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PREFACE

In the 21% century, scientific community faces challenges and opportunities
concerning future development, where innovations will obviously play key roles. Over
the past, evolution of western societies were based on incomplete models, only taking
into account economical growth and not paying attention to environmental deterioration
as a consequence of anthropogenic activity. We all have to learn from the mistakes of
the past in order to not repeat them. Education and research of today, as the embryonic
stages of the development models of tomorrow, should be redirected toward a
sustainable mentality. In this sense, Green Chemistry has emerged as supportive
instrument for minimizing environmental impact as well as economic cost in the field of

chemical processes.

Titanium dioxide is a fascinating low-cost material exhibiting unique properties
of stability and photoactivity, leading to clean technologies in environmental
remediation and energy conversion of sunlight. However, conventional
high-temperature processing of titania is a technological limitation beyond energy
consumption, being a handicap for practical applications in areas such as the preparation
of hybrid organic/TiO, materials or devices on thermolabile substrates. In this direction,
the investigation presented in this doctoral dissertation deals with the development of

soft chemical processes for preparing TiO; films and powders at low temperature.

The memory is divided in the following chapters: Introduction, Goal and Scope
of the Work, Materials and Methods, Results and Discussion, Concluding Remarks and
Annexe. The Introduction chapter highlights those aspects more significant for
understanding the experimental work carried out. The main topics concerning
fundamentals, practical applications as well as preparation methods of TiO, materials
have been reviewed. A general outline of the Goal and Scope of the Work is included in
the second chapter of the memory. The Materials and Methods chapter has been added
to the memory for giving further information not explicitly described in the
experimental sections of Publications, thus facilitating comprehension of this doctoral

dissertation.



The Results and Discussion chapter is presented as a compendium of five
publications. Note this chapter has been organized in four parts since discussion
regarding to preparation of hybrid organic/TiO; films (Publication 3 and 4) has been

comprised together in Section 4.3.

New low-temperature preparation method of the TiO; porous photoelectrode for
dye-sensitized solar cells using UV irradiation.

J. Photochem. Photobiol. A: Chem. 2005, 175, 165-171.

Alternative fluoride scavengers to produce TiO; films by the liquid phase
deposition (LPD) technique.
J. Mater. Chem. 2006, 16, 2249-2255.

Characterization of methylene blue/TiO; hybrid thin films prepared by the liquid
phase deposition (LPD) method: Application for fabrication of light-activated
colorimetric oxygen indicators.

J. Photochem. Photobiol. A: Chem. 2007, 187, 45-52.

Dopamine/TiO; hybrid thin films prepared by the liquid phase deposition method.
Thin Solid Films 2008, 516, 3831-3835.

Hexafluorotitanate salts containing organic cations: use as a reaction medium and
precursor to the synthesis of titanium dioxide.

Chem. Commun. 2007, 4659-4661.

Following the results part, the Concluding Remarks chapter examines general
conclusions as well as perspectives derived from the present work. Finally, results
awaiting publication are described in the Annexe chapter. These results comprise further
studies continuing with the latter publication, some of them obtained during a research
stay at the Material Science Laboratory of SONY Stuttgart Technology Center GmbH
(Germany).
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CHAPTER 1: INTRODUCTION

1.1. SUSTAINABLE DEVELOPMENT AND GREEN
CHEMISTRY

Sustainability is a concept accepted nowadays by governments, industries,
scientific community as well as public opinion, as a necessary goal in order to achieve a
environmentally benign development. The discussion of sustainability essentially began
at the end of the 80s, when the United Nations Commission on Environment and
Development noted an accelerating deterioration of the natural environment and an
acute depletion of resources, in contrast to the attained economic growth [1].
Consequences of natural media overexploitation had been omitted and developed
societies had been constructed on the basis that natural resources could be unlimited as
well as indefinitely renewable [2-4]. Anthropogenic activity has resulted in problems
such as the ozone hole, the Earth’s global warming, the decreasing of non-renewable
energy resources and the elevated contamination levels in the atmosphere, water and

soils.

The “sustainable development” concept has been defined as: “development
which meets the needs of the present without compromising the ability of the future
generations to meet their own needs” [1,5]. Within this broad definition, chemistry
evidently plays a key role since almost all products we can consider, that are involved in
maintaining and improving our quality of life, have been prepared or influenced
somehow by chemistry [6,7]. The Green Chemistry movement was started in the early
90s by the US Environmental Protection Agency (EPA) in conjunction with the
American Chemical Society, as a result of efforts carried out in the industrial and
academic worlds for preventing the contamination. Green Chemistry means the
implementation of the sustainable development model into chemical processes through
twelve guide principles, originally developed by Anastas ef al. [8] (see Scheme 1.1.1).
These principles were conceived for the environmentally friendly design of chemical
products and processes that reduce or eliminate the use and generation of hazardous
substances [8]. Green Chemistry has to be seen as a new working philosophy (not as

individual principles) based on the intuition and chemical common sense, trying to



prevent the pollution rather than cleaning up the mess later. A similar analogy is that of

preventive medicine, which is widely recognized as being preferable rather than having

to cure the disease. However, the biggest challenge of Green Chemistry is still to

generalize its practice in order to innovate and design environmentally benign products

and processes.

10.

11.

12.

It is better to prevent waste than to treat or clean up waste after it is formed.

Synthetic methods should be designed to maximize the incorporation of all materials
used in the process into the final product (atom economy).

Wherever practicable, synthetic methodologies should be designed to use and
generate substances that possess little or no toxicity to human health and the
environment.

Chemical products should be designed to preserve efficacy of function while
reducing toxicity.

The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be
made unnecessary wherever possible and, innocuous when used.

Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

A raw material of feedstock should be remewable, wherever technically and
economically viable.

Unnecessary derivatization (blocking group, protection/deprotection, temporary
modification of physical/chemical processes) should be avoided whenever possible.

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

Chemical products should be designed so that at the end of their function they do
not persist in the environment and break down into innocuous degradation
products.

Analytical methodologies need to be further developed to allow for real-time,
in-process monitoring and control prior to the formation of hazardous substances.

Substances and the form of a substance used in a chemical process should be chosen
to minimize the potential for chemical accidents, including releases, explosions and
fires.

Scheme 1.1.1. The twelve Green Chemistry principles [8].
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In addition to EPA, several other national or international organizations and
networks have incorporated Green Chemistry and sustainable development
implementation within their main purposes. Just to cite a few as examples: Sustainable
Development and Green Chemistry are included within United Nations Environmental
Program milestones [9]. The Organization for the Economical Cooperation and
Development (OECD) focus on implementing efficient environmental policies to solve
problems and manage natural resources in a sustainable way [10]. The Royal Society of
Chemistry launched in 1998 a new journal entitled Green Chemistry [11] and the Green
Chemistry Network (GCN) for promoting awareness and facilitate education, training
and practice of Green Chemistry in industry, commerce, academia and schools [12]. In
Spain, the Spanish Technology Platform for Sustainable Chemistry (PETEQUS)
stimulate the private and public research for sustainable chemical products and

processes [13].

According to demographic projections of United Nations, a global human
population increase from 2 to 4 billion people is expected by year 2050, giving rise to a
major requirements of products and services (specially in non-industrialized countries)
[14]. The demands of a growing and developing world population will soon exceed the
capacity of our present fossil resources based infrastructure. Therefore, our industry
faces unprecedented challenges for changing toward a more sustainable development
model in the 21 century [15,16]. From last years of the 20™ century up to now, an
substantial increment in legislation affecting chemical manufacturing processes have
been seen [15]. For example, as important driver for change in the UE, in June 2007
entered into force the new REACH legislation (Registration, Evaluation, Authorization
and restriction of Chemical substances) [17]. It is though that around 10% of currently
used chemicals will not pass REACH directives, which means that more than 3000 final
products will be affected [15,17]. The legislation also calls for the progressive
substitution of the most dangerous chemicals when suitable alternative have been
identified. Therefore, in the design of molecules, materials, composites, and
formulations as well as chemical engineering, there is a tremendous amount of basic

research yet to be done [7,16].



1.1.1. TITANIUM DIOXIDE IN THE CONTEXT OF
GREEN CHEMISTRY

Titania (TiO;) is a cheap and innocuous inorganic material extensively
employed in industrial and commercial applications such as pigment in the paint
industry, as sunblocking material in cosmetics, as a binder in medicinal fields and so on
[18-20]. For instance, more than 4 million tones of the white pigment are annually
consumed by the paint industry worldwide, being the pigment most widely used
because of its brightness, high refractive index and low-cost [19]. TiO; is a wide band
gap semiconductor that presents photoactivity upon near UV or higher irradiation,
absorbing photons and transforming them into chemical redox energy. Although TiO; is
inert and do not promote chemical reactions without irradiation, the handling of very

finely divided TiO; particles requires taking safety measures [21,22].

Interfacial electron transfer reactions on TiO, have centered the interest in
strategic applications for solving several problems such as energy supply [23-25] (see
Section 1.3.1 and 1.8) or remediation of contaminated air and water [20,26] (see Section
1.3.2). This practical applications are commonly cited as reference examples in the
literature dealing with Green Chemistry, because closely fit some of its principles
[27,28] (see Scheme 1.1.1): (i) TiO; is innocuous, low-cost and stable against chemical
and photochemical corrosion (principles 3, 4, 5, 10, 12); (ii) TiO, photocatalyst operates
under mild reaction conditions at room temperature and atmospheric pressure
(principles 6, 9) and (ii1) the semiconductor can be recovered and reused (principles 7,

10).

In order to attain a practical application of the TiO, photoactivity, it is normally
needed a crystalline material, with an adequate particle size and morphology [29].
Photocatalysts with appropriate properties habitually require synthetic procedures or
post-treatments at elevated temperature to induce the formation of crystalline phases
and/or eliminate residual organics [30-32]. In general, the preparation of inorganic

materials is not essentially a green process and its concordance with principles 1 (waste
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prevention), 2 (atom economy), 5 (innocuous auxiliary substances), 6 (minimal energy
requirements) and 12 (safety) is not usually followed. The major part of the existing
examples of cleaner synthetic routes are focused on organic chemistry, whereas less
work has been done for improving inorganic synthetic methods [1,7,33]. In case of
developing soft methodologies for preparing an inorganic semiconductor like titania
with the desired properties, then one can relate the as-prepared material to Green
Chemistry because of a double reason: benign in the synthesis and environmentally
correct in the use. At this point, TiO, applications as well as the material preparation

would fit Green Chemistry guidelines.

1.2. FUNDAMENTALS OF TiO, PHOTOINDUCED
PHENOMENA

1.2.1. TiO, CRYSTAL STRUCTURE

Four polymorphs of TiO, are found in nature (i.e. rutile (tetragonal), brookite
(orthorhombic), anatase (tetragonal) and TiO,-B (monoclinic)) [34,35]. In titania
polymorphs, the basic building blocks consist of a titanium atom surrounded by six
oxygen atoms in a more or less distorted TiOg octahedral configuration [36]. The crystal
structure differ by the distortion of each octahedral and by the assembly patterns of the
octahedral chains (Figure 1.2.1). In rutile, neighboring TiO¢ units share corners, being
stacked with their long axis alternating by 90° [34]. Anatase framework consist of
strongly distorted edge sharing TiOg octahedra. Corner sharing and edge sharing
octahedral units give rise to the three-dimensional network of TiO,-B. Differences in
mass density and electronic band structure are explained in terms of the different lattice

structures [37].
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Figure 1.2.1. Bulk structure of rutile, anatase and TiO,-B polymorphs [35,38,39-41]. Slightly
distorted octahedra are the basic building units. Rutile (tetragonal; P4,/mnm, a=b=4.584A,
c=2.953A); anatase (tetragonal; 14,/amd, a=b=3.785A, ¢=9.514A); TiO,-B (monoclinic; C,/m,
a=12.163A, b=3.735A, c=6.513A, p=107.29°).
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The anatase and TiO,-B phases are known to be thermodynamically less stable
than the rutile phase so that they are converted into the other phases at high temperature.
It is generally accepted that anatase is the most photoactive form of titania [42]. The
bulk structure of titania networks is quite complex with various types of intrinsic defects
including oxygen vacancies [35]. Such oxygen deficiency implies the presence of some
Ti(IIT) centers that behave as electron-donating species, providing an n-type character to

the semiconductor.

1.2.2. TiO, SURFACE AND WATER
CHEMISORPTION

Chemisorption properties on titania surfaces has received much attention since
interfacial electron transfer reactions are of special interest (see Section 1.2.4 ). The
surface titanium centers exhibit coordination vacancies that in the presence of water are
occupied by hydroxyl groups through dissociative water chemisorption. Resulting
titanol groups (=Ti-OH) are known to be amphoteric, similar to simple diprotic acids
according to the following acid-base equilibria (Equations 1.2.A and 1.2.B) [20,37]:

=Ti-OH," =Ti-OH + H"; pKu (1.2.A)

=Ti-OH

NN

=Ti-O" + H; pKa (1.2.B)

Isoelectric (or zero point charge) of titania is given by one half sum of the
superficial pK, values (Equation 1.2.C). Acid-base behavior strongly depends on the
intrinsic surface characteristics derived from the preparation method, having been

reported isoelectric point values ranging from 5.6 to 6.2 [43].

pKisoelectric point — 1/2 (pKal + pKa2) (1 2C)



1.2.3. TiO, LIGHT ACTIVATION

The properties of semiconductors can be understood by chemical interpretation
of the band theory [20] (see Figure 1.2.2). On this theory, at 0 K, a perfect crystal of a
semiconductor material possesses a group of very close filled electronic states (valence
band, VB) and another group of close empty electronic states at higher energies
(conduction band, CB). A region where no electronic states are available (band gap)

exists between the VB and the CB.
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Titania is a wide band gap semiconductor material (3.0-3.2 eV depending on the
crystalline phase [44]), capable of converting energy from the light into chemical redox
energy. When a photon with an energy equal or higher than the band gap of the
semiconductor (Eg), an electron from the VB is promoted into the CB (e'cg) leaving a
hole behind (h'vg). The number of photogenerated electron-hole pairs depends on the
semiconductor band structure as well as the energy and the effective intensity of the
incident light [20,45]. Unfortunately, light activation of titania occur in the near UV
region (from A<385-400 nm), meaning that only a 5-8 % fraction of the sunlight can be

10
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absorbed by the bare material [37] (see Figure 1.2.3). Due to the inherent relatively
large band gap characteristic of TiO, materials, a great deal of research has focused on
lowering the threshold energy for excitation in order to utilize a wider fraction of solar

irradiation for conversion into chemical energy [46-48].
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1.2.4. PHOTOSENSITIZED ELECTRON TRANSFER
REACTIONS ON THE TiO, SURFACE

Photogenerated electron-hole pairs can follow two different pathways:
interfacