples (F, I, K), below ¢ = 0.6 nm’!, the intensity is constant, which is
consistent with a uniform, non-fractal long-range structure. For ¢ > 0.6 nm’!, a power-law
regime is observed. up to 2.5 nm'!, which corresponds to the Porod region, and notifies a

porous structure.?® Even though the extension of the Porod region is not large enough to justify
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volume fractal dimension Dv according to:3!

a true self-similar fractal structure, we decided to quantify this porous structure by using the
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Figure 3.12.a: Evolution of the SAXS pattern for the samples A, B, C, D, after
thermal treatment between 20 and 800°C (to be continued)
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Figure 3.12.b: Evolution of the SAXS pattern for the samples E, F, G, H, after
thermal treatment between 20 and 800°C (to be continued)

82



18 T T T T I T T T T I T T T T l T T 18 T T T T I T T T T I T T T T l T T
H —-Sample 1_800 —-Sample J_800
B --Sample 1_700 ---Sample J_700
B —-Sample |_600 —--Sample J_600
[ ---Sample 1_400 ---Sample J_400
—-Sample 1_300 —-Sample J_300
--Sample | (RT) --Sample J (RT)

- L
m 1
o {1a
o lo
e N
= 1=
i e
£ 1€
| {4

llllllllllllllll

10 10
f
-2 -1 0 1 -2 -1 0 1
-1 -1
Ln(q) (nm) Ln(q) (nm )
18 T T T T I T T T T I T T T T I T T
B —-Sample K_800| T
B —+-Sample K_700| T
B —Sample K_600| T
— —-Sample K_400| ]
= ——Sample K_300| 7]
: ---Sample K (RT) :
14 -
@ . o
Q .
< E _
% | 4
- -
10
6 1 1 1
-2 -1 0 1

Ln (q) (nm™)

Figure 3.12.c: Evolution of the SAXS pattern for the samples I, J, K, after thermal
treatment between 20 and 800°C
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Figure 3. 13 Response map for the fractal dimension of the materials.

Figure 3.13 displays the evolution of Dv as a function of the initial composition, with Dv
varying possibly from 2 (highly porous material) to 3 (fully dense material). Almost all the
phase diagrams correspond to structures where Dv is below 2.7, which is the signature of
opened structures. A trend is observed along the phase diagram with a region of minimum
value (blue area) ranging through the whole domain, for constant concentrations in titanium
propoxide. The densest structure, with Dv = 2.7, are observed in regions with a minimum
concentration of titanium propoxide. As all crystals are the same size, whatever their nature
(anatase or brookite), the mesoscale structure can be described as an aggregate of uniform
particles. The end of the volume fractal region corresponds to the smallest object contributing
to the Porod regime, that is, the particle. All SAXS patterns recorded for the as-synthesized
samples exhibit about the same value, g values ranging between 2.0 and 2.7 nm’,
corresponding to d = 2m/q equal to 3.1 and 2.3 nm, respectively. The accuracy of this
measurement is not very high, as it is difficult to identify clearly the slope break point, but the
values found are in the same range as those deduced from XRD, which means that uniform
particles (identified by SAXS) are made of single crystals(identified by XRD). The existence
of very small particles is confirmed by SEM (Figure 3.14) and TEM (Figure 3.15)

observations.
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Figure 3.15 TEM observation of sample A (inset: diffraction pattern).

The N2 adsorption isotherms for the sample A, either as-synthesized or after a 4 hour thermal
treatment at 300, 400 or 500°C, is displayed in Figure 3.16.a. These curves display type IV
isotherm shape, with a sharp desorption edge that corresponds to a narrow pore distribution
ranging between 4 and 6.5 nm, depending on the thermal treatment (Figure 3.16.b). The as
synthesized material exhibits a large 190 m?.g"! specific surface area (equiv. 250 m?/g for
silica) and a 0.3 cc.g*! porous volume. Both values remain unchanged after treatment at 300°C,
with a 176 m2.g! specific surface area, and a 0.3 cc.g! total porous volume. The specific

surface area drops down to 48 m?.g! at 400°C, and 20 m2.g’! after the 4 hour 500°C thermal
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treatment, as for the porous volume equal only to 0.07 cc.g™!. The pore size increases slightly

with temperature up to 400°C, before starting to collapse when densification becomes

important (500°C).
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Figure 3.16 (a) N isotherm, and (b) pore size distribution for the sample A at room
temperature and after thermal treatment at 300°C and 500°C.

Another confirmation that the material prepared at room temperature is made of aggregates of
small nanocrystals, is obtained when the material prepared by this process, was dispersed under
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sonication for 10 min. in a 50:50 wt mixture of water and ethanol. The resulting suspension
was studied by DLS to characterize the aggregates size. All the auto-correlation curves
resulting from measurements could be analyzed with a single-size cumulant fitting model
(Figure 3.17), and multi-size Padé-Laplace analysis did not reveal any polydispersity neither.
We deduce from this analysis that the partial fragmentation of the initial titania gel leads to a
rather homogeneous distribution of aggregates within the samples. This study through the
whole phase diagram, allowed us to observe a net trend in the aggregate size distribution, with
a central domain of small (around 400 nm) aggregates, and two poles where larger aggregates

in the micrometer range are observed (Figure 3.18).

1 _______ 1 T T
.\.\
0.8} A Y
S .,
.
2 0.6} B
c Y
(o] \
s Y
S 0.4} %
]
Q
O
5
< 0.2} oA sample - exp.
---A sample - Cum. fit
10 100 1000

ot (usec.)

Figure.3.17: Autocorrelation curve deduced from DLS measurement, for an
EtOH:water suspension of sample A sonicated at room temperature; dots:
experimental function; dashed line: single size cumulant fit.
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Figure 3.18 response map for the size of aggregates after sonication.

This aggregate size map overlaps well with the distribution of volume fractal dimension
(Figure 3.13): the more opened structures (small Dv) observed in the middle of the phase
diagram lead to smaller aggregates, as a result of an easier way to break them. In parallel,
denser structures (large Dv) give larger aggregates. The sonication mode was moderate, which
explains why the aggregates are rather large, but this finding let us think that the whole
material could be built with a hierarchical structure, made of aggregates of nanocrystals, which
would fit well with the expectations stated for new photoanode materials.??

The study of these materials at the mesoscale demonstrate that they possess an open
mesostructure, with a well-defined porosity centered around 5 nm, in agreement with the
observed size of nanocrystals. When dispersed by sonication, a uniform distribution of
aggregates ranging from 400 nm to 1.0 pm, 1s obtained, depending on the the initial reagents

proportions.
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3.4.3. Thermal Evolution

The effect of thermal treatment on the crystalline nature of titanium oxide, was first studied by
Temperature-Programmed XRD. The evolution of TP-XRD patterns for two representative

samples (I & F) is reported in Fig.3.20.
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Figure 3.20 Representative HTXRD patterns for (a) sample F and (b) sample I.

The evolution of the crystalline structure follows a polyphasic transformation, with the
progressive formation of rutile. As the temperature increases up to 600°C, other characteristic
peaks of anatase crystals (/03), (/12) appear, followed by small rutile diffraction peaks; some

anatase still remains at 900°C. Similar trends were observed with samples A and K (Figure
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3.21). However, the temperature of rutile crystallization can vary from sample to sample, and it
can be shifted up to higher temperatures, depending on the initial composition (e.g. 700°C for
sample F and 750°C for sample I). The thermal evolution was explored further by setting
different maximum temperatures (300, 400, 600, 700, 800°C) with a four hour plateau (Figure
3.21). For most of the samples, the anatase phase is still observed at 700°C, with a parallel
crystallization of the rutile phase, starting at 700°C.

The phase content (weight fraction) of anatase and rutile was calculated at 700°C, using the

following equation:33

fA:ﬁl+l.26*(I%J 0

where /r and 1, are the integrated intensities of rutile and anatase, respectively. The mapping of
the anatase distribution for samples heated at 700°C reveals a preferential area for the
formation of rutile, along an axis starting on the left side of the phase diagram and expanding
perpendicularly to the water apex (Figure 3.22). This domain corresponds to the more opened
structure identified by higher volume fractal (Figure 3.19) and smaller aggregates (Figure

3.18), meaning that open structures are more easily converted into rutile by thermal treatment.
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Figure 3.21: Representative HTXRD patterns for sample A and sample K.
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Figure 3.22: Response map for the distribution of the anatase phase at 700°C (the
other phase is rutile)

The crystal size evolution as a function of the temperature is reported in Figure 3.23. The same
evolution is observed for all samples, whatever their composition. The crystal size is very
stable, around 4-6 nm up to 400°C, even after a four hour plateau, and the crystal growth
begins only at higher temperatures. This size evolution confirms the results observed for the
porous evolution of these materials (Figure 3.12), which reveals that the mesoporous structure
begins to collapse at 400°C - after a four hour thermal treatment -, as indicated by the variation
of the specific surface area reduction ( 48 m?.g! at 400°C, 20 m?/g at 500°C, no porosity at
600°C).

The study of the thermal evolution of the nanostructured TiO> materials shows that the anatase
phase is quite stable with temperature, since a large fraction is still found at 700°C. The critical
threshold for material transformation is around 400°C: below, the nanocrystal size remains
stable, and the mesoporosity is still important. Above, the crystal size increases from 5 to 30
nm, along with a concomitant loss of porosity, but the anatase phase remains present up to

700°C for most of the samples in the selected phase diagram.
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Figure 3.23 Evolution of the crystal size as a function of the thermal treatment, for
the whole series of samples (A to K). (dashed lines plotted for visual help).

3.4.4. TiO; Anatase Band Gap Evolution

As the present synthesis, combined with the different thermal treatments, led to the preparation
of anatase nanocrystals with varying sizes, it allowed us to look at precisely on the relationship
between size-dependent quantum confinement and the band gap modulation.?? As the band gap
values for rutile, brookite, and anatase, are different and equal to 3.0, 3.1, and 3.2 eV,
respectively,>* we discarded any sample containing either brookite or rutile, to be sure that the
crystal nature would not affect the values of the band gap. Band gap analysis was carried out
by UV-vis measurements (see Figure 3.2), which confirmed that the band gap (indirect band
gap model according to eq.(3.2)) decreases as the crystal size increases (Figure 3.24). All
values obtained for crystals larger than 7 nm, are in the same range (3.0-3.1 eV) but smaller
than what could be expected from the knowledge of bulk anatase bandgap. Such low values
were observed previously,!” but it was suggested that these surprising low values were the
proof that anatase nanoparticles have a direct bandgap. Therefore, we calculated also values

based on the direct bandgap model (a.E)? = f(E) to compare both trends.
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The influence of size was estimated using the following equation:!!-12

AE, =[I’

=1 2111786+ R1-0248 E, 3.7

with AEg, the bandgap shift; e=1.6021*10-° C; & the Plank’s constant = 6.62*10-3* (m2.kg/s); R
(in m) the radius of the particle; u the reduced mass of the exciton (1/pu= [1/m*.+1/m%]), with,
for anatase, m".= 10 m. (m. = 9.11.103! Kg) the effective mass of the electron, and (m", = 0.8
m.) the effective mass of the hole, according to Enright et al.?> ¢ is the dielectric constant of the
material, and E" = 4.3 103° J is the effective Rydberg energy. The first term in the equation
represents the particle in-a-box quantum localization energy, with a simple 1/R? dependence,
the second term represents the Coulomb energy, with a 1/R dependence, and the third one is the
result of the spatial correlation effect. This last term is size-independent, and becomes only
significant for materials with a low dielectric constant. The choice of the numerical values
chosen can vary.’® We took a value usually assigned to TiO, anatase (¢=86),3” and the last term

of eq.(3.7) was neglected,!! leading to the easy-to-use Eq.(3.8) applied to TiO, anatase:

AE,=(2.0328/D*)—(6.6976+107%/ D) 3.8

with AE, in eV, and D the crystal diameter in nm.

We compare in Figure 3.25 the evolution of the experimental bandgap Eg calculated for both
direct and indirect bandgap models, with the theoretical variation AE, deduced from eq.(3.8)
and E, value for the bulk material chosen to fit with the experimental data (E, = 3.4 eV for the

direct bandgap, E, = 3.05 eV for the indirect bandgap).
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Figure 3.24: Evaluation of the indirect bandgap Eg for anatase with different
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Figure 3.25. Evolution of the indirect (black) and direct (white) bandgap Eg as a
function of the anatase crystal size. Lines correspond to the theoretical variation Eg
+ AEg calculated from eq 3.3, with Eg = 3.4 eV (direct) and 3.05 eV (indirect).
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Despite that none of these values correspond to the expected value of 3.2 eV assigned to bulk
anatase, it is however clear that the indirect band gap model gives a better agreement with the
theoretical curve, than the direct one, and that the size quantum confinement effect is limited to
crystals smaller than 7 nm. Hence, the difference between the value usually observed of E, =
3.2 eV for materials prepared with high temperature methods,'#® and ours cannot be explained

by the existence of TiO; anatase with a direct bandgap.!’

Lower values of bandgap for TiO, anatase, were already observed: Reddy et al. pointed out this
shift,!” but their assignment to a direct band gap is invalidated by our results. Sanchez et al,
reported that the bandgap of titania prepared by sol-gel method can vary with the degree of
hydroxylation:>* in acidic medium (pH 3) the bandgap is smaller (2.91 eV at 200°C) than in
basic medium (pH 9) (3.15 eV at 200°C). Similar results, with indirect bandgap varying from
3.04 to 2.90 eV, were also observed for nanoparticles submitted to a thermal treatment up to
900°C.3® The possible assignment of indirect transitions at this lower energy level was
described by Serpone et al.,* who noted that the electronic band structure of metal oxides like
TiO, involves much lower energies bandgap than for fully ionic compounds, as a result of the
covalent contribution. It results that the values observed for bulk rutile and anatase (3.0 and 3.2
eV, respectively), which occur from the 2p-3d separation, are sensitive to the degree of ionic
versus covalent character in the bonding. This character can be affected by the degree of
disorder in the TiO: crystalline framework, and by the degree of hydroxylation, as observed by
Sanchez. They finally mentioned that the lowest indirect transitions, from the edge to the
centre of the Brillouin Zone, occurs at 2.91 and 3.05 eV, which fits perfectly with our
experimental observations. Our results illustrate a competitive effect between a reduced crystal
size below 7 nm,'*® which leads to higher value of E,, and a room temperature wet synthesis,3!
which leads to lower values of E,. However, we observe that these lower value of Eg are still
observed for larger crystals that result from thermal treatment, which means that the initial
synthesis history leaves behind some memory in the structure that remains disturbed enough to

affect the band gap value, as mentioned previously.*
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3.4.5. Test of the Nanostructured TiO: Anatase for DSSC Applications

Before carrying out deeper investigations on the integration of this new material into Dye
Sensitized Solar Cells we validated first their actual efficiency as photoanodes in these cells. To
this purpose, anatase TiO. films were prepared at room temperature as follows: the
nanocrystalline TiO, was first calcined at 350°C for 4h, and 1g of this powder was dispersed in
SmL EtOH. After a one hour sonication, the obtained suspension was kept under stirring, and
0.3 g Pluronic P123 (MW 5800 g, Sigma Aldrich) previously dissolved in 5 mL of ethanol
were added to the TiO. sol. The solution was stirred for one week, and the electrode prepared
according to previously published methods.*® The resulting paste was deposited onto
conductive glass substrate (F-doped SnO. from Solaronix, 2.2 mm thick glass with ~15 Q/ft?
resistance) by doctor blading, followed by firing at 350°C for 4 hours. We did not selected the
most commonly used temperature is (450°C) in order to avoid to induce any structural or
crystalline modification, as our goal was only - at this stage - to validate the intrinsic
semiconducting properties, not to optimize overall the cell efficiency. The thickness of the film
was 18 nm. After cooling, the substrate along with the TiO, film was immersed overnight into a
0.4 mM solution of cis-Bis(isothiocyanato) (2,2’-bipyridyl-4,4’-dicarboxylato) (4,4’-di-
nonyl-2’-bipyridyl) ruthenium(Il) (known as Z907, Sigma-Aldrich) in 1:1 acetonitrile/t-
butanol. Finally, the electrode was washed with EtOH and left to dry in air.

The platinized counter-electrode was prepared by pouring one droplet of a platinum catalyst
(Platisol T, Solaronix) onto FTO glass and fired at 450°C for 30 min in air. The platinized
electrode was placed above the working area of the photoanode and assembled by metal clips.
A few drops of 50mM iodine-colored electrolyte (Iodolyte PN-50-Solaronix) was placed
between the two electrodes. Assembled cells were characterized at 1.5 AM sun using solar
simulator under 100 mW.cm light intensity. Tests ran with a 20 cm? effective surface for the
dye-sensitized solar cell, validate the use of TiO, as an effective photoanode, but, obviously, do
not compete with state-of-the art results, as the whole cell integration has not being achieved
(currently under progress). The I-V curve is displayed in Figure A.1 The open circuit voltage

V.. is equal to 0.63V and the short-circuit current L. equal to 47.4 mA (2.37 mA.cm2). The cell
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performance can be evaluated with the filling factor FF = Puu/(Vee X L) = 45%, and the
efficiency n = 0.68%, defined as the ratio of energy output from the solar cell Pn.« to input
energy from the sun simulator. These values are obviously below those observed with current
dye-sensitized solar cells, but they allowed us to verify that the new nanostructured anatase
reported in this work, can be used as a future photoanode, and integration and optimization of

the cells are currently under progress.

3.5. Conclusion

We have demonstrated that the study of synthesis parameters through mixture design allowed
us to identify the optimum area to obtain very small nanocrystals of pure anatase at room
temperature, with an opened structure that will provide the suitable structure in areas like
photoanodic applications in DSSC devices. The best region for such applications lies in the A-J
region of the studied phase diagram, which corresponds to the minimum percentage of titanium
precursor and the maximum of formamide. We expect that the very small size of nanocrystals
(4 nm) should provide a new behavior for electronic conductivity as most of the crystal volume
will be affected with the charge depletion created by the dye molecules and electrolytes.
Beyond the study of the synthesis parameters and thermal treatment that can lead to various
nanocrystals, we illustrated the effect of quantum size modulation of this type of semi-
conductors, in agreement with what has been demonstrated for other semiconductors, like CdS
or CdSe.""12 From our experiments, we confirm the indirect nature of the band gap for anatase

nanocrystals, with the limit for the size quantum effect around 7 nm.
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Chapter 4:
Parameters for enhanced photocatalysis of
TiO: anatase

4.1. Overview

New TiO; anatase nanocrystals (4-6 nm), prepared by our new room-temperature synthesis
method have been tested in photocatalysis. This versatile synthesis technologies allowed us to
explore the influence of several parameters that could improve the photocatalytic efficiency of
TiO2-based materials. This photocatalytic activity was tested by the reduction of methylene
blue under UV irradiation, and compared with two commercial powders , one made of pure
anatase (Sigma™), the other of mixed anatase-rutile particles (P25 Degussa™). If the as-
synthesised material, despite its anatase structure, demonstrated a low photocatalytic activity,
the same material after a 450°C thermal treatment, which improved the crystallinity without
increasing the crystal size, led to excellent photocatalytic properties. Varying the test
parameters allowed us to provide a full comparison with the commercial products. The
experimental kinetic data followed a zero order reaction model where changes in dye
concentrations had no effect, and the acidic media improved the degradation rate. At the
optimum catalyst dosage and experimental parameters, our material treated at 450°C exhibited
a higher photocatalysis than did commercial anatase, and a level similar to the commercial
material used for reference (P25). This study allowed us to conclude that nanocrystalline
anatase is an excellent photocatalyst if both the size and the crystallinity are optimised. It
confirms also that rutile-anatase heterostructures create a true synergy that cannot be overcome

by pure phases, unless we are able to improve the charge-carrier separation.
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4.2. Introduction

Photocatalysis is an important domain in VOC remediation and water treatment, especially
with the emerging problem of pharmaceuticals released in drinking water.! Photocatalysts
could also solve a strategic issue in the development of energy smart grids. Indeed, "clean"
energy technologies like photovoltaic or windmills face two problems: yield and fluctuating
production. If the yield issue has to be solved by material science and engineering, fluctuating
production without intermediate storage is a major hurdle in systems that directly convert
directly sunlight or wind into electricity, because their random injection into the energy grid
will require a major adaptation in grid management. Many options have been investigated to
store the electricity temporarily: batteries, inflated balloons, hydrogen, pumping water.? All
these solutions are based on a similar chain of production and delivery: (i) conversion of
energy into electricity, (ii) conversion of electricity into chemical or mechanical energy, (iii)
back conversion of the chemical or mechanical energy into electricity, (iv) delivery to the grid.
Therefore, photocatalysts, able to convert sunlight directly into chemical energy (Hz) by water
splitting, which would be used in fuel cells, could become a significant component of the
whole energy grid, along with other elements, as this process would contribute to smoothing
the whole energy collecting and delivery loop. In addition, large scale static production
platforms would allow us to find the key to the presently unsolvable problem of hydrogen
storage for mobility, as industrial static storage of hydrogen is better controlled than mobile
storage. Moreover, the production of electricity could use large-scale fuel cells that are also
easier to control in an industrial environment. Finally, as the car industry has definitively voted
for the electric car, it seems presumptuous to postulate that two grids of fuel delivery
(electricity and hydrogen) will be implemented in parallel. Therefore, hydrogen production
should target toward realistic goals such as the solar light-based static production of hydrogen
for further conversion on demand of electricity. However, this goal will be achieved only if the
process, overall, is cost effective, which implies that the photocatalytic material has to be made
with affordable raw materials, and to convert water into hydrogen with a reasonable yield.

Therefore, our present contribution, adds to the understanding of material parameters that are
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strategic to the photocatalysis mechanism, in order to favor a future "knowledge-based" design
of efficient materials. We chose to use the photocatalysis of organics as a first and simple way

to evaluate the properties of materials.

Since the discovery of the photocatalytic splitting of water by titanium oxide under UV light
irradiation,®> many works have been devoted to this development.* Photocatalysis uses photons
as the energy source for the creation of free electrons in a semi-conducting material. The
photon energy must be higher than the material bandgap to allow for generation of the
electron—hole pair, and UVs are the most effective form of radiations in the solar spectrum.
These electrons form hydroxyl and superoxide anionic radicals that are the primary oxidizing
species in the photocatalytic oxidation processes. A dye like methylene blue is cationic, and it
can react with the electron in the conduction band, forming a dye radical anion. Subsequent

reactions lead to a dye degradation. Therefore it is a good tracer of photocatalysis efficiency.

As TiO; displays a good band gap for photon absorption, is inexpensive, non-toxic, and highly
reactive in nature, it has been widely studied for applications using its semi-conducting
properties, such as photovoltaics and photocatalysis, and it has been demonstrated that its
crystalline phase (anatase, rutile, brookite) and crystallinity are important parameters.> The
degradation efficiency of the dye depends upon the oxygen concentration adsorbed on the Ti
(III)- surface or dissolved in water. Hence, a good photocatalyst must display adequate
electronic band structure, to allow for a good absorption of light and creation of stable
electron-hole pairs, and a high specific surface area, to allow for an effective transfer of these

electrons to the surrounding solvent.

Among the three crystalline phases of TiO: anatase, brookite, and rutile, the first two are
metastable and the latter is thermodynamically stable. It has been observed that pure anatase
(Ec = 3.2 eV) gives better results than rutile (Ec =3.0 eV) because of the higher reduction
potential of photo-generated electrons. However, this assumption is partially contradicted by
the excellent activity of a mixed structure of anatase and rutile provided by P25 from
Degussa™, which means that other mechanisms are involved. We have tried in this study to

optimize all crystalline, structural, and processing parameters of a nanocrystalline powder of
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pure TiO2 anatase, to evaluate how much the photocatalysis is relevant to those parameters.
This study has allowed us to optimize both the material and the process, endeavors validated
by comparison with a pure anatase material (Sigma™), from where we compared our
performances with P25 (Degussa™) made of a mixed anatase-rutile heterostructure. Our study
demonstrates that the full optimization of anatase structural parameters lead to photocatalytic
results as good as those obtained with the reference material from Degussa™, suggesting that
future developments toward the creation of heterostructures should allow us to further

improve the photocatalytic properties of titanium oxide obtained with this new method.

4.3. Experimental

4.3.1. Materials

BD BBL™ TB Methylene Blue, 250 mL (4/sp) (Becton, Dickinson and Company) buffer
solution was used as received. Two types of commercial Titanium oxide (TiO2) were used as a
catalyst for comparison; the first (P25, Degussa™, Germany) is made of 75% anatase and 25%
of rutile and has a mean particle size of 18 nm;% the other is pure TiO; anatase (Sigma™) with
a 13 nm mean particle size. TiO2, anatase nanoparticles (6 nm) were synthesized at room
temperature, according to a method previously published.” This method allowed us to prepare
nanocrystalline titanium oxide and to adjust, not only the crystal size within 4 and 6 nm, but
also the crystalline structure from pure anatase to a mixed anatase-brookite composition.
Results reported in the following deal only with pure anatase, as experiments carried out with

anatase-brookite mixtures did not provide good photocatalytic results.
4.3.2. Analysis

Instruments. X-ray diffraction (XRD) was carried out on a Bruker D8-Advance powder
diffractometer using Cu Ka radiation (A = 1.5405 A) operating from 20 = 10-90°. Sherrer
formula was applied to calculate the crystallite size for the samples, the full width at half
maximum (FWHM) being determined after a Gaussian fitting. (Gaussian fit is allowed because

of the large peak broadening.) The UV-vis absorption of Methylene Blue was analyzed with an
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Evolution 60 Thermo Scientific UV-Vis Spectrometer. Methylene blue (MB) aqueous solution
absorbs light of around 664 nm (absorption peak), and under the photocatalytic reaction of the
TiO», this peak decreases smoothly, with a slight shift toward a shorter wavelength until the
solution becomes colourless. The absorption was determined by the evaluation of the total
absorption peak area, deduced after subtraction of the absorption base line (polynomial fit)

from the raw data.

The N adsorption isotherms were measured with a Quantachrome AUTOSORB-1. The
samples were outgassed at 200°C under vacuum for 12 h before measurement. Surface area
was determined by the BET method in a relative pressure range of 0.05—0.25. Pore size
distribution was calculated with the Broekhoff and deBoer Model applied to the desorption
branch.!3 14 A 254nm wavelength, five 8W bulbs with a typical intensity of 3,500-4,500 uW/
cm? (FB-UVXL-1000, Fisher Scientific) was used as the irradiation source. FT-IR spectra were
recorded from 400 to 4,000 cm-1 (16 scans, 0.2 cm™!) by transmission with a Brucker Tensor
27 spectrometer (OPUS program). Absorption was adjusted by mixing the samples with KBr
(Fisher Scientific).

4.3.3. Synthesis

A specific composition was chosen within the working area in the phase diagram for the
preparation of pure TiO: anatase, described previously.” In a typical synthesis, 2.9 mL of
HCI was added drop-by-drop within 5 min under vigorous stirring (200 rpm) to 5 mL of Ti
(O-n-Pr)4 left in an ice bath. Then, 2.86 mL formamide (FA) and 2.17 mL deionized water
were mixed before being added drop-by-drop to the previous solution within 15 min. After
full addition, the sample was left for ageing in a thermostatted bath at 30°C for 24 h. The
solution experienced a phase separation during this ageing phase, with a physical gel
forming at the bottom and a supernatant liquor on the top. The gel container was covered
and left at 60°C for one week before drying. Ammonium chloride, a byproduct of the
reaction, was removed by washing the sample three times with 100 mL of deionized
water, the powder being recovered by filtration afterward. At this stage, the gel could

easily be dispersed in water by sonication. The samples were finally calcined in air for 4 h
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(100°C.h-! ramp) at different temperatures. The samples names used are RT-TiO; for as-

synthesised, and Txxx for RT-TiO2 thermally treated at xxx°C.
4.3.4. Photocatalytic Test

A stock methylene blue (MB) solution of 7.48 mM was used to create an 0.063 mM solution
(2.1 ml MB in 250 mL D.I water). Aliquots of 25 mL of this MB solution were used for test,
and different masses of TiO; were added. In the following, “mass of TiO>” refers to the amount
added into these 25 mL volumes. The suspension was kept under dark conditions (over night)
before experiments were carried out to allow the equilibrium to take place between the
methylene blue solution and the catalyst. The methylene blue solution was exposed to the UV
irradiation source, and then, every two minutes the samples were stirred for 30 sec and then re-
exposed to UV. The samples were centrifuged to separate the TiO> from the solution, and the
aliquots were taken for recording the spectra, before being poured back into the mother liquor.
All experiments were conducted at room temperature, and the top surfaces of all the beakers
were open to air. Atmospheric air obviously provided enough oxygen for the oxidative
degradation of pollutants. The pH of the solution was changed during the experiment (pH=2, 6,
and 9). The progress of the reaction (degradation of the methylene blue solution) was achieved
by integrating the area under the absorbance curve. The percentage removal of MB was

calculated by using the equation given below:
Q= (ao—ox)/ a0 4.1)
where ao and or are the absorbance of the MB solutions in the 664 nm wavelength at the initial

and any other time, respectively. The experimental evolution of MB degradation as a function

of time was fitted with a 3rd degree polynomial:
(a0 + a1.x + a2.x? + a3.x3) 4.2)

The variation of all coefficients (ao to a3) was further fitted in order to provide a complete 3D

map evaluation of the MB degradation as a function of time and other variables.
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4.4. Results and Discussions

4.4.1. Structural Characterization

Figure 4.1 shows the XRD patterns of the TiO, nanoparticles treated thermally at different
temperatures (RT, 350, 450, 500°C and 600°C), as well as the two types of commercial
materials used as a reference in this study. A broad peak at 20= 25.6°, corresponding to the
{101} plane for anatase, is observed, and crystal size increases with the temperature (6 nm, 7
nm, 10.5 nm, 10.8 nm, and 19 nm, for RT, 350°C, 450°C, 500°C, and 600°C respectively). The
similar diffraction peak broadening analysis for the commercial powders, Sigma™ and

Degussa™, led to values of 13 nm and 18 nm, respectively.
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Figure 4.1: XRD patterns for TiO; anatase at RT, T350, T450, T500, T600, and
commercial TiOz (Degussa™, and Sigma™).

The nitrogen isotherm (Figure 4.2) indicates that all samples, (as-synthesised, thermally
treated, commercial) have a mesoporous structure with structural porosity marked by a
significant specific surface area (ss) and porous volume (vol).
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Figure 4.2: N; isotherm adsorption (a) and pore size distribution (b) for the TiO:
anatase thermally treated at different temperatures.

This is observed with T350 (ss: 144 m2.g''; vol: 0.4 cm3.g'!), T450 (ss: 123 m2.g!; vol: 0.4
cm3.g'h), and T500 (ss: 109 m?2.g'!; vol:0.34 cm3.g!). The surface area decreased significantly
after the sample was calcined at relatively high temperatures, but the major changes appears
between 500 and 600°C, with a drastic reduction of specific surface area (ss: 48 m2.g'!) and
porous volume (vol: 0.15 ecm3.g!) for T600. FT-IR analysis was carried out to investigate the
presence of surface hydroxyl groups (Figure 4.3), and the comparison between the commercial
powders and our samples did not display any major difference. FT-IR spectra show a very
broad band at 3,400 cm!, characteristic of O-H stretching of adsorbed water molecules, along
with one at 1,630 cm'!, assigned to the H2O bending mode. A strong and representative broad
band attributed to Ti—O stretching modes is seen from 400 to 700 cm™!, and an additional peak
due to the O-H stretching mode of titanium-coordinated water molecules is observed at 3,840
cm-!. With a rise in temperature from 25 to 500°C, the progressive dehydration is illustrated by
the reduction of the peak at 3,400 cm™!, owing to the decrease in the surface hydroxyl groups
on the surface of TiO>. TEM observations confirm the nanocrystalline structure (Figure 3.15

(Chapter 3) and Figure 5.2 (chapter 5)).
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Figure 4.3: FT-IR spectra of T350, T450, TS00, and Sigma and Degussa commercial
TiO: powders

4.4.2. Photodegradation with RT-TiO;

The potential efficiency of RT-TiO> nanoparticles toward MB photocatalytic degradation was
verified by several tests of a 20 ppm MB solution with (5, 10, 20, 50, 100 mg in 25 mL) TiO»,
at pH=6 under atmospheric pressure. No dye degradation was observed prior to catalyst
loading, as for the MB solution left under UV with no catalyst. Before testing, the MB
solutions with a catalyst were kept in the dark overnight, and did not show any measurable
decrease in dye absorbance. The MB solution alone, submitted to the same UV irradiation,

remained unchanged. The percent of MB degradation as a function of time, for different

amounts of RT-TiO; (in 25 mL), is reported in Figure 4.4.
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Figure 4.4 Photocatalytic degradation of RT-TiO: at different concentrations.
Insert: % degradation after 300 min. Lines: 3rd degree polynomial fit.

All suspensions display the same, almost linearly, increasing of MB degradation with time, but
the slopes of the curves depend on the amount of TiO2.From 5 to 50 mg, this photodegradation
increases with increasing TiO2, but the photocatalytic activity of the 100 mg sample is very

poor.

We plotted the MB % degradation after 300 min, as a function of the catalyst amount
(Figure 4.4, insert): a linear correlation is observed up to 20 mg of TiO2, as a proof that
for the smallest amount, adding a catalyst increases the photocatalytic yield proportionally
This effect remains restricted to 20 mg, as seen for the 50 mg sample that does not
improve the reaction significantly Moreover, again increasing the TiO2 concentration up
to 100 mg, leads to a limited photodegradation. RT-TiO; offers a small particle size and a
high specific surface area (190 m2.g'!), which plays an important role in catalytic activity,
by providing a higher surface for reaction. As the catalyst concentration increases, TiO2

will shield light, which will prevent light penetrating further into the reaction vial (the
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reacting medium thickness was 0.5 cm, with the UV light on the top). As photocatalysis is
a surface phenomena and very sensitive to chemical species attached to the surface or part
of the TiO2 framework, an excess of OH groups not only affects the material band gap,'?
but also causes a detrimental effect on photocatalytic oxidation. However, small quantities

are essential for a sustained reaction.®

As illustrated in Figure 4.4, MB degradation can be fitted with a 3™ degree polynomial [%
(degrad)=f(t)], according to eq.(4.2), and ao to a3 parameters were fitted as a function of the
mass of catalyst (Figure B1), and the combination of both fits allowed us to report the 3D
modeling of [%(degrad)=f(t, m)] (Figure 4.5). This figure illustrates very well the limits in
photocatalysis efficiency of the RT-TiO> sample, with a maximum of degradation at 45% after

280 min. and an optimum of catalyst mass around 50 mg.

Figure 4.5: Modeling of the MB Degradation as a function of time (0 to 280 min)
and mass of catalyst (5 to 100 mg), for RT-TiO:.
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4.4.3. Photodegradation with Thermally Activated TiO:

The band gap and the number of surface hydroxyl groups have a major effect on photocatalytic
activity, and it was demonstrated that TiO, prepared with a lower band gap, contributed to
increased catalytic activity,!? as a result of a higher photon absorption. Quantum size effects
were thought to be responsible for the high photoactivity achieved on the nanoscale TiO>
catalysts prepared by sol-gel methods,” and the influence of the semiconductor size on

photocatalytic efficiency has been reported in many works.!!

Therefore, we used our synthesis and the ability to adapt the band gap and crystal size by
thermal treatment,” to probe the influence of these parameters on the photodegradation
efficiency of MB. The relationship between the post-treatment of our material and the resulting
band gap was represented in Chapter 3, Figure 3.25 (for comparison: P25 Degussa™ = 3.1 eV;
Sigma™ = 3.2 eV).

Figure 4.6 displays the photocatalytic degradation of MB (20 ppm) with a 100 mg suspension
of RT-TiO: thermally activated at 350°C (T350), 450°C (T450), and 500°C (T500),
respectively. Based on previous results, the 100 mg sample was chosen as it exhibits the lowest
photocatalytic activity, allowing us to better evaluate any actual improvement. The thermal
activation has an effective strong influence on the photodegradation yield, with the best result
after 270 min being observed with T450 (90%), to be compared with the 10% yield initially
obtained with RT-TiO» after the same time. T350 and T500 offer a better efficiency than the
RT sample, with 58% and 65.7% degradation after 270 min, respectively, and almost complete
reaction after 350 min. The comparison between T450 and T500 demonstrates that the

improvement based on temperature activation has a limited effect.
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Figure 4.6 Photocatalytic degradation of a 100 mg suspension of TiO: (our
synthesis) thermally treated at different temperatures. Lines: 3rd degree polynomial
fit.

Figure 4.7 displays the whole map of the photodegradation % as a function of time and
activation temperature, deduced from the 3rd degree polynomial fitting of experimental curves
in Figure 4.5 (see Figure B2 for polynomial parameters fits). This model reveals that as the
temperature increases, the reaction yield increases, up to 400-450°C, where it reaches an

almost steady value.
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Figure 4.7 Modeling of the MB Degradation as a function of time (0 to 300 min) and
temperature of catalyst activation (0 to 500°C), for an initial 100 mg RT-TiO>
sample.

Applying temperature up to 450°C has a limited impact on crystal size the average crystal
increasing only from 4 to 5 nm (Figure 3.23 Chapter 3). However, heat does affect the band
gap in a more important way (Figure 3.25 chapter 3), with its value decreasing from 3.2 to 3.1
eV. In parallel, the sample crystallinity increases (Figure 4.1), with a favorable growth of the
{001} family planes (see the {004}), which was identified as the best crystalline planes for
photocatalytic activity.!? As a result, the 450°C thermal activation offers the best compromise
between improving crystallinity and reducing band gap without increasing crystal size. The
photocatalytic activity of nanoparticles is a surface phenomena, and very sensitive to chemical
species attached to the surface of TiO2. An excess of OH groups causes a detrimental effect of
the photocatalytic oxidation, but small quantitics are essential for sustained reaction.!® 2!
Hence, the catalytic activity results from a fine balance between crystallinity, surface area and
surface nature. Therefore, we deduce that the anatase TiO; prepared according to our method
and activated at 450°C offers the best compromise, with an optimal quantity of surface

hydroxyl groups, and optimal surface area. Additional investigation was done for a thermally
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treated sample at 600°C, and the result showed a very low degradation rate and because of the

abrupt decrease in the surface area and the amount of hydroxyl groups (Figure 4.8).
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Figure 4.8: Comparison in the photodegradation of Methylene Blue between a 20
mg sample activated at 450°C and 600°C.

4.4.3.1.Influence of the catalyst amount

To determine the optimum concentration of the catalyst so that using an ineffective excess
amount is avoided, a series of experiments were conducted for various catalyst concentrations,

from 5 mg to 300 mg (for a 25 mL volume).
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Figure 4.9 Photocatalytic degradation of different mass of T450. Lines: 3rd degree
polynomial fit

Figure 4.9 illustrates the effect of catalyst concentration on the photodegradation ratio of
methylene blue. Except for the 200 mg sample, which presents a small discrepancy with the
whole series, all curves are rather similar, but slightly steeper curves are actually observed for
mass of T450 in the 50 mg range. This trend is better illustrated with the 3D mapping deduced
from the 3rd degree polynomial fitting (Figure B3) displayed in Figure 4.10.

Compared with RT-TiO: (Figure 4.4), the thermal activation at 450°C has almost leveled all the
mass effect, and a 100% photodegradation yield is achieved with small amounts of
photocatalyst, an optimum being around 20 mg (for 25 mL). Following this observation, all

further analyses were carried out with a 20 mg T450 sample concentration.
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Figure 4.10: Modeling of the MB Degradation as a function of time (0 to 300 min)
and mass (5 to 300 mg) , for the T450 sample.

Optimal concentration of the catalyst depends also on working conditions and the incident
radiation reflux.!?> According to the rate equation (see hereinafter), the decomposition rate is
expected to be directly proportional to the TiO2 concentration, which seems to be contradicted
by our results. However, the concentration of TiO2 is not the only parameter as the reaction
depends both on the availability of active sites on the TiO> surface which depends on the nature
and structure of TiO2, and on the intensity of light that actually reaches the surface of the
catalyst, which depends on the optical path in the solution.! If the concentration of a given
material increases, the number of active sites increases, but the light penetration decreases due

to the screening effect that masks part of the photosensitive surface.!? 14
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4.4.3.2. Kinetic Study

The reaction kinetic of photocatalytic oxidation of dyes over illuminated TiO; is determined
according to many parameters, for example, light intensity, concentration, and surface area.
However, the combined effects of these variables are rather complex and require much in-
depth analysis. These kinds of reactions are often described by first-order decay kinetics, and
previous studies have shown that the photocatalytic degradation rate of textile dyes in
heterogeneous photocatalytic oxidation systems under UV-light irradiation can be well
explained in terms of the Langmuir-Hinshelwood mechanism: !>

r_@;_ﬂm
dt 1+ KC

4.3

where r is the oxidation rate of the reactant, C the concentrations of the reactant, t the

irradiation time, k the reaction rate constant, and K the adsorption coefficient of the reactant.

However, for diluted solutions (C< 1073 M), KC becomes <<1, and the reaction is apparently of
the first order, whereas for concentrations > 5.1073 M, (KC >> 1), the reaction rate is of the
zero order.’? In addition, the zero order rate was observed for different systems, such as
colloidal CdS (Eg=2.4¢V) for the degradation of methyl orange,!” modified doped TiO; for the
degradation of oxalic acid,!” and TiO, doped by rare earth metals for the decomposition of

nitrite.'® The zero-order rate equation is as follows:

_dc _
dt
C,=—kt+C,

r k 4.4

where I' is the degradation rate of the methylene blue; Co and C; are the methylene blue
concentrations at t = 0 and at any time, respectively; and k is the apparent reaction rate
constant.

We used a set of experiments, with reaction parameters being [MB]= 20ppm, pH= 6, T=25°C,

and T450, and we tested the different kinetic orders expected from the evolution in MB
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concentration as a function of time, for a catalyst load, varying from 5 mg to 300 mg (in 25
mL). According to the kinetic order, a linear evolution of Ct=f(t) will mark a zero order kinetic,
a linear evolution of Ln(Ct)=f{(t) a first order, and a linear evolution of 1/Ct=f(t) a second order.
All curves and linear fits are displayed in Figure B4 (A to D), and the reliability parameter R?
in Table 4.1. Except for the 200mg sample, whose a different behavior was already reported
(Figure 4.9), all curves are better fitted with the zero order model, which means that the
concentration in MB has no influence on the reaction kinetics. Figure 4.11 displays the
evolution of 102.k, the apparent rate constant, as a function of the mass of catalyst. This result
illustrates that the best conformation for a high kinetic, is obtained by using the T450 material

with a concentration of 0.8 g. L-! (20 mg in 25 mL).
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Figure 4.11 Evolution of the apparent rate constant k, calculated for a zero order
kinetics, as a function of the mass of T450 catalyst used in 25 mL.
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Table 4.1: Reliability Coefficients R? of the linear fits for the modeling of a zero-
order (Ct=f(t)), first order (Ln(Ct)=f(t)), and second order (1/Ct=f(t)) Kkinetics
(Graphs in Figures S9). Fits were done within the 40-200 min time range selected as
the fitting range to avoid initial and final conditions.

TiO: (mg) zero order first order second order

5 0.986 0.968 0.963

10 0.967 0.945 0.917

20 0.966 0.920 0.867

50 0.989 0.974 0.959
100 0.872 0.828 0.777
200 0.981 0.982 0.982
300 0.9338 0.904 0.869

4.4.3.3. Influence of the Dye Concentration

We tested the zero-order kinetic model by running photocatalytic tests with 20 mg of T450 in
25 mL, for different initial concentrations in MB (4.8, 9.6 and 20 ppm) (Figure 4.12). The zero
order model is confirmed for all concentrations and similar kinetic constants (9.4 10-2 and 9.6
10-2 min! for 4.8 and 9.6 ppm, respectively) are found for low concentrations, with actually a
higher value for the 9.6 ppm sample. These kinetic constants are higher than that found for the
20 ppm MB solution (6.0 102 min!). These differences are not relevant to the photocatalyst
itself because it has been demonstrated that the dye concentration has a contradictory influence
on the photocatalytic rate.!” The degradation rate depends on the amount of hydroxyl radical
formed on the surface of the catalyst, and the probability of these groups to react with the dye
molecules. As a result, as the initial concentration of the dye increases from 4.8 to 9.6 ppm, the
probability of interaction between the dye and the hydroxyl radical increases, which results in a

higher constant value.

However, further increasing the dye concentration above certain levels decreases the

degradation efficiency,?® because of a higher light screening resulting from the high
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concentration in methylene blue. This shielding effect reduces the quantity of effective photons

accessing the catalyst surface to produce the electron-hole pairs.?!
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Figure 4.12: Zero order fit of the evolution of the Methylene Blue concentration as a
function of time for different values of the initial concentrations in MB (4.8, 9.6, 20.0
ppm), with 20 mg (in 25 mL) of T450.

Hence, it can be concluded that higher kinetics can be achieved with 20 mg of T450 and a
concentration in dye of 10 ppm. Nevertheless, it is worth mentioning that the absolute
efficiency of the photocatalyst is higher for the 20 ppm solution since 10 ppm are destroyed
after 200 min, whereas only 4.8 ppm are destroyed after 180 min for the lowest dye

concentration.

4.4.3.4. Influence of pH

As pH is a major factor with a significant effect on the rate of photocatalytic reactions, as it can
modify the rate of hydroxyl radical at the surface of the photocatalyst,?> we carried out

photocatalytic tests with solutions set at different pH values (2, 6, and 9) (Figure 4.13). All
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other operative conditions remained constant; the T450 catalyst load was fixed at 20 mg in 25

mL (0.8 g.L'"), and the methylene blue concentration was set to 20 ppm.
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Figure 4.13: Evolution of the photodegradation for T450 (20 mg in 25 mL) at
different pH values.

Photodegradation at neutral pH (pH 6), was completed after 300 minutes, and specific
adsorption of dye onto the TiO2> powder is observed (the powder remains white). The same test
with basic conditions (pH 9) reveals first a steep increase of the curve, but it is the result of
specific adsorption of the dye molecules onto the powder (the powder turns blue). After 120
minutes, the adsorption is completed and only photocatalytic degradation takes place, leading
finally to the same reaction time for full degradation as for the neutral solution. The highest
degradation efficiency is observed for pH=2, without any noticeable adsorption of the dye, and
a full degradation being achieved only after 100 minutes. It is worth mentioning that the initial
degradation rate with the same amount of material (RT-TiO2) and neutral media, led only to a

48% degradation yield after 350 min (Figure 4.4).

Not only does the pH affect the surface state of titania, but also the ionization state of the

ionized dye molecule.?® Interaction between the dye molecule depends both on the pH value
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and the Iso-Electrical Point (IEP) of TiOz. The IEP value is usually reported in the 5.0-7.0 pH
range, depending on the origin of TiO2.>* Above the IEP, the surface of TiO; is negatively
charged, and the ammonium group (Scheme 4.1) of the Methylene Blue molecule can interact
with. As a result, the dye adsorption increases in the alkaline media as the electrostatic
attraction increases between the cationic MB molecules and the negative TiO» surface. At low
pH, under the IEP, there is no adsorption, but the anionic electron donors and electron
acceptors are favored.?! This effect is limited at very low pH when an excess of H* induces a
repulsion between the dye molecules and the positive surface of TiO>. The positive impact of
acidic pH (pH 2) combines the formation of free radicals (e02-, «OOH) at the surface of the
solid, with the creation of intermediate SO4> groups in the MB molecule, the result being an
enhanced interaction between the negative intermediate sulphate group on MB, and the
positive charge on TiO2. This interaction that improves the whole photodegradation process as

MB molecules are stabilized on the TiO; surface until full degradation.
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Scheme 4.1: Structure of Methylene Blue

4.4.4. Comparison With Commercial TiO;

Experiments were carried out under UV with 20ppm dye concentration and 0.8 g.L-! (20 mG in
25 mL) catalyst load at two different pH values (2 and 6), over T450, and compared to two
commercial titania oxides: Sigma™, which is pure anatase, from Sigma™, and a 30% rutile:
70% anatase material from Degussa™ (Figure 4.14). The commercial anatase (Sigma™) was
chosen as it has the same specific surface area (126 m?.g'!) as T450, and as the Degussa™

product at present is the best commercial photocatalyst, and thus is always taken as a reference.
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When compared with Sigma™ (Figure 4.14.a), T450 exhibits a better photocatalytic efficiency,
whatever the pH, even if both the crystalline nature and the specific surface area are similar for
both. Close comparison of the two XRD patterns (Figure 4.1) reveals similar diffraction
patterns, except for one peak, at 38 degrees, where the crystal growth was enhanced along the
[001] direction with preferred anisotropic growth perpendicular to the c-axis.?> This growth is
indicated by the strong peak intensity and narrow width of the (004) reflection for T450,

whereas a relatively lower intensity and broader width for Sigma™ is reported.
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Figure 4.14 Evolution of the concentration in MB, normalized to the initial value, as
a function of time, for T450 and (a) Sigma™ titanium oxide and (b) Degussa™
titanium oxide.

It has been widely reported that the (001) plan is more active than the (101) plan, owing to the
low atomic coordination numbers of exposed atoms and the wide bond angle of Ti-O-Ti.°
Zhang et al. reported that the (001) plan for anatase TiO2 microspheres is 1.5 time more active

than the (101) of the same spheres.?’” Therefore, we think that the main reason for the higher
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photocatalytic activity of our sample (T450) compared to the commercial one (Sigma™) is the

difference in crystal growth.

We also compared our sample T450 to another commercial TiO2, Degussa™, which is a
combination of anatase and rutile (Figure 4.14.b). This test reveals that the Degussa™
photocatalyst shows a better photoactivity throughout the reaction than T450, at pH 6, but both
achieve almost full degradation after 250 min. At pH 2, the rate of reaction is higher for
Degussa™ than T450, for the first 60 minutes, but again, T450 compares well with the

reference, at the full completion of photodegradation.

Overall, the Degussa™ materials still offer a better photodegradation rate, especially at the
beginning of the reaction, which can possibly be ascribed to the specific anatase/rutile
heterostructure displayed by this material. Owing to the difference of the band edges between
anatase and rutile where the anatase is more negative (0.2 eV), rutile works as an electron sink
that facilitates the interfacial electron transfer. The oxygen molecules, forming superoxide
radicals to oxidize the dye molecules, can scavenge the photogenerated electrons coming from
the anatase conduction band to the rutile conduction band. On the other hand, the holes on the
anatase valence band can also oxidize the dye molecules; consequently, the charge carrier
separation efficiency increases, leading to an improvement of the catalytic activity. Moreover,
rutile can play the role of an antenna that transfers the photoelectrons from rutile to anatase

trapping sites that have lower energy.?®

We also tested the effect of increasing the catalyst load to 100mg on the degradation efficiency
at pH=6 and by comparing commercial powders with T450 (Figure 4.15). As we increase the
catalyst load to 100mg, all activities become normalized by the light shielding effect, and the

photocatalytic efficiency is limited by light instead of the material performance.
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Figure 4.15: Comparison of the evolution of the concentration in Methylene Blue
for TiO: Sigma, TiO: Degussa, and T450 (experimental conditions: 100 mG
material in 25 mL, pH 6, MB: 20 ppm).

4.5. Conclusions

The pure anatase titanium oxide synthesized for this study has demonstrated very efficient
photocatalysis, equal to that of the commercial material used as a reference, when both
material and process parameters are optimized. These parameters are (i) a small size of
particles that allow for a high surface access, (ii) an improvement of the crystalline structure by
suitable thermal treatment that allows enhanced crystallinity without increasing the crystal size,
(111) an amount of catalyst that does not limit the whole reaction but does not shield light, (iv) if
possible, a mild acidity to favor the creation of radicals. When all these parameters are
optimized, the photocatalytic behavior is, overall, similar to that of the best commercial
material (Degussa™ P25), which exhibits in addition a rutile:anatase heterostructure. This
heterostructure is very important to improving the stability of the electron-hole pair. Therefore,
our next work will explore the possibility of generating heterostructures from the pure anatase

TiO, material tested in this study.
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Chapter 5:
Testing and Assembling of DSSCs

5.1. Overview

DSSCs have attracted great attention in recent years as they possible alternatives to
conventional silicon solar cells due to their low—cost raw materials, cheap production, and high
conversion efficiency. To date, most of research related to increasing DSSC efficiency has been
conducted to improve the components (photoanode, dye molecule) or to allow for move from
laboratory settings and small-scale devices (rigid cells with liquid electrolyte) to larger scale
roll-to-roll manufacturing (flexible cells with solid electrolytes). Despite tremendous advances,
there is still place for specific studies dealing with the components of DSSCs: TiO2 (the
electron transporting layer), dye (the photosensitizer), electrolytes (the electron transfer
mediator), and counter electrodes (including possibly a catalyst for electron transfer). We
demonstrated in the previous chapters that TiO, plays an important role in DSSCs, because it is
the core component where almost all reactions take place, which explains why not only the
chemical nature, but also the nanostructure are especially important for a good synergy among
components and reactions. After Chapter 3’s description of a new synthesis method and how
reaction parameters can modulate both the nature and structure of the material, and after
Chapter’s 4 complete study of the influence of the material and additional treatments on its
physico-chemical properties, we now explore how this new type of nanocrystalline TiO,
actually acts in a DSSC. At this stage, it is worth mentioning that the nature and structure of the
initial material, but also the method used for shaping the photoanode, and the resulting quality
of electrical contacts, are essential for successful testing. Within the timeframe allowed, we
could not carry out this study with the preparation of cells that would provide statistical
validity. Therefore, we tried first to confirm that our material could be used in DSSCs, and we

compared its performance with those of well-known commercial materials prepared with the
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same method as ours. In a second step, we started to explore how various methods of preparing

the photoanode influence the final properties of the photovoltaic cell.

The influence of the TiO. film structure on cell performance was evaluated via different
macroscopic parameters such as the current density (Jsc), open circuit voltage (Voc) and fill
factor (FF). Here, the effect of the preparation method on textural, structural, and electrical
properties of the photoanode were analyzed. The nature and structure of the material was
checked in parallel by the usual techniques: the phase purity was characterized by XRD,
porosity and surface roughness were investigated by N, adsorption. The amount of N907 dye
adsorption onto the anatase surface was examined by FT-IR absorption spectroscopy using a
multiple internal reflection technique. As the counter-electrode also plays a role in the cell
efficiency , we tried to optimize its structure, and the composition and surface morphology of
the Pt thin film was checked by SEM with energy dispersive X-ray spectroscopy (SEM/EDX).
Cells were finally characterized at 1.5AM sun using a solar simulator under 100 mw/cm? light

intensity.

5.2. Introduction

Dye sensitized solar cells (DSSCs) have attracted great attention in the scientific
community as promising alternatives to conventional photovoltaic devices since it was
demonstrated that the correct combination of materials (dye molecule and
semiconductors) and their optimized assembling could allow for significant photovoltaic
yields.! In contrast to silicon-based conventional solar cells, the light absorption and
current production in DSSCs occurs though a complex multi-step mechanism: the dye-
molecules are the photoactive centers where electrons are produced, but these electrons
must be transferred to a photoanode made of a semiconductor material - generally TiO2
anatase- coated onto a TCO (Transparent Conductive Oxide) electrode, that prevents the
direct recombination of the electron-hole pair generated in the dye. The electrons
extracted from the dye, are compensated by the oxidation of the I/I3- redox couple, present

in the electrolyte. After the electrons have circulated through the external circuit, there are
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injected back via the counter-electrode, into the electrolyte and reduce the I/Is3- redox
couple. As a result, the improvement of the photoconversion efficiency of the cell is
controlled by many factors along the electron circulation loop, and all cell components
must be considered for cell optimization, as well as their integration. Along with the
discovery of new photoactive molecules and improvement of the electrolyte, the
optimization of the titania-based photoanode, in term of nature, hierarchical structure, and

electrical contact, still remains one of the major challenges in the field.?

Regarding the photoanode, beyond the nature of the material itself, many factors
contribute to reduce the photoconversion efficiency. One of them is the poor electrical
contact between the TiO: layer and the TCO layer. This contact can be improved by the
creation of a thin interfacial layer directly onto the TCO film, before adding the
nanocrystalline TiO2.> Another factor is the insufficient amount of dye, which is directly
relevant to the total surface area of the TiO2 layer, and to the density of anchoring site on
Ti0O,. This latter can be increased by specific surface treatment that helps to protonate the
TiO2 surface before dye adsorption. The quality of the dye anchoring onto the TiO2
surface is also increased with UV-treatment that cleans the surface from remaining
organics,* and the strength of the dye-TiO: interaction is usually increased by acid

treatment, as a result of TiO> protonation.

Nanocrystalline materials have been widely used as powerful materials for photoelectrode in
DSSCs as they have astonishing physical and chemical properties, especially their nanosize
and their high specific surface area that allows high dye loading.'® > Being able to reduce the
size of particles used for the TiO: film, influences positively, not only the amount of dye
adsorbed onto the surface, but also the dye-to-TiO> charge transfer. This affects also negatively
the total internal resistance of the cell as more grain boundaries are created per unit of volume,
and as the small size reduces the light internal reflection. The electronic conduction in the
protonated TiO: film—usually made of 20 nm TiO» particles—is the result of a complex
mechanism. First, the presence of both dye cations and iodine species, with the resulting

formation of a positive layer on the surface of titania, creates a Helmoltz double layer
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screening shell around the particles, which contributes to reduce the charge-hole recombination
in Ti02.° It is also stated that the electrons are diffusing along the surface of the particles, as a
result of a short screening Debye length (1.5 nm).6 If this limits the electron diffusion to a
surface process for particles larger than 10 nm, we could wander the effect of using smaller

(sub-10 nm) nanoparticles, and if the whole volume will be used for conduction.

We reported previously the room temperature synthesis of pure anatase with crystalline
domains in the 4-10 nm range,” and the semiconducting properties of this material were
enhanced by the suitable thermal treatment that improves the crystallinity without increasing
the crystalline domain.® The present work reports how this new type of titania anatase can be
used in DSSC applications. We made sure by testing different methods to improve the structure
and connection of the final TiO2 photoanode, that the assembling process could lead us to a
straight evaluation of our materials, and provide a comparison with commercial compounds

assembled with the same method.

5.3. Experimental Work
5.3.1. Materials

Hexachloroplatinic acid hexahydrate (H.PtClee6H.O, ACS reagent, 37.50% Pt basis) was
purchased from Sigma-Aldrich. FTO (Fluorine-doped Tin Oxide) glass, 2.2 mm thickness with
a sheet resistance of 15 Q.cm2, lodolyte Z-50, 50 mM of tri-iodide in methoxypropionitrile and
additives of ionic liquid, alkylbenzimidazole, and guanidine thiocyanate, Platisol T(transparent
platinum catalyst paint); and Meltonix 1170-60, a 60 microns thick thermoplast hot-melt
sealing foil, were purchased from Solaronix. Different organic additives were tested as
adhesive and plasticizers of the TiO. photoanode film: (i) a mixture of Span 80 (Sorbitan
monooleate, d = 1.08, Mw = 428.6 g; Across) and Tween 20 (polyoxyethylene (20) sorbitan
monooleate , d= 0.994, Mw =1,310 g; Sigma), (i1) polyethylene glycol 12000 (PEG 12000,
Alfa Caesar), (iii) Pluronic P123 (PEO2PPO-PEO.., Aldrich). The photoactive molecule was a
cis-Bis(isothiocyanato)(2,2’-bipyridyl-4,4’-dicarboxylato)(4,4’-di-nonyl-2’-bipyridyl)
ruthenium(II) (Z907 dye, Sigma). All were used without further purification.
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5.3.2. Synthesis of TiO2 Nanoparticles

A specific composition was chosen within the phase diagram, between the (4) and (J) data
points within the working area for the preparation of pure TiO, anatase (Figure S1 in ESI),
described previously.” In a typical synthesis, 2.9 mL of HCI was added drop-by-drop
within 5 min under vigorous stirring (200 rpm) to 5 mL of Ti(O-n-Pr)4 left in an ice bath.
Then, 2.86 mL formamide (FA) and 2.17 mL deionized water were mixed before being
added drop-by-drop to the previous solution within 15 min. After full addition, the sample
was left for ageing in a thermostated bath at 30°C for 24 h. The solution experienced a
phase separation during this ageing phase, with a physical gel formed at the bottom and a
supernatant liquor on the top. The gel container was covered and left at 60°C for one week
before drying. Ammonium chloride, a byproduct of the reaction, was removed by washing
the sample three times with 100 mL of deionized water, the powder being recovered by
filtration afterward. At this stage, the gel could easily be dispersed in water by sonication.
The nanopowder was finally calcined either at 350°C or 450°C, (4 h, 100°C.h"! ramp)
temperatures across the expected optimum for bandgap and crystal size with the most

efficient energy absorption.”3

5.3.3. Synthesis of the TiO; Paste

The paste was prepared by mixing the TiO. powder obtained during the previous step,
with different organic additives. The addition of the organic additives was proceeded
according to two methods. For PEG 12000 or Pluronic P123, 0.35 g was first dissolved
into 5 mL EtOH, then mixed with a suspension of 1.0 g of TiO: dispersed into 10 mL of
EtOH. The resulting mixture was left at 100°C for 24 h, in a sealed vial. The vial was
further cooled down before using the paste. A mixture of Span80/Tween80 was prepared
with the aim to obtain a final Hydrophilic Lipophilic Balance (HLB) of 13.6,° and 0.035¢g
of this mixture (equiv. one to two drops) was directly added into a suspension of 1g TiO-
in 10 mL acetic acid. The resulting paste was ground in a mortar to ensure good dispersion

of the organics among the solid phase.
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5.3.4. Preparation of the TiO; Film

The FTO glass was cleaned in four steps: first washing with soap then with DI water for
20 min each step. The glass was then rinsed in acetone and put in the ultrasonic bath for
10 min. The final step was to rinse the glass in alcohol (t-butanol) and sonicate for
another 10 min. To clean the surface more and provide a hydrophilic effect, a UV_0O3
technique was applied for 30 min. The FTO glass was immersed in 40mM TiCl4 at 70°C
for 30 min to create a blocking layer (for comparison; other samples were made without
it). The film was coated onto a FTO glass substrate, with doctor-blade method. The film
thickness was controlled by the hight of a 17 pm 3M adhesive tape, and the paste was
spread with a glass rod over the space between the tape strips. The electrode was left to
dry at 80°C for 3hrs. The electrode was calcined at 450°C for 30min, and then it was
immersed in 0.1M HCI aqueous solution for 2 hours. In place of the thermal treatment,
some electrodes were exposed to an intense (300 W/inch) UV light for 20 min, before
being immersed in the HCI solution. All electrodes were further grafted with the Z907 dye
molecule. Adsorption of the dye was undertaken by immersing the TiO. electrode
overnight in a 0.4 mM dye in 50:50 vol. t-butanol: acetonitrile solution. The grafted
electrodes was finally washed with acetonitrile to remove the excess of dye.

5.3.5. Counter Electrode Preparation

The presence of Pt nanoparticles at the surface of the counter-electrode is mandatory to
achieve the reduction of the iodide/triiodide couple.!® Two methods were used for the
preparation of the Pt counter electrode. The first one used a commercial platinum paste
(Platisol-T, Solaronix) used as received and fired at 450°C for 30 min in order to remove
organic binders. the second method used hexachloroplatinic acid as a Pt precursor,
reduced to platinum by the polyol reduction method.!%-!! In a typical synthesis, a 15 pL
ethanol solution 0.01M of H,PtCle*6H.O was poured at room temperature onto a 5*5 cm?
FTO glass substrate. The drop sprayed out spontaneously, and the solvent was totally
evaporated by air drying followed by a 10 minute heating at 80°C on a heating plate.

Then, 35 pl of ethylene glycol (EG) was added, and the temperature of the heating plate
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was raised gradually up to 170°C. The adhesion of the Pt layer on the FTO substrate,
obtained by either of these two methods, was investigated by a sonication test. The
electrode was immersed in DI water, and alcohol, then sonicated for 20 minutes, without
any noticeable wrenching of the Pt layer from the substrate. The thickness of the Pt layer

was around 20 nm, a good compromise between conductivity and catalytic activity .!?

5.3.6. Cell Assembly

The Pt electrode and the dye-adsorbed TiO: electrode were assembled as a sandwich-type.
The redox electrolyte was introduce to the cell by capillary action.

5.3.7. Instruments

X-ray diffraction (XRD) was recorded on a Bruker D§-Advance powder diffractometer using
Cu Ka radiation (A = 1.5405 A) operating from 20 = 10-90 degrees. The N, adsorption
1sotherms were measured with a Quantachrome AUTOSORB-1. The samples were outgassed
at 200°C under vacuum for 12 h before measurement. Surface area was determined by the
BET method in a relative pressure range of 0.05—0.25. Pore size distribution was calculated
with the Broekhoff and deBoer Model applied to the desorption branch.'3Surface area was
determined by the BET method in a relative pressure range of 0.05—0.25. Pore size distribution
was calculated with the Broekhoff and deBoer Model applied to the desorption branch.

3Porosity was calculated by using the following equation:'4

|4 5.1
P=7? _
A) "+V)

Where V, is the specific cumulative pore volume calculated from desorption branch observed

-1
in the N isotherm adsorption/desorption, cmi.g!, P is the inverse of the density of TiO:

(anatase), p=3.89 g.cm?.

UV—vis absorption spectra were collected with a Varian Cary 5000 UV-vis-NIR
spectrophotometer. Quartz cuvettes (Spectrosil, Starna Cells Inc.; transparency 170—2700 nm)
and the 1 cm optical path length were used to measure the electronic absorption spectra. The

UV-vis spectra were corrected from nonspecific absorption before analysis. TGA was carried
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out using a Q600 TA Instrument. Measurements were taken with a heating rate of 10 °C/min,
from 25 to 800 °C in air. In order to measure The relative quantity of the Z 907 dye
chemisorbed on TiO; was measured by attenuated-total-reflection Fourier Transform Infrared
spectroscopy (ATR -FTIR, Pike Technologies, ),*> Susing a ZnSe crystal (n = 2.42). Cyclic
voltammetry behavior between -0.25 and 1.2 V (vs. Ag/AgCl) was recorded with a a three-
electrode electrochemical cell in a 0.5 M H2SO4 aqueous solution, using platinum wire as the
working electrode and Ag/AgCl as the reference electrode. When required, the TiO; films were
exposed to UV light irradiation with a F300S from Fusion UV Systems Inc. (300 watt/inch
microwave-powered electrodeless lamp with power supply model P300MT). TEM imaging
was performed with FEI Titan 80-300 microscope (FEI company, Eindhoven, The
Netherlands), operated at 300 kV. The specimens were prepared by dropping dilute suspensions

of colloidal TiO; in methanol on a standard copper TEM grid containing lacy carbon.

The I-V measurements of the DSSCs employed an 1.5 Am solar simulator (100mWm-)
equipped with(filter) between the sample and a 75W xenon lamp. The power of the simulated
light was calibrated by using a reference Si photodiode. The Photovoltaic characteristics of the
DSSC were obtained by applying an external potential bias to the cell and measuring the

generated photocurrent in Keithley (source meter).

The impedance measurements were performed using SI-1287 electrochemical, and SI-1260
impedance analyzer interfaces, with a Solartron FRA, working in the potentiostate/galvanostate
mode with a 0.01-10° Hz frequency range and 0.2V ac amplitude under dark and 100 W light
conditions. The measurements were carried out after the open circuit voltage had been
stabilized. The obtained spectra were fitted with Z-View software (v2.8d, Scribner Associate,
Inc.) in terms of the proposed equivalent circuit. The parameters for the circuit were optimized

to ensure the best fit of experimental data.

The UV-Ozone (Phantom II RIE designed by Trion Technology Inc.) working under 20m Torr
pressure, 100 RF power, 0 DC power. The oxygen flow was 20 cm? for 900 sec.
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5.4.Results and Discussion

5.4.1. Nanostructure of TiO>

We demonstrated that the crystallinity of the TiO, nanoparticles synthesized according to our
process,’ can be improved without any dramatic crystal size change, if they are heated in the
400°C temperature range. In parallel, thermogravimetric analyses confirm that a thermal
treatment at 350°C or above, allowed us to remove both physi- and chemisorbed water, which
is compulsory for use in DSSCs (Figure 5.1). TEM analysis (Figure 5.2) confirm that the
crystallinity of the TiO, nanoparticles increases from 350 (Figure 5.2.a) to 450°C (Figure 5.2.b)
—see diffraction in the inset—, without major crystal change, and the crystal size start to increase
at 500°C (Figure 5.2.c). A close observation by HR-TEM on 450°C samples (Figure 5.3)
confirms the average size of 10 nm for crystallites at this temperature,” with high crystallinity:
d-spacings are equal to 3.62 A and 2.1 A for the (101) and (200) planes, respectively. These
values are slightly higher than those for bulk anatase, but in the usual value range reported in

literature for nanocrystalline TiO..
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Figure 5.1: TGA analysis of the as-synthesised TiO: nanocrystals. The 18 wt% weight

loss corresponds to the water departure.
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Figure 5.2: TEM micrographs of nanocrystalline TiO: anatase activated at (a) 350°C, (b)
450°C, and (c¢) 500°C. Inset: diffraction patterns.

Figure 5.3: HR-TEM of TiO: anatase nanocrystals after the 450°C thermal treatment.

We checked also how the different treatments (thermal activation, UV treatment, different
organic additives) applied to the TiO, layer could affect the structure of nanoparticles
themselves. Figure 5.4 displays the TEM observation of titania particles initially activated at
350°C (4 h), after different additive treatments required for the film formation. Different
organic additives (Pluronic P123, Polyethylene glycol 12,000 and a Tween80/Span80) were
mixed with the powder to facilitate the film formation, and the films were cured by either
thermal treatment (450°C, 30 min) or high intensity UV (300 W/in, 15 min). Whatever the
additive, and curing treatment, the nanostructure of TiO, particle appears to remain stable and

similar to the pristine material (Figure 5.2.a). No isolated particles were found in the
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observation, indicating firm attachment of the particles, which favors the film formation and
mechanical stability. The XRD was done for the film on the FTO glass substrate, relatively
broad diffraction peaks of the anatase structures appeared in the mesoporous TiO> [identified
by the (101) peak at 26 =25.2°] as shown in Figure 5.5. The results of both XRD and TEM
prove that the TiO; samples are crystalline,and have anatase phase, as indicated by the
presence of diffraction peaks in Figure 5.5 and the presence of an anatase diffraction rings in

the insets in Figure 5.4.

et

PEG12,000-450°C 20 0M pEG 12,000 -UV 15miny -

regaisl el

.- 450°C 2000 5y rf /AEetA

Figure 5.4: TEM images for TiO: used for the photoanode, after different treatment: (a)
addition of Pluronic P123 and calcination; (b) addition of Pluronic P123 and UV
irradiation; (c) addition of PEG 12,000 and calcination; (d) addition of PEG 12,000 and
UV irradiation; (e) addition of Tween80/Span80 nonionic surfactants + acetic acid, and
calcination; (f) addition of Tween80/Span80 nonionic surfactants + acetic acid, and UV
irradiations. All calcinations were carried out at 450°C for 30 min, all UV irradiations
were applied for 15 min.
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Figure 5.5 XRD patterns of TiO: thin films prepared by colloidal TiO; mixed with
surfactant/ Acetic acid (red), PEG (brown), and Pluronic P123 (blue)

5.4.2. Structure of the TiO: layer

Figure 5.6 displays the SEM images of the surface morphology of a TiO. layer (TiO:
nanoparticles initially activated at 350°C) calcined at 350°C, prepared with Pluronic P123 as an
additive. Figure 5.6.a shows that the film is homogenous and had a good adhesion to the FTO
substrate with no cracks or mechanical defects. The film is quite porous with globular

aggregates connected well with each other and the layer thickness is 17 pum on average(Figure

5.6.b.).
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Figure 5.6: SEM images of TiO: films prepared by the doctor blade method with Pluronic
123 as additive after (a) calcination at 350°C for 4hr b) Cross section of TiO: thin film
showing the thickness

Both surface area and porosity of the film are two important parameters in performance of
DSSC, and porosity has to be typically in the range of 50%-65% range.!® As it can be
affected by the pre-(powder) and post- treatment (film), either treated thermally or by
exposing to UV, we checked if the different treatment could affect this parameters. The
BET measurement was performed to determine the Specific surface area was calculated by
BET analysis of the TiO, film. Porosity and surface roughness factor were calculated
based on the BET measurements. Three samples were tested after calcination and UV
irradiation, and the description of the samples are illustrated in (Table 5.1). A typical IV
isotherm was observed (Figure 5.7a,b) indicating that all samples exhibit a mesoporous
structure with structural porosity marked by a significant specific surface area (ss) and
porous volume (vol) (Table 5.I). For samples pretreated thermally at 350°C , the N>
isotherm shows macroporosity revealed by an increasing adsorption branch for higher

relative pressure. Although, the sample initially cured by UV irradiation showed no
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presence of macroporosity, it shows the highest specific surface area and total pore
volume (inset of Figure 5.7). It is also worth mentioning that the sample initially cured by
UV for 30 min shows no change in the particle size as the pristine material (chapter 3).

Table S.I. Structural parameters of TiO: films

sampl nanoparticl  Film post  Surface  Pore volume  porosit Roughnes  Particle Pore

e e treatment area (cclg) y S size (nm) size

treatment (m?%/g) factor * (nm)

(um™)

1 350°C, 450°C, 116 0.35 58% 190 94 10.8
4h 30min

2 350°C, Uy, 154 0.44 63% 221 - 10.8
4h 20min

3 UV, 30 UV, 199 045 63% 282 4.3 8.9
min 20min

* the particle size was calculated from the XRD based on Sherrer equation
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Figure 5.7. Nz isotherm for a) TiO: film cured under the same condition (UV for 20min)
and the nanoparticles pretreated under UV for 30min and at 350°C b) TiO: film cured
under different conditions with (UV for 20min and at 450°C for 30min ) and the
nanoparticles pretreated at 350°C ( inset is the pore size distribution for the samples).
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Further investigation was carried out for these samples by calculating the surface fractal
dimension Ds which can be used to express the surface irregularity that have a significant
effect on surface reactivity. Fractal surface analysis was performed according to (Prouzet
et al. 2009).13® For Ds =2, the surface exhibits a prefect smoothness, whereas Ds=3
indicates rough surface.!” As can be seen from Figure 5.8 that sample post treated by UV
for 20 min exhibit higher Ds=2.44, which is also very close to the calcined one(Ds=2.41).
The higher surface roughness indicates that the film has good adhesion.

The roughness factor per unit film thickness is estimated using the following formula:

R=p(1-P)S
P ) 5.2

Where R: roughness factor (um'); p: the density of TiO2(anatase), P is the porosity (%),
and S is the specific surface area (m?/g). the roughness factor is in units of surface area
per micrometer of the film thickness. In Table 5.1 the sample that initially cured by UV
revealed the highest roughness factor. With high roughness factor, the amount of dye
adsorption is expected to be increased, and; hence, the charge harvesting efficiency will be

risen.
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Figure 5.8 Surface fractal analysis of TiO, films, corresponding to samples 1, 2 and 3,
respectively from top to bottom prepared by mixing TiO. nanoparticles with acetic acid and
Span80/tween80 ( Inset: comparison of the fit curve with the normalized adsorption isotherm
(O, adsorption; e, desorption)



5.4.3. Counter Electrode
a) Structure

Scanning electron microscope (SEM) images and energy dispersive X-ray spectra (EDX) of
the Pt films were taken for Pt nanoparticles prepared by Polyol and commercial hexachloro
platinic acid solution. The Pt nanoparticles deposited by both methods had good adhesion on
the FTO glass as observed by the cross-sectional SEM Figure 5.9 (a, b). The size of the
nanoparticles are in the range of 40-400 nm and 30-200nm for polyol and thermal methods,
respectively. A high specific surface area is assigned to these small nanoparticles that can be
used as an effective catalyst for many chemical reactions. As indicated by EDX (Figure 5.9 b,
d) no CI signal could be observed in the EDX, and the other signals, including C, O, and Si,
were from FTO or glass. The thickness of Pt layer was on average of 20nm (Figure 5.9 e)
which matches well with the accepted thickness limit of Pt film according to Ma et al. 2004

that improves the cell efficiency.
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Figure 5.9 : SEM images of a Pt film deposited on FTO/glass by (a) polyol method after
thermal treatment, with (b) EDAX analysis; (¢) sample obtained from Solaronix after
thermal treatment, with (d) EDAX analysis; (e¢) Cross section of Pt thin film obtained
with the polyol method. (inset of (a) and (b): close view of the samples.
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5.4.3.1. Electrochemical Catalysis of Pt Nanoparticles

Cyclicvoltammetry (CV) was used to study the electrochemical catalysis of Pt nanoparticles.
Figure 5.10 shows a sample CV of 0.50 M H2SOs in its conventional potential window (-0.25
V to +1.20 V vs. Ag/AgCl) on Pt electrode after the system has been purged with Argon. All
the experiments were carried out at room temperature. The oxidation/reduction peaks were
observed which indicates that the Pt electrode prepared by Polyol method has electrocatalytic

activity for the hydrogen adsorption and desorption , and , hence,l> /I system.
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Figure 5.10 Cyclic voltammogram potentials of Pt nanoparticles on FTO glass in an
electrolyte of 0.5 M H>SOg4

5.4.4. Characterization of Complex Adsorption of Z907 Dye on TiO: Surface

Before checking the dye attachment to the substrate, we checked by ATR-FTIR if the film after
the different treatments had any polymer left, especially the film cured with the UV treatment.
We see in Figure 5.11 that none of the films (treated at 450°C or cured by UV for 20 min.)

display traces of polymer.

144



6102

- Absorbance _RT  =———Absorbance_450C

5102

Absorbance
w >
2 %

n
—_—
=4

N

1102

o H® ;
3967 3400 2833 2267 1700 1133
Wavenumber(cm-1)
0.12
(b)
0.1 .
TiO,_350_PEG 1500_UV 20min

0)
3)
c 008
© i
o A
o) A
& 0.06 N
Qo N
< .

0.04 z

0.02 N

1633 ]
0 N
3400 2720 2040 1360 680

Wavenumber(cm1)

Figure 5.11 FTIR spectra of mesoporous TiO: prepared by mixing the preheated
nanoparticles at 350°C with PEG 1500, treated (a) at 450°C for 30min (b) under UV for
20min
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The cell performance is strongly affected by the efficiency of the injection of electrons from
the dye to the conduction band of TiO2, which is also the result of the quality of the dye
anchoring to TiO: surface, both in quantity and quality. Many studies have shown that the dye
anchors to the TiO: surface through different carboxylate coordination modes either physically
adsorbed through hydrogen bonding or chemically adsorbed via chemical bond (unidentate,
bidentate, and birding).!® Among those modes, bridging and bidentate are the most stable ones.
18-19 Figure 5.12 shows the ATR-FTIR absorption spectra of the Z907 dye adsorbed onto the
TiO2 surface prepared with surfactant and acetic acid for two samples treated differently:
thermally at 450°C for 30 min and UV for 45min. The spectra show strong peaks at 1380 cm’!
and 1607 cm! for the vsym (COO-) and Vasym (COO-), respectively.!®» 20 Many research groups
take the difference between the symmetric and asymmetric carboxylic bands of the dyes in the
free and adsorbed state, as a criterion for evaluating the quality of grafting. The spectra show
no indication for the presence of carboxylic bond at 1,716 cm!, which would indicate that the
dye anchored to TiO: surface via bidentate or bridging, no via an unidentate mode. The
saturated hydrocarbon chains are identified by C-H stretch modes in the 2800-3000 cm! region
with vibration modes of 2,852 c¢cm™ and 2,924 cm! for symmetric and asymmetric -CHa-,
respectively. The corresponding CH3z— peak is observed at 2,956 cm-'. Abroad absorption range
between 3,200-3,400 cm™! is assigned to the intermolecular H-bond. Although the different
treatments work well for the dye adsorption, the thermal treatment show an enhancement in the
intensity of the peaks related to the COO- bands and the degenerated Ti-OH at 3,785, 3,754,
3,656, and 3,698cm ! (detailed explanation about the Ti-OH peaks will be covered in the

following section).
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Figure 5.12 FTIR spectra mesoporous TiO:- dye stained films prepared with preheated
nanoparicles 450°C mixed with Surfactant Span 80/tween 80 and acetic acid, treated
differently at 450°C for 30min and cured by UV for 45 min

5.4.5. Effect of UV and Acid Treatment on TiO: Layer

The UV treatment in this study was used alone without further treatment (such as thermal
treatment) to investigate its effect on the cell performance. Toupance et al. discovered that UV

treatment alone for metal oxides, such as TiO, and SnO. outperformed the calcined ones.** 2!

We explored further the influence of UV treatment by studying if a thermal treatment followed
by UV curing, modifies the material performance. UV removes the organic contaminants
resulting from surfactant or polymer addition. In addition, several researchers stated that the
major effect of UV illumination is to reversibly create a high concentration of photoactive

surface states, and these surface states were described as being continuously distributed below
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the conduction-band edge as shallow electron traps, which would be beneficial for electron
injection from the dye and transport by thermally activated detrapping.'®® We observed that
combining UV treatment with HCI treatment gives an enhancement of the amount of adsorbed
dye. It was revealed that the HCI treatment has a significant effect not only on the flat band
potential of the TiO., but also on the adsorbed amount of the dye. The cell performance can be
limited as a result of the effect of the flat band potential. Under HCI treatment (0.10 M), Huang
et al. observed a positive shift in the flat band potential, which was attributed to large injection
of electron from the excited dye energy level to the conduction band of TiO». The formation of
new surface sites (H") on TiO2, besides Ti*" sites, were the main reason for the positive band

shift. In most cases, it is found that after HCI treatment the Jsc of the DSC is enhanced.!8 22

5.4.5.1. Bulck Material Characterization by FTIR Spectroscopy

The effect of acid treatment on the TiO; layer can be clearly seen through ATR-FTIR. Four
TiO: films were prepared with an additive made of surfactants (Span 80/Tween 80) mixed with
acetic acid and treated at 450°C. Two of them were made with a powder initially treated at
350°C, the other two being made with a powder treated at 450°C. an acid treatment was applied
further to the films. The four films were immersed in a (0.1 M) aqueous solution of

hydrochloric acid for two hours, before being fired at 450°C for 30 min.

The appearance of surface hydroxyl modes can be used as an indication for the surface
protonation as we expect that the dye adsorbs on OH sites on TiO. surface.!> However, the
assignment has to be conducted carefully because the frequencies of the Ti-OH modes depend
strongly on the surface morphology and the crystallite type of TiO2.23 The surface of the as-
synthesized TiO. has many hydroxyl groups as seen in Figures 5.13 and 5.14 (especially the
untreated samples). The FTIR spectrum exhibits a broad band in the 3,100-3,400 region,
characteristic of hydroxyl groups that are physisorbed, or weakly chemisorbed. This band
disappears above T=200°C. The stronger bands (insets of Figures 5.13 and 5.14) at 3,623,
3,648, and 3,680 cm!, are assigned to tetrahedral coordinated vacancies (,Ti*'-OH).>* The
bands at 3632 and 3670 cm! are characteristics of vicinal (hydrogen bonding one to another)

and bridging Ti-OH modes. Other similar bands around 3715, 3692, 3676, and 3630 cm! are
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assigned to stretching mode of the surface hydroxy species that are observed also in this work.
195,25 The 3,700-3,800 cm™! region designated for isolated or free hydroxyl groups.?3-24 25*Two
bands at 3,750 and 3,842 cm! are due to octahedral vacancies (¢Ti**-OH), but only the band at
3,842 cm! was observed for the sample made of powder initially treated at 450°C and treated
with HCI (inset in Figure 5.14).2* Additional bands are noted in this work which may be related
to the appearance of other crystal faces. As mentioned before, the signature of dye connection
is found at 1,380 cm™! and 1,607 cm"! for the vsym (COO-) and Vasym (COO-), respectively. !
20 So, any increase in these bands is an evidence of an increasing amount of adsorbed dye.
A close analysis of the FTIR spectra, for both untreated samples, or those treated with HCI,
there is a drop in the absorbance intensities for all bands related to the free groups, or for those
related to tetrahedral vacancies, and we take this evolution considered as a strong evidence that
the dye adsorbs onto OH sites on the TiO; surface. For samples treated with HCI , the amount
of isolated OH peaks is more reduced after grafting, compared to the untreated ones, which
proofs our claim about the occupation of these sites by dye molecules. It is worth mentioning
that some research groups only considered the drop in the intensity of 3,751cm! position

without taking into account other bands, as an indication for the dye adsorption on OH sites.!>

26

By comparing the samples made of a powder activated at 450°C, with or without HCI
treatment (Figure 5.14), we found that all peaks for OH sites have a sharp decrease which
indicates the successful attachment of the dye onto these hydroxyl sites. Other types of organic
additives has been tested. Other experiments has been done to test the effect of UV and HCI
treatments on the commercial TiO2 (Degussa) and other types of organic additives has been

tested (AppendixC, Figures C.4- C.10).
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80 and acetic acid, treated at 450°C (inset : magnification at wavenumber from 3500-3850

cm1)
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5.4.5.2. Thin Film Characterization: UV -Vis Absorption

The UV-Vis analysis was run to gain further insight into the effect of different treatment
methods (calcination, UV, and HCI) on the optical properties of TiO> films. TiO2 films were
prepared by following two pathways: firstly, nanoparticles were initially cured by UV for 30
min before thin film preparation, and the film was prepared by adding surfactant and acetic
acid as detailed previously (Figure 5.15.a); secondly, the nanoparticles were calcined at 350°C

for 8 hrs, and the film preparation used polyethylene glycol 1500 as an additive (Figure
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5.15.b). Both films were further cured with a 20 min UV treatment followed by acid treatment
(immersing the film in 0.1 M HCI for 2 hours).

The UV-Vis spectra display an increase in the absorbance for both films after the HCI
treatment. In addition, bandgap values, which were checked for both treated and untreated
films, reveal a blue shift of the band gap after HCIl treatment, a proof of a change in the

electronic structure of the thin films and presence of quantum confinement.
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Figure 5.15 Absorbance Spectra of the photoanodes with and without HCI treatment for
TiO:2 thin films prepared by different organic additives a) nanoparticles initially cured by
UV for 30 min then mixed with surfactant and acetic acid b) nanoparticles treated at
350°C mixed with polyethylene glycol (PEG 12000) , under UV treatment for 20min

(insets: (0.E)"2 as a function of the energy. The extrapolation of the edge down to o = 0

provides the value of the band gap Eg, for indirect band gaps.)

Further investigation was carried out to compare the influence of the curing thermal
treatment vs the UV one. Two photoelectrodes were prepared by mixing nanoparticles

activated initially at 450°C with surfactant and acetic acid. One of the film was exposed to UV
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for 45 min while the other was fired at 450°C for 45 min. Both samples were finally treated
with HC1 0.1 M for 2 hrs.

The UV-vis spectra (Figure 5.16) exhibit a higher absorptivity for the thermally treated film.
This result matches well with the result of the FTIR and also with the IV curve (seen
hereafter), in which cells treated thermally have higher overall cell efficiency. The band gap
was also checked for both samples: the film treated thermally shows a slight increase in the
band gap compared to the UV treated one. According to the increase of absorptivity of the
calcined sample , after the HCI treatment, we believe that the effect of HCI on the calcined
sample is greater than the UV treated one, which is responsible for the increase of the band

gap.
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Figure 5.16 Absorbance Spectra of the TiO: photoanodes prepared by surfactant and
acetic acid under different treatments

(inset: (0.E)"? as a function of the energy. The extrapolation of the edge down to a = 0
provides the value of the band gap Eg, for indirect band gaps.)
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5.4.5.3. Effect of Different Treatments (UV treatment and calcination with HCI) on

Cell Performance

We compared the influence of different treatments by assembling cells that were measured. It
1s worth noticing that the cells were not initially fully optimized on purpose: for example, a
blocking layer of TiO,, required to avoid charge leakage, was not created onto the FTO
electrode for the first tests, and that the performances of the cells were initially used as

comparative within this study, not against the performances reported in literature.

a) I-V Measurement
Figure 5.17 shows the photocurrent-voltage curve of synthesized TiO». The fill factor and the

overall energy efficiency were calculated according to the following equations

Fill factor: FF = M 573
I()C b ‘/()C

FFeV ol 54

oc

Overall energy efficiency: n=
gy y-n E oA

with Imax, Vmax, the current and the voltage at maximum power point, respectively. Voc is the
open circuit voltage and Isc is the short circuit current, It is considered that the Isc and Voc are
the highest current and voltage obtained from the cell, the Ei, is the incident irradiation power
(100 mW/cm?). A dye sensitized solar cell prepared from pluronic P123 with preheated
nanoparticles at 350°C gave an open circuit voltage of 0.764 volt and short circuit current
density of 9.61mA/cm2 for an incident light intensity of 100 mW/cm?2. The overall power

conversion efficiency of 4.93% was achieved.
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Figure 5.17 J-V curves of dye-sensitized TiO» films prepared on FTO/glass calcined at 450°C
using Pluronic P123 with preheated nanoparticles at 350°C

The effect of HCI treatment on the cell performance can be clearly seen by measuring the J-V
curve of the dye sensitized solar cells. Figure 5.18 shows the J -V characteristic of thermally
treated TiO2 films with and without HCI 0.1 M prepared by initially treated nanoparticles at a)
350°C and b)450°C. As shown in Figure 5.18, the short-circuit photocurrent density Js. and
solar-photoelectricity conversion efficiency of treated TiO2 films are higher than that of the
untreated ones (Table 5.II); the active surface area was 5 cm? for all samples . After the HCI
treatment, the Jsc value and efficiency increased by 28.4%and 4.5%, respectively for the 350°C
sample (Figure 5.18.a). However, Voc value was slightly changed and FF was decreased.
Whereas, for sample prepared with 450°C pretreated nanoparticles (Figure 5.18.b), Jsc was
modified by 36.3%, the efficiency by 37.2% and Voc by 8.6%. The poor fill factor is a result
of a combination of the high Rseries and low Rswunt as indicated in table 5.11. The parameters for
the sample initially treated at 450°C were increased, except for the FF, by higher percentage
compared to the ones for the 350°C sample; the initial current density and efficiency of the
350°C were increased significantly compared to 450°C sample.
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Figure 5.18 J-V curves for thermally treated TiO: films, at 450°C for 30 min prepared on
FTO/glass before and after HCI treatment for samples prepared with nanoparticles calcined

initially at a) 350°C b) 450°C, then mixed with acetic acid and surfactant.

Table 5.I1 Photovoltaic parameters of DSSCs prepared by surfactant and acetic acid with
HCI treated and untreated cells

Sample | Vo (V) [Jsc (mA/cm?) FF Efficiency %4 R (@)*| R |Ra(@)*| R
a HCI 0.738 12.69 422 395 5.6 0.99 125 1

a_without 0.727 9.88 52.7 3.78 53 1 120 1

HCl

b _HCI 0.719 7.99 51.3 2.95 6.7 0.947 226 0.938
b_without 0.662 5.86 55.5 2.15 6.7 1 176 1

HCl

* the shunt (Rsh) and series (Rs) resistances were calculated based on the the slope generated from the linear

fitting for the illuminated J-V. The reliability coefficient- R- was added for each measurement.
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5.4.5.4. Comparison Between Calcination and UV Treatments on the Performance of the
Solar Cells

Two sets of experiments were conducted to study the effect of different treatments on solar
cell performance. The first set was prepared as follows: nanoparticles activated at 350°C were
mixed with surfactant and acetic acid and the films were exposed to either heat treatment at

450°C, or UV treatment for 45min. The other set was prepared by the same ways, but with

nanoparticles initially activated at 450°C.

As can be seen in Figure 5.19 that the thermal treatment at 450°C for 30 min, for both sets,
show a higher cell performance compared to the UV one: the current density was improved by
almost 1.5. The open circuit voltage and fill factors were also enhanced. The films prepared by
350°C nanoparticles (Figure 5.19 a) shows better performance for the cell parameter compared
to the 450°C ones. The films that stood UV treatment exhibit almost the same results, with a
little improvement for the sample prepared with nanoparticles activated at 350°C. This
observation for the UV treatment supports the observations by FTIR and UV-Vis in the
previous sections which give the indication that curing TiO: films by UV alone did not
improve the cell performance. One of the reasons was revealed by Deacon et al. who
mentioned the change of the dye anchoring mode from bidentate or bridging, to unidentate
mode after the UV treatment.'8s- 27 By looking back to the FTIR spectra (Figure 5.12), it is
clear that there are weaker COO- bonds at 1,379 and 1,609 cm! for the UV treated sample, and
the presence of a small peak at 1,712 cm-!, assigned to C=0 bond, that indicates the existence

of the unidentate mode by which the electron transport is not favored. In presence of the hole,
the OH- on the TiO: surface is converted to (OH-) radical that reduces other OH- leaving

them on the surface as anions that may change the coordination mode (unidentate by

which the electron transport is not favored.)
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Figure 5.19 J-V curves for TiO: films treated differently (thermally at 450°C or UV for
45min) prepared with nanoparticles calcined initially at a) 350°C b) 450°C, then mixed

with acetic acid and surfactant (active area=5 cm?).
5.4.5.5. Improving the cell performance by adding a blocking layer

To improve the shunt resistance and decrease the series resistance a blocking layer was
added by immersing the FTO glass, after exposing to the UV-Ozone for 30 min, in 40 mM
solution of TiCls in water at 70°C for 30 min. Different TiO> layers were prepared by
mixing preheated synthesized TiO> at 350°C with different organic additives (surfactant/
acetic acid and Pluronic P123). The films were calcined at 450°C for 30 min then exposed
to UV for 15 min. For comparison, films made from commercial TiO2, prepared the same
way for the synthesized TiO2, were characterized. Figure 5.19 demonstrates that both
samples made from synthesized TiO2 exhibit higher cell performance compared to the
commercial ones. Although, sample prepared by surfactant and acetic acid displays higher
efficiency than that made from Pluronic, pluronic sample provides a higher shunt
resistance (Table 5.11I). The reproducibility of making solar cells with blocking layer was
verified by running experiments for many cells prepared the same way but at different times

(Appendix C Figure C.16 and Table C.1I).
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Figure 5.20 Comparison between J-V curves for TiO: solar cells fabricated with with

different organic additives (active area=5 cm?)

Table S5.III Comparison between photovoltaic parameters of DSSCs prepared by

synthesized TiO: nanoparticles and commercial TiO:

Sample Voc (V) |Isc (mA/cm?)| FF efficiency [Series resistance (28hunt resistance (2
TiO2_350°C_P123 0.713 9.43 62.6% | 4.21% 16.6 1392
TiO»_Degussa P12 | 0.707 6.16 56.7% | 2.47% 15.72 462
3
TiO2_350°C_SRAc | 0.72 8.41 77.1% | 4.67% 2.21 324
TiO2_Degussa SR | 0.734 5.47 68.9% | 2.77% 4.1228 606
Ac
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5.4.5.6. Comparison between two treatment methods (Thermal & UV-O3 and Thermal&
UV) on cell performance

UV-03 treatment was originally used for removing organics residues from transparent
conduction oxides, but it was demonstrated recently, that the UV-O3 treatment applied to
remove organics residues from the TiO: thin films, led to a remarkable improvement in
photoconversion efficiency, especially if this procedure was applied along with (before or
after) thermal treatment.?8-2° Therefore, we applied two different treatments on two thin films
made from nanocrystalline TiO> with the (surfactant/acetic acid) additive. Both films were
exposed to thermal treatment (450°C for 30min), but this curing was followed by UV-03 (15
min) for one film, and UV alone for 15 min for the second film. Figure 5.21 demonstrates that

the last treatment gives higher efficiency, almost double the efficiency of the former one.
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Figure 5.21 Comparison between J-V curves for TiO: solar cells fabricated with

differently treated TiO: layers (TiO: nanoparticles with surfactant and acetic acid); the
active area was (.28 cm?
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Table 5.1V Photovoltaic Parameters for TiO: Solar Cells Fabricated with Differently
treated TiO: layers

Treatment method Voc Jse(mA/cm?) FF (%) Efficiency
(%)
Thermal treatment + UV— | 0.756 2.45 68.8 1.27
O3
Thermal treatment + UV 0.711 4.15 72.3 2.13

5.4.5.7. Amount of Dye Adsorption

Figure 5.21 shows the comparison of the UV-Vis absorption spectra of the desorbed Z907 dye
of different TiO; films prepared by different organic additives and compared by immersing the
dyed TiO: in a solution of 50% 0.1M NaOH and 50%EtOH overnight. The TiO: films were
prepared by mixing the TiO: nanoparticles, initially preheated at 350°C and then mixed with
different organic additives (Pluronic or surfactant and acetic acid). All TiOz films were finally
treated at 450°C for 30min followed by UV for 15 min. Before dye anchoring, the samples
were immersed in 0.1 M HCI. Different concentrations of the dye were prepared to determine
the dye extinction coefficient (¢). The inset in Figure 5.21 is the calibration curve. Every dyed
TiO> film was immersed in a definite solution volume. The dye solution in this experiment was
diluted so the Lambert—Beer’s law can be applied to calculate the concentration of the dye as it

is proportional to the absorbance.3?

A=log(1/T)=¢ecl 5.5

where A is the absorbance, T is the transmittance (the ratio of transmitted light to the incident
one), ¢ is the concentration of the dye, 1 is the thickness of the solution which is considered the
thickness of the cuvette, lcm?, and ¢ is the extinction coefficient which can be calculated
through the slope of the calibration curve. The calculated value of the extinction coefficient is

14 mM -l.cm’!
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The samples prepared by surfactant and acetic acid show higher absorbance which is consistent
with the overall cell efficiency. All the reference cells made from the commercial TiO2 exhibit
lower absorbance. Consequently, less amount of dye was adsorbed. The synthesized
nanoprticles has the ability to adsorb dye 7 times more than that of the commercial one due to
large surface area of the synthesized TiO». Table 5.IV shows the amount of dye adsorbed for
different TiO> films and their cell parameters. The amount of dye adsorption was also
determined for other cells treated thermally at 450°C and was left for aging for two month

(AppendixC Figure C.17 and Table C.III)
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Figure 5.21 UV-Vis absorption spectra of the Z907 dye desorbed from TiO: films
prepared with different organic additives compared to those desorbed from TiO:
commercial. 'A' refers to the synthesized TiO: nanoparticles prepared with S (surfactant/
acetic acid) or P (Pluronic) additives, 'R' refers to reference electrodes prepared by TiO:

Degussa with S or P additives. (the numbers beside each electrode refers to its order )
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Table 5.V Influence of different organic additives on the performance of Z907 dye-

sensitized solar cells

Sample Film Jse Vo (V) Efficienc | FF (%) | Amount of

thickness | (mA.cm? y (%) dye (107

pm) ) mol.cm?)
AS1 19 8.38 0.721 4.69 77.7 2.88
AS4 17 4.59 0.743 2.37 69.5 2.40
AP 7 8.58 0.714 3.98 65 2.30
AS2 17 6.42 0.727 2.51 53.7 1.97
RS5 3.8 5.94 0.742 2.52 58.6 0.17
RP2 4 4.71 0.709 1.94 58.1 0.36
RP1 52 6.18 0.706 2.47 56.6 0.46

the amount of dye adsorption for RS1 and RS1 3.5 are 0.18931and 0.16234 (10”7 mol .cm™2),
respectively.

5.4.5.8.Impedance Spectroscopy

The EIS analysis is considered an efficient tool to investigate the internal resistance of solar
cells. The equivalent circuits are considered a useful tool to improve the cell performance.
However, due to the complexity of fabricating a high performance solar cell, there has not been
established an equivalent circuit model. In general the Nyqusit plot has three semicircles that
represent the different electrochemical parameters, Rs (Ohmic resistance), Ri (charge transfer
resistance at the counter electrode/electrolyte interface), R2 (charge transfer resistance at the
photoelectrode/electrolyte), Ws (Warburg diffusion of the redox couple in electrolyte) and CPE
(a constant phase element)®. The series resistance evaluated from the impedance spectrum
depends on the preparation method of the TiO> film and the substrate.>?> The estimated values
for the R for glass—FTO|TiO2 solid-state solar cells were 35-50Q.32° The sires resistance
can also be estimated from the IV curve. The shunt resistance is difficult to be estimated from

the EIS as it is included in R,. The shunt resistance describes the recombination of the electron
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from TiO: electrode to the electrolyte, a high shunt resistance indicates a slow back electron
from TiO> electrode to the electrolyte.

General behavior of the dye—sensitized solar cells prepared by different organic additives
(Pluronic P123 or surfactant and acetic acid), treated at 4500C for 30 min, and, then cured by
UV for 15min, exhibit similar behavior as shown in Figure 5.22. Other layers of TiO>
commercial films were prepared for comparison.

One big semicircle can be observed in the Nyquist plot which corresponds to the TiO2/dye/
electrolyte triple interface interface. The interface between the high—frequency semicircle and
the intermediate—frequency semicircle is difficult to distinguish due to the strong overlap of the
charge transfer resistance on the TiO2 surface and that on the Pt surface. A sub-circuit in the
low-frequency response is observed which accounts for the contribution of the diffusion of the
electroactive species in the liquid electrolyte.’?® In the dark, the solar cells showed high

impedance and the time constants were not well defined.
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Figure 5.22 Nyquist representation of the impedance data obtained for Z907 dye-
sensitized TiO: solar cells prepared with preheated naoparticles at 3500C mixed with a)
Pluronic P123 b)surfactant and acetic acid . Experimental data are represented by
symbols and solid lines correspond to fits obtained with View software using the circuit
presented in figure. The inset in b) presents the magnification of circuit under light
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Table 5.VI Electrochemical parameters of DSSc of different TiO: films prepared by different
organic additives and compared to TiO: Degussa

sample | Area | Rs, Qcm- R1(CE), R2(REC), Ws, wmin/HZ | T/ms
(cm?) Qcm2 Qcm2 Qcm2

AP light | 1.5 13.78 20.05 181.9 0.485 31.49 31.75
AP_dark 1.5 28.88 114.3 848.8 0.091 9.958 100.4
AP _dark 1 23.49 1.9452E-06 185.1 0.022 6.28 159
AP light |1 17.3 42.44 12.96 0.02 62.8 15.9
AS dark |5 0.000163 39.31 3023 14.48 3.96 252.6
AS light |5 32.84 0.000000258 | 6.856 14.03 62.8 15.9
RS1 dark | 4.7 42.23 7.931E-07 10.5 60.9 198.7 5
RP_light 1.2 0.000476 2.78 39.48 82.65 198.7 5
RP_dark 1.2 5.056E-08 2.091 77.15 132.2 157.82 6.33

Almost all the impedance parameters show a difference between illuminated and non
illuminated cells. The response at the intermediate interface under dark condition is much
higher than the one under illumination which corresponds to a high capacitance because of the
expected accumulation of electrons and redox species at this interface.?2* For these tested cells,
it was found that the cells prepared with Pluronic exhibit more electron life time than those
prepared with the surfactant/acetic acid additive. This observation contradicts what we have
deduced from the I-V measurements. However, according to the difference in the thickness
between the cells that was checked by the Profilometer, the values of the resistance are quite
different.3? The reference cells (commercial TiO, powder) show lower lifetime of electrons for
recombination under illumination, almost six times less than the cells made with our
nanocrystalline TiO, material. Higher electron lifetime leads to significant electron transfer,
and thus, an improved Jsc. Therefore, EIS analysis confirms the promising results that we
obtained with cells assembled with our nanocrystalline material, even if the cell itself is far
from being optimized, and EIS reveals also being an efficient tool to understand the influence

of each component and interface in DSSCs, and to improve efficiency.
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5.5. Summary

In summary, we have successfully prepared an efficient dye—sensitized solar cells made from
small crystalline TiO, prepared by novel soft chemistry and investigated their properties in
dye—sensitized solar cells. We also demonstrated that different organic additives can be used to
prepare the photoanode and obtain the well defined working range of the porosity. The effect of
UV on the structure and crystal size of as-synthesized TiO. nanoparticles was tested through
the XRD and N, isotherm characterization, which indicates no change in the crystal size and a
higher surface area, respectively. Furthermore, various treatment methods (UV alone, thermal
treatment alone, and combination of both) were applied. Although, UV treatment is able to
clean the TiO, surface from organic contaminates, it is less efficient to be used alone, and leads
to lower performance of solar cells, compared to thermal treatment. Interestingly, when it is
used after the thermal treatment, the cells seem to show better efficiency, which will have to be
confirmed in the future with more tests. The HCI treatment increases the cell efficiency by
almost one to three. The enhancement was attributed to the increase of the amount of the dye.
An intensive investigation on the effect of HCI on the adsorbed dye was done by the FTIR
analysis. More investigation on the dye by the FTIR, demonstrates that the dye anchored
chemically to TiO, surface. The amount of adsorbed dye for our TiO, films was 10 times
compared to the amount of the commercial ones. The internal resistance of the cells were
checked with EIS analysis, which shows higher electron lifetime, smaller charge transfer
resistance for counter electrode and high recombination resistance compared to the commercial

cells
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Chapter 6: Conclusions and
Recommendations

6.1.Conclusions

The initial goal of this research was to find preparation procedures that would allow for a room
temperature cell manufacturing, in order to defined a possible future to a roll-to-roll process,
required for industrial scale-up. Along this initial research, we developed a new method for the
preparation at room temperature of TiO2 anatase, a major component of the photoanode that is
considered the heart of dye—sensitized solar cells. As a result, we decided to focus our research
on a deep investigation of this new material, including the relation between the initial synthesis
parameters and the final structure of the material, the influence of its structure on the semi-
conducting properties, and how a controlled thermal treatment (named "activation" in our

work) could modify the material and improve it for DSSC application.

We can conclude from this synthetic part, that we have successfully developed a new synthesis
of very small (4 nm) nanocrystals of TiO; anatase that can be prepared with a simple room
temperature method, which could be easily scaled-up. Unlike most of the syntheses reported in
the literature, our study based on a mixture design method, allowed us to provide a fine
description of the influence of different parameters throughout the phase diagram, on the
nature and structure of the final material, with a new ability to select the initial synthesis
parameters as a function of the final material structure. Beyond the intrinsic crystallographic
structure of the crystals, we explored also how the mesostructure, an important feature in the
optimization of the cell photoanode, was modified: a well-defined mesoporosity in the 5 nm
pore range, with a rather high surface area (190 m?/g equiv. to 250 m?/g for SiO), was
observed. Furthermore, the evolution of these materials as a function of temperature was

explored. We have demonstrated that the anatase structure is very stable and that the thermal
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evolution is closely linked to the initial nanostructure. We also have provided a new complete

example of the bandgap modulation by size control in this study to:

» Confirm experimentally the theoretical model initially proposed by L. Brus in 1986 with a

continuous evolution instead of spared results.

» Provide a final discussion regarding the choice between the indirect or direct band gap

assignment, and discard the direct bandgap model.
* Demonstrate the limit of the quantum confinement effect to a crystal size of 10 nm

» Confirm that the usual band gap usually assigned to anatase (3.2 eV), does not always

apply to nanomaterials prepared by sol-gel methods.

This first part was followed by an additional study designed to increase our knowledge in the
improvement of the semi-conducting properties of our material, before using it in DSSCs. To
ease the analytical part, we decided to explore these properties by the mean of photocatalytic
tests, instead of solar cell testing, as the efficiency of solar cells depends on many other
parameters. Besides, photocatalytic tests are more easy to run, and TiO: is obviously well-
known as a very important material in this domain. This study was carried out to explore this
domain as completely as possible, and to provide also a set of results that could be submitted

for publication, which explains the rather exhaustive work.

The influence of different parameters on the efficiency of TiO> photocatalysis was studied. One
very important parameter was the actual crystallinity of the anatase phase, and we revealed that
the thermal activation of the initial RT-synthesized anatase is a very important parameter for
enhancing the photocatalytic activity, if the crystal size remains unchanged. Consequently,
excellent performances were obtained as a result of crystallinity improvement, without
increasing the size. As the experimental optimization is also an important step, we have proved
that a too high amount of catalyst, which is supposed to favor the reaction, will hamper it as a

result of an additional light shielding effect.

We have also illustrated by a specific study that our material adopt a zero order kinetic, which

means that the reaction does not depend on the amount of dye, if both the material quality and
168



amount are optimized. Another important processing parameter, which is the acidity of the
solution have been explored, all parameters being optimized, and we showed that the reaction

time can be divided by two when using a pH 2 solution instead of a neutral one.

Finally, this study, initially carried out to study our material, led us to investigate the
comparison with commercial powders, one being also a pure anatase with the same specific
area, and the other being the well-known P25 from Degussa, the current reference for
photocatalysis. Our study proved that a "knowledge—based" design of materials can provide a
breakthrough improvement, compared with a basic synthesis: compared with our as-
synthesized material, which had been already optimized through the mixture design method,
the adequate thermal activation and correct adjustment of pH 2, allowed our material to
achieve the full photodegradation after half the time required for the commercial anatase to
achieve only 65% of it. Comparison with the P25 from Degussa was also very positive as our
material led to the same efficiency (complete photodegradation) within the same time range. It
is worth noticing that the Degussa powder uses a strong "boosting" factor, that is, the anatase-
rutile heterostructure that helps to increase the stability of the electron-hole pairs created by the

photo-irradiation.
Hence, we could demonstrate that:

* The semiconducting properties of TiO2 can be adjusted by the correct activation process,

which is clearly demonstrated by photocatalytic tests on dye degradation.

* Compared with a commercial powder that exhibits a the same nature and surface area, our

material was by far more active.

* The combination of both material improvement, and process, allow for the achievement of

photocatalytic properties as high as those observed with the best commercial product.

The last goal of this study was to check the successful integration of the synthesized TiO>
nanoparticles in the dye sensitized solar cells. We had first to explore the structure of TiO; at a
higher scale, that is, the structure of the photoanode film made with. Accordingly, the TiO> film

textural, structure, and electrical properties were checked via many techniques (XRD, FTIR,
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N2 adsorption, UV-Vis, SEM, TEM, impedance spectroscopy, Solar simulator, and

profilometer).

Our main result, which summarizes this work, is that we demonstrated that solar cells can be
assembled with these new nanoparticles, and lead to significant solar efficiency. Of course,
until now, the optimization of DSSCs is based on the combination of many additive, some of
them being secret, some of them being hardly defined for their actual contribution. Therefore,
we explored the effect of various organic additives on the cell performance. We discovered that
almost all types of organic additives show very close effect on the final performance of the
solar cells. With either Pluronic P123 or mixture of Span80/Tween 80 and acetic acids, the cell
efficiencies were rather high, and equal to 4.95% and 4.7%, respectively. Successful
preparation of the Pt counter electrode by the polyol method, was performed. We also
demonstrated the successful chemical attachment of Z907 dye to TiO surface. Furthermore,
different treatment methods were applied to the TiOz thin films. The most efficient method was
to apply thermal treatment at 450°C and then curing by UV for 15 min. Adding a blocking
layer did enhance the overall cell efficiency and more specifically the FF, as it helps in
decreasing the series resistance and improving the shunt resistance. Finally, we used
impedance spectroscopy to develop a model for our cells, and these analyses confirmed that
EIS is a powerful tool that helps in identifying the deficiency in the cell by measuring utterance

resistance.
6.2. Recommendations

The ultimate goal of this research was to investigate the properties of the synthesized TiO>
nanoparticles and test their ability to be used efficiently in the dye sensitized solar cells, and we
have successfully confirmed that this new material could become one of the "game changers"
in the domain. However, there are still to be done in order to optimize the cell parameters, and
mostly to design cells that could be really manufactured at a very large scale (our initial aim).
Therefore, we provide the following recommendations for future research, these

recommendation being listed in three steps:
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First, the nanocrystalline TiO2 powder, which has been demonstrated a promising material for
solar cell, has to be further tested toward its successful integration into DSSC. This will regard
many parameters, including the optimum film thickness, or amount of organic additives taking
into account its effect on the film structure. This must obviously take into account a statistical
approach, and fine EIS-based modeling. None of our cells have used the addition of a
scattering layer (another important feature), which will have to be done. Exploring more about
the effect of both treatments, UV-Os3/ thermal and UV/thermal, and determining parameters that

affect the cell performance, will be required, too.

Secondly, this material has to be associated with new dye molecules (metal based or polymers)
as the interaction between the dye and the semiconductor is very important. One can think that
dedicated fine spectroscopic studies on charge transfer would help us to increase our

knowledge on this strategic interaction.

Thirdly, a full analysis has to be done on the design that would be required for achieving solid-
state solar cells. This analysis must include the choice and selection of components, especially
the redox mediator and electrolyte, the preparation of the photoanode - where our study could
take place-, and the ability to avoid using platinum at the counter electrode, as it is the most
expensive component. This analysis must include from the beginning, the possible
manufacturing process, like ink-jet printing, which means that the material design must

integrate the possibility to elaborate "inks" with the correct viscosity.
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Appendix A
Experimental Design: Model parameters
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Figure A.1: Current/Voltage curve for a dye-sensitized solar cell mounted with the
nanostructured TiO2 powder.
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Table A.I. ANOVA Table for cubic mixture model For Eg at room temperature(cf.

Figure 3.5)
Source Sum of df Mean Square F value p-value Prob >
Squares F

Total cubic 0.076 9 8.454E-003 4759.56 0.0112

mixture

model

Linear 0.020 2 9.793E-003  5513.32 0.0095

Mixture

AB 3.66E-04 1 206.03 0.0443

AC 0.042 1 23777.11 0.0041

BC 0.018 1 9955 .45 0.0064

ABC 0.031 1 0.031 17713 .4 0.0048
4

AB(A-B) 9.71E-03 1 9.71E-03 5464.29 0.0086

AC(A-C) 8.02E-03 1 8.02E-03 4514.87 0.0095

BC(B-C) 0.024 1 0.024 13572.7 0.0055
9

Residual 1.776E-006 1 1.776E-006

Cor total 0.076 10

The Model F-value of 4759.56 implies the model is significant. There is only a 1.12%
chance that a "Model F-Value" this large could occur due to noise. Values of "Prob > F" less
than 0.0500 indicate model terms are significant.

Final Equation in Terms of Actual Components:

Eg (eV) =-4.78784 * A +5.90090 * B -34.19664 * C -6.16681E-003 * A * B +0.66749 * A *
C +0.54545 * B * C -6.88093E-003 * A * B * C+1.97060E-003 * A * B * (A-B)
-2.23179E-003 * A * C * (A-C) - 3.86960E-003 * B * C * (B-C)
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Table A.Il. ANOVA Table for cubic mixture model For anatase % at room

temperature (cf Figure 3.8)

Source Sumof df Mean F value p-value Prob >
Squares Square F

Total cubic 0.90 9 0.10 4.350E 0.0001

mixture model +007

Linear Mixture 0.34 2 0.17 7.521E < 0.0001
+007

AB 0.12 1 0.12 5.215E < 0.0001
+007

AC 0.021 1 0.021 8.997E 0.0002
+006

BC 0.11 1 0.11 4.680E < 0.0001
+007

ABC 8.649E-003 1 8.649E-0 3.774E 0.0003

03 +006

AB(A-B) 0.056 1 0.056 2.429E 0.0001
+007

AC(A-C) 0.15 1 0.15 6.586E < 0.0001
+007

AC(A-C) 0.22 1 0.22 9.764E < 0.0001
+007

Residual 2.292E-009 1 2.292E-0

09
Cor total 0.9 10

Final Equation in Terms of Actual Components:

(wt fraction of anatase RT)?>2=+19.16213 * A -1.39827 * B -90.49662 * C -0.31214 * A *
B +1.08593 * A * C+1.4876 * B * C-3.60773E-003 * A * B * C -4.71920E-003 * A * B * (A-
B) -9.68245E-003 * A * C * (A-C) -0.011789* B * C * (B-C)
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Table A.IIl. ANOVA Table for cubic mixture model For crystallite size of anatase at

room temperature (cf. Figure 3.9)

Source Sumof df Mean F value p-value Prob >
Squares Square F
Total cubic 092 6 0.15 2.04 0.1731

mixture model

Linear Mixture 0.38 2 0.19 2.53 0.1408
AB 0.38 1 0.38 5.01 0.0555
AC 041 1 041 5.49 0.0472
BC 0.44 1 0.44 5.80 0.0427
ABC 0.36 1 0.36 4.74 0.0611
Residual 0.60 8 0.076

Lack of Fit 0.25 4 0.063 0.72 0.6188
Pure Error 0.35 4 0.088

Cor total 1.53 14

Final Equation in Terms of Actual Components:

crystallite size RT=-9.27078 * A -11.03250 * B -28.95074 * C+0.41241 * A * B +0.79798
*A*C+0.87848 * B * C-0.018923 *A*B * C

Table A.IV ANOVA Table for Linear mixture model For crystallite size of brookite at

room temperature (cf. Figure 3.10)

p-value Prob >

Sum of df Mean F value ]

Squares Square
Total cubic 0.11

Source

. 6 0.018 1550.38 0.0194
mixture model
Linear Mixture 0.025 2 0.013 1110.28 0.0212
AB 4.33E-04 1 433E-04 38.81 0.1013
AC 2.99E-03 1 299E-03 264.21 0.0391
BC 0.014 1 0.014 1214.49 0.0183
ABC 0.012 1 0.012 1031.19 0.0198
Residual 1.13E-05 1 1.13E-05
Cor total 0.11 7

Final Equation in Terms of Actual Components:

crystallite size_brookite =-0.024420 * A +0.073381* B +0.13503 * C
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Table A.V ANOVA Table for cubic mixture model For fractal dimension at room
temperature (cf. Figure 3.13)

Source Sum of df Mean Square F value p-value Prob > F
Squares

Total special 1.02E+06 6 1.70E+05 3.14 0.188

cubic mixture

model

Linear Mixture 4 .14E+05 2 2.07E+05 3.81 0.1503

AB 2.12B+05 1 2.12E+05 3.9 0.1428

AC 2.10E+05 1 2.10E+05 3.86 0.1441

BC 1.16E+05 1 1.16E+05 2.13 0.2407

ABC 1.67E+05 1 1.67E+05 3.08 0.1775

Residual 1.63E+05 3 54322.51

Cor total 1.19E+06 9

Final Equation in Terms of Actual Components:
fractal volume = -1.99909 * A -3.16459 B -9.91582 * C +0.10740* A * B +0.25644 * A * C

+0.32698 * B * C-7.21639E-003 *A* B * C

Table A.VI ANOVA Table for special cubic mixture model For hydrodynamic diameter
at RT using DLS (cf. Figure 3.18)

Source Sum of df Mean F value p-value Prob >
Squares Square F

Total special 1.02E+06 © 1.70E+05 3.14 0.188

cubic mixture

model

Linear Mixture 4 14E+05 2 2.07E+05 3.81 0.1503

AB 2.12E+05 1 2.12E+05 3.9 0.1428

AC 2.10E+05 1 2.10E+05 3.86 0.1441

BC 1.16E+05 1 1.16E+05 2.13 0.2407

ABC 1.67E+05 1 1.67E+05 3.08 0.1775

Residual 1.63E+05 3 5432251

Cor total 1.19E+06 9

Final Equation in Terms of Actual Components:
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Diameter nm DLS= +7848.68152 * A +8415.97774 * B +21687.34256 * C -331.85416 * A
* B -633.02561 * A * C -655.59479 * B * C+14.94115*A*B * C

Table A.VII. ANOVA Table for special cubic mixture model For weight fraction of
anatase at 700°C (cf Figure 3.22)

Source Sumof df Mean F value p-value Prob >
Squares Square F

Total special 0.49 6 0.082 4.26 0.0911

cubic mixture

model

Linear Mixture 028 2 0.14 7.16 0.0477

AB 0.14 1 0.14 7.09 0.0562

AC 0.11 1 0.11 5.84 0.0730

BC 0.098 1 0.098 5.06 0.0877

ABC 0.1 1 0.1 5.18 0.0851

Residual 0.077 4 0019

Cor total 057 10

Final Equation in Terms of Actual Components:
wt fraction of anatase 700 =5.94594 * A+6.84097 * B +16.93320 * C -0.26006 * A *
B-0.48221 * A* C-0.52136 * B * C+0.011540 *A* B * C
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Appendix B: Parameters for enhanced
photocatalysis of TiOz anatase
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Figure B.1: Values (dots) and 2"? order fit (dashed lines) of the polynomial
parameters a0(m) to a3(m), with m the mass of RT-TiOz, and the parameters a0(m)
to a3(m) being the variable of the 374 order degree polynomial [%(degrad) = a0(m)
+ al(m).t + a2(m).t? + a3(m).t3]. Due to large discrepancy, the values of the 20 mg
samples were not used for fitting.
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Figure B.2: Values (dots) and 2"? order fit (dashed lines) of the polynomial
parameters a0(T) to a3(T), for 100 mg of RT-TiO:, activated at different
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Figure B.4.B: Linear fitting of the evolution of MB (in ppm) for the different
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Figure B.4.C: Linear fitting of the evolution of MB (in ppm) for the different
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Appendix C: Testing and Assembling of
DSSCs

C.1. Measuring the Contact Angle

An interesting HCI treatment was done for the PET plastic substrate to solve the problem of its
hydrophobicity. This work was done as a requirement for modifying the ITO/PET plastic
substrate at the beginning of the thesis before moving the objective to focus on further
investigation of the synthesized TiO; nanoparticles and applying the thermal treatment on glass
substrate.

As can be seen from figure C.1 the time of exposure of ITO to the acid vapour affects
drastically the shape of the water droplet poured onto the surface of the ITO layer. Figure C.2
illustrates an example of the measured contact angle. At the beginning (after 2 & 4 min) the
surface of ITO shows hydrophobicity which decreased rapidly after 6 minutes. This evolution
can be easily explained by the increasing protonation of the ITO layer. Surprisingly, the
hydrophobicity increased after 30 minutes of acid exposure. Until further analyses, we ascribed
this evolution to an increasing roughness of the film of tin oxide. This roughness, a result of
acid attack, can contribute to a higher hydrophobicity, as illustrated by the structure of lotus
leaves. This result indicates clearly that an optimum condition is important in order to have the

desired hydrophilicity of the surface.

e, & ‘f—u‘ﬁ e S B o
4
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20 25 30 35 40 45
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Time of exposure to acid vapors (min)
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Figure C.1 the effect of the exposure time to acid vapour of ITO layer on a droplet of water
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Figure C.2 Measuring of the Contact Angle
We report in Figure C.3, the evolution of the contact angle with the acid exposure time.
The plot shows the optimum condition (10 min of exposure time to acid vapour) at which the

contact angle shows minimum value, 1.e., less surface tension.
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Figure C.3 The Effect of The Exposure Time of ITO To The Acid Vapour on The Contact

Angle

C.2. FTIR analyses for different samples

TiO2_350°C_.348g P123_UV 7min

Absorbance

3400 2720 2040 1360 680
Wavenumber(cm-1)

Figure C.4 FTIR spectrum for mesoporous TiO:- dye stained film prepared with Pluronic
P123, cured by UV for 7 min
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Figure C.5 FTIR spectrum for mesoporous TiO:- dye stained film prepared with different
weights of PEG 12000, cured by UV for 10 min (inset: magnification from
3500-3850cm-1)
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Figure C.6 FTIR spectrum for mesoporous TiO:- dye stained film prepared with
Surfactant Span 80/tween 80 mixed with acetic acid, treated at 450°C
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Figure C.7 FTIR spectra for HCI and non HCI treated commercial TiO; (Degussa)-dye

stained film
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Figure C.8 FTIR spectrum for mesoporous TiO:- dye stained film prepared with Pluronic
P123, treated at 450°C
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Figure C.9 FTIR spectrum for mesoporous TiO:z- dye stained film prepared by mixing the
synthesized TiO: with TiO: Degussa and PEG 12000, cured by UV for 7 min.
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Figure C.10 FTIR spectrum of one layer of the synthesized TiO2> mesoporous film- dye
stained prepared by pluronic to two layers mesoporous TiO:- dye stained film, the top
layer prepared by mixing the synthesized TiO: with TiO2 Degussa and PEG 12000,
treated at 4500C for 30min
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Figure C.11 SEM images of TiO: films prepared by the doctor blade method with PEG
12000 as additive after cured by UV for 10 min

Figure C.12 SEM images of TiO: films prepared by the doctor blade method with PEG
8000 as additive after calcination at 450°C for 30min
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Figure C.13 Comparison between UV-Vis spectra for tow samples prepared with different
organic additives

C.3. Stability of the dye sensitized solar cells

We managed to measure the cell efficiency after few months from preparation and the
efficiency was decreased to its half value. It was speculated that low Voc resulted from
the drop in the Rshunt and this occurs when there is an alternate path for current to pass
through the cell. The lost current is often referred to as the shunt leakage current. The low

Jsc is due to the insufficient photocarrier collection and high series resistance.
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Figure C.14 J-V curves of dye-sensitized TiO: films prepared on FTO/glass calcined at

450°C freshly prepared sample and after 7 month of preparation at irradiance of 100
mW/cm? and 1.5 AM

C.4. Effect of adding a scattering layer on TiO: film on the cell performance
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Figure C.15 J-V curves for TiO; films prepared on FTO/glass with first layer made of

nanoparticles calcined initially at a) 450°C mixed with SRAc b) 350°C mixed with Pluronic
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P123, then the thin film treated thermally at 450°C for 30 min, and a top layer made of TiO2
Degussa for both of them.

Table C.I Photovoltaic parameters of DSSCs prepared by different organic additives and

two layers

Sample Voe (V) | Lc (mA/cm?) FF efficiency [Series resistance (2)| Shunt resistance (2)
A one layer | 0.719 7.99 51.3% | 2.95% 6.7 226
A two 0.691 6.47 43.6% | 1.95% 10.05 270
layers
B _one layer | 0.67 16.4 40.3% | 4.46% 4.49 136
B_two 0.68 8.1 44.8% | 2.52% 8.43 176
layers
10 10
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Figure C.16 J-V curves for similar TiO: films prepared with a) pluronic P123 b)

surfactant and acetic acid, all films were fired at 4500C and then cured by UV for 15 min
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Table C.1II Photovoltaic parameters of DSSCs prepared by different organic additives

Sampl Voe (V) Jse (mA/ FF (%) Efficiency Series Shunt
e cm?) (%) resistance | resistance
Q) ()

AP2 1 | 0.713 9.43 62.6 4.21 16.6 731

AP2 0.709 9.26 62.3 4.09 16.2 1392

AP3 0.715 8.59 64.8 3.98 29.4 1022

AS3 0.715 8.86 72.7 4.6 2.38 428

AS4 0.743 8.84 71.7 4.71 6.94 400

ASR1 | 0.72 8.41 77.1 4.67 2.21 324
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C.5. Amount of adsorbed dye for aged cells
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Figure C.17 UV-Vis absorption spectra of the Z907 dye desorbed from TiO: films
prepared with different organic additives and treated differently

A refers to the synthesized TiO2 nanoparticles prepared with (S)surfactant and acetic acid or (P) pluronic additive

R refers to reference electrodes prepared by TiO2 Degussa with different additives S or P

Table C.III Amount of adsorbed dye for different thin films aged for two months

No Sample name Film thickness Amount of dye
: P pm) (107 mol.cm?)
1 AS 450 17 1.1528
2 AS 2g TiOs 17 1.0790
3 AP 2layers 33 1.9756
AS 2¢g
4 TiO, HCI 17 1.2377
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No Sl I Film thickness Amount of dye
. P pm) (10" mol.cm?2)
6 AS 17 1.3958

All samples treated thermally at 4500C except sample 5 cured by UV for 45min. Sample 1 was
prepared by initially preheating the TiO2 at 450°C instead of 3500C compared to other samples. Sample

4 was HCl treated compared to the untreated one (sample 2).

C.5. Quantum efficiency
The incident photon conversion efficiency was difficult to be measured as can be seen from

the following curves as the response is too low. We believe that the reason behind this is the
poor electrical contact. A layer of silver paste was added on the edges of both electrodes but it
did not show any improvement. We tried to bond an electrical wire to the edges but the

possibility to do this stuff on glass was difficult.
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Figure 5.22 incident photon to current efficiency (IPCE) of the DSSCs fabricated with different
organic additives (a) Pluronic (P123) (b) PEG 12000 prepared by preheating the nanoparticles
at 350°C and the film then treated at 450°C

C.6. Impedance Spectroscopy: equivalent circuit models
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TiO2_350°C_P123_450°C_1cm2_light

R, R, Ws1 R,
| CPE1 | CPE2
?> ?>
lemen Freedom Value Error Error %
R, Fixed(X) 3.1082E-05 N/A N/A
R, Free(+) 26.32 0.039306 0.14934
Ws1-R Fixed(X) 12.59 N/A N/A
Ws1-T Fixed(X) 0.008988 N/A N/A
Ws1-P Fixed(X) 0.5 N/A N/A
CPE1-T Fixed(X) 5.278E-05 N/A N/A
CPE1-P Fixed(X) 0.32782 N/A N/A
R, Fixed(X) 66.6 N/A N/A
CPE2-T Fixed(X) 0.00027203 N/A N/A
CPE2-P Fixed(X) 0.97568 N/A N/A
Chi-Squared: 0.00074276
Weighted Sum of Squares: 0.089873

Rg

Element
Rs

R
Ws1-R
Ws1-T
Ws1-P
CPE1-T
CPE1-P
R2
CPE2-T
CPE2-P

Chi-Squared:

TiO,_350°C_P123_450°C_1cm’_dark

Rq Ws R2
0’51 CPE2
Ereedom Value Error Error %
Fixed(X) 0.00051893 N/A N/A
Fixed(X) 1625 N/A N/A
Free(+) 150.9 6.5231 4.3228
Fixed(X) 9.246 N/A N/A
Fixed(X) 05 N/A N/A
Fixed(X) 9.656E-05 N/A N/A
Fixed(X) 0.95586 N/A N/A
Fixed(X) 30.84 N/A N/A
Fixed(X) 0.0022911 N/A N/A
Fixed(X) 0.12064 N/A N/A
0.00065211
0.091947

Weighted Sum of Squares:
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Element
Rs
CPE1-T
CPE1-P
Wo1-R
Wo1-T
Wo1-P
R1
CPE2-T
CPE2-P
R2

Chi-Squared:

Freedom

Fixed(X)
Fixed(X)
Fixed(X)
Fixed(X)
Fixed(X)
Fixed(X)
Fixed(X)
Fixed(X)
Fixed(X)
Free(+)

Weighted Sum of Squares:

Data File:

Circuit Model File:

Mode:

Maximum lterations:
Optimization Iterations:

Type of Fitting:

Type of Weighting:

Wo1 CPE2

Value Error Error %
27.23 N/A N/A
0.00015418 N/A N/A
0.80007 N/A N/A
1.38 N/A N/A
0.00046032 N/A N/A
0.5 N/A N/A
1139 N/A N/A
0.0044835 N/A N/A
0.85676 N/A N/A
230.6 9.1095 3.9503
0.00088458

0.11411

C:\Users\Aiat\Desktop\August 2 2012\July
1 2012\1gTiO2_350_SRACUV8min_dark.z
C:A\SAI\ZModels\Tutor3 Dummy Cell.mdl
Run Fitting / Freq. Range (0.01 - 100000)
100

0

Complex

Calc-Modulus
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Element Freedom
R2 Free(+)
R1 Free(+)
Wo1-R Free(+)
Wo1-T Free(+)
Wo1-P Fixed(X)
CPE2-T Free(+)
CPE2-P Free(+)
R3 Free(+)
CPE1-T Free(+)
CPE1-P Free(+)
Ws2-R Free(+)
Ws2-T Free(+)
Ws2-P Fixed(X)
Chi-Squared:

Weighted Sum of Squares:

Data File:
Circuit Model File:

Mode:

Maximum Iterations:
Optimization Iterations:
Type of Fitting:

Type of Weighting:

Value Error Error %
223.5 3.0867 1.3811
166.6 9.9974 6.0008
0.0045478 28.069 6.172E05
0.037905 233.95 6.172E05
0.5 N/A N/A
0.00010902 9.3391E-06 8.5664
0.76558 0.011708 1.5293
36.27 2.7331 7.5354
0.099696 0.076518 76.751
4.433 0.41453 9.351
103.7 26.314 25.375
2.3208E-05 3.3318E-06 14.356
0.5 N/A N/A
0.0012556

0.16449

C:\Users\Aiat\Desktop\July 1 2012 - Copy
\2gTiO2_350_.348P123_450_HC_darkl.z
C:\Users\Aiat\Desktop\July 1 2012\2g TiO
2_350_.348P123_450_HCI_light.mdl

Run Fitting / Freq. Range (0.001 - 1000000)
100

0

Complex

Calc-Modulus
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R2 R1 Wo1 R3
AN AN AW T AN

CPE2 CPE1

> > ?>
Element Freedom Value Error Error %
R2 Fixed(X) 9.5943E-07 N/A N/A
R1 Fixed(X) 119.6 N/A N/A
Wo1-R Fixed(X) 84.08 N/A N/A
Wo1-T Fixed(X) 0.000690898 N/A N/A
Wo1-P Fixed(X) 0.5 N/A N/A
CPE2-T Fixed(X) 0.00028129 N/A N/A
CPE2-P Fixed(X) 0.028115 N/A N/A
R3 Free(z) 1841 12.954 0.70364
CPE1-T Fixed(X) 3.27E-05 N/A N/A
CPE1-P Fixed(X) 0.75721 N/A N/A
Chi-Squared: 0.00059878
Weighted Sum of Squares: 0.077242
Data File: C:\Users\Aiat\Desktop\July 1 2012 - Copy

\2gTiO2_350_.348P123_450_HCI_light3.75.z
Circuit Model File: C:\Users\Aiat\Desktop\July 1 2012\2g TiO
2_350_.348PEG12k_450_HCI_1.5_dark.mdl

Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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R1 R2 Ws1 R3

AV L oV AV W= L anV A Ve

CPE1 CPE2

> > >
Element Freedom Value Error Error %
R1 Fixed(X) 3.1082E-05 N/A N/A
R2 Free(+) 26.32 0.039306 0.14934
Ws1-R Fixed(X) 12.59 N/A N/A
Ws1-T Fixed(X) 0.008988 N/A N/A
Ws1-P Fixed(X) 0.5 N/A N/A
CPE1-T Fixed(X) 5.278E-05 N/A N/A
CPE1-P Fixed(X) 0.32782 N/A N/A
R3 Fixed(X) 66.6 N/A N/A
CPE2-T Fixed(X) 0.00027203 N/A N/A
CPE2-P Fixed(X) 0.97568 N/A N/A
Chi-Squared: 0.00074276
Weighted Sum of Squares: 0.089873
Data File: C:\Users\Aiat\Documents\Oct 15 2012\AP_o

Id_1cm2_light.z
Circuit Model File:

Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calec-Modulus
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Wo1 R2

Rs R1
N\ P\

CPE1

> >
Element Freedom
Rs Fixed(X)
R1 Free(+)
Wo1-R Fixed(X)
Wo1-T Fixed(X)
Wo1-P Fixed(X)
CPE1-T Fixed(X)
CPE1-P Fixed(X)
R2 Fixed(X)
C1 Fixed(X)
Chi-Squared:

Weighted Sum of Squares:
Data File:
Circuit Model File:

Mode:

Maximum Iterations:
Optimization Iterations:
Type of Fitting:

Type of Weighting:

/s O~ NN
C1
] [pr—
Value Error Error %
28.88 N/A N/A
114.3 56273 4.8358
0.09143 N/A N/A
0.021441 N/A N/A
0.5 N/A N/A
0.0024559 N/A N/A
0.66461 N/A N/A
848.8 N/A N/A
0.00010498 N/A N/A
0.0016775
0.20298

C:\Users\Aiat\Desktop\Oct 15 2012\AP_1.5
cm?2_old_dark.z

C:\Users\Aiat\Desktop\Oct 15 2012\AP_1.5
cm2_dark.mdl

Run Fitting / Freq. Range (0.001 - 1000000)
100

0

Complex

Calc-Modulus
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Rs R1 Wo1 R2

N\ Wz
CPE1 CPE2
> > >>

Element Freedom Value Error Error %

Rs Fixed(X) 13.78 N/A N/A

R1 Fixed(X) 20.05 N/A N/A

Wo1-R Fixed(X) 0.48539 N/A N/A

Wo1-T Free(+) 0.48144 0.33273 69.111

Wo1-P Fixed(X) 0.5 N/A N/A

CPE1-T Fixed(X) 0.00068115 N/A N/A

CPE1-P Fixed(X) 0.20824 N/A N/A

R2 Fixed(X) 181.9 N/A N/A

CPE2-T Fixed(X) 0.0001866 N/A N/A

CPE2-P Fixed(X) 0.96036 N/A N/A

Chi-Squared: 0.00069967

Weighted Sum of Squares: 0.08466

Data File: C:\Users\Aiat\Desktop\Oct 15 2012\AP_1.5
cm?2_old_light.z

Circuit Model File: C:\Users\Aiat\Desktop\Oct 15 2012\AP_1.5
cm2_dark.mdl

Mode: Run Fitting / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Rs R1 Wo1 R2
N\ \n/5 TVV‘
CPE1 CPE2
?> > >
Element Freedom Value Error
Rs Fixed(X) 23.49 N/A
R1 Fixed(X) 1.9452E-06 N/A
Wo1-R Fixed(X) 0.022068 N/A
Wo1-T Fixed(X) 1.9305E-06 N/A
Wo1-P Fixed(X) 0.5 N/A
CPE1-T Fixed(X) 0.00064619 N/A
CPE1-P Fixed(X) 0.021525 N/A
R2 Free(+) 185.1 19.992
CPE2-T Fixed(X) 0.0072893 N/A
CPE2-P Fixed(X) 0.4546 N/A
Chi-Squared: 0.0024016
Weighted Sum of Squares: 0.33862

Data File:

Circuit Model File:

Mode:

Maximum Iterations:
Optimization Iterations:

Type of Fitting:

Type of Weighting:

Error %
N/A
N/A
N/A
N/A
N/A
N/A
N/A
10.801
N/A
N/A

C:\Users\Aiat\Desktop\Oct 15 2012\AP_old
_1cm2_dark.z
C:\Users\Aiat\Desktop\Oct 15 2012\AP_old
_1cm2_dark.mdl
Run Fitting / Freq. Range (0.001 - 1000000)

100
0
Complex

Calc-Modulus
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Rs R1 Ws1 R2

N\ W= TVV‘
CPE1 CPE2
> > ?>

Element Freedom Value Error Error %

Rs Fixed(X) 17.3 N/A N/A

R1 Fixed(X) 42.44 N/A N/A

Ws1-R Free(+) 33.65 0.20357 0.60496

Ws1-T Fixed(X) 0.019566 N/A N/A

Ws1-P Fixed(X) 0.5 N/A N/A

CPE1-T Fixed(X) 0.00017888 N/A N/A

CPE1-P Fixed(X) 0.96005 N/A N/A

R2 Fixed(X) 12.96 N/A N/A

CPE2-T Fixed(X) 0.0045936 N/A N/A

CPE2-P Fixed(X) 0.20671 N/A N/A

Chi-Squared: 0.00080464

Weighted Sum of Squares: 0.097361

Data File: C:\Users\Aiat\Desktop\Oct 15 2012\AP_old
_1cm2_light.z

Circuit Model File: C:\Users\Aiat\Desktop\Oct 15 2012\AP_old
_1cm2_dark.mdl

Mode: Run Fitting / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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Rs R1 Ws1 R2
N\ O\ N\ L anV AV

CPE1 CPE2

?> >
Element Freedom Value Error Error %
Rs Fixed(X) 0.00016395 N/A N/A
R1 Fixed(X) 39.31 N/A N/A
Ws1-R Fixed(X) 14 .48 N/A N/A
Ws1-T Fixed(X) 0.2094 N/A N/A
Ws1-P Fixed(X) 0.5 N/A N/A
CPE1-T Fixed(X) 6.4322E-05 N/A N/A
CPE1-P Fixed(X) 0.28534 N/A N/A
R2 Free(+) 3023 4.6891 0.15511
CPE2-T Fixed(X) 9.093E-05 N/A N/A
CPE2-P Fixed(X) 0.9688 N/A N/A
Chi-Squared: 0.00024312
Weighted Sum of Squares: 0.032821

Data File:

Circuit Model File:

Mode:

Maximum Iterations:
Optimization Iterations:

Type of Fitting:

Type of Weighting:

C:\Users\Aiat\Desktop\Oct 15 2012\AS1_5c¢
m2_old_dark.z

C:\Users\Aiat\Desktop\Oct 15 2012\AS1_5c¢
m2_old_dark.mdl

Run Fitting / Freq. Range (0.001 - 1000000)
100

0

Complex

Calc-Modulus
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Rs R1 Ws1 R2
N\ W= TVV‘
CPE1 CPE2
? > >>
Element Freedom Value Error
Rs Fixed(X) 0.00047677 N/A
R1 Fixed(X) 2.78 N/A
Ws1-R Fixed(X) 82.65 N/A
Ws1-T Fixed(X) 0.0055211 N/A
Ws1-P Fixed(X) 0.5 N/A
CPE1-T Fixed(X) 5.8017E-05 N/A
CPE1-P Fixed(X) 0.90876 N/A
R2 Free(+) 39.48 0.025676
CPE2-T Fixed(X) 2.7348E-06 N/A
CPE2-P Fixed(X) 0.49899 N/A
Chi-Squared: 0.00019323
Weighted Sum of Squares: 0.02338

Data File:

Circuit Model File:

Mode:

Maximum Iterations:
Optimization Iterations:

Type of Fitting:

Type of Weighting:

Error %
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.065035
N/A
N/A

C:\Users\Aiat\Desktop\Oct 15 2012\RP4 _1

.2cm2_light

% 4

C:\Users\Aiat\Desktop\Oct 15 2012\RS2_4.
7cm2_old_dark.mdl
Run Fitting / Freq. Range (0.001 - 1000000)

100
0
Complex

Calc-Modulus
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Rs R1 Ws1 R2
N\ W= TVV‘

CPE1 CPE2

? > >>
Element Freedom Value Error Error %
Rs Fixed(X) 42.23 N/A N/A
R1 Fixed(X) 7.9319E-07 N/A N/A
Ws1-R Fixed(X) 60.9 N/A N/A
Ws1-T Fixed(X) 0.0074853 N/A N/A
Ws1-P Fixed(X) 0.5 N/A N/A
CPE1-T Fixed(X) 4 1977E-05 N/A N/A
CPE1-P Fixed(X) 0.92075 N/A N/A
R2 Free(+) 10.5 0.083876 0.79882
CPE2-T Fixed(X) 0.021134 N/A N/A
CPE2-P Fixed(X) 0.16438 N/A N/A
Chi-Squared: 0.00025472
Weighted Sum of Squares: 0.032349

Data File:

Circuit Model File:

Mode:

Maximum Iterations:
Optimization Iterations:

Type of Fitting:

Type of Weighting:

C:\Users\Aiat\Desktop\Oct 15 2012\RS2_4.
7cm2_old_dark.z
C:\Users\Aiat\Desktop\Oct 15 2012\RS2_4.
7cm2_old_dark.mdl

Run Fitting / Freq. Range (0.001 - 1000000)
100

0

Complex

Calc-Modulus
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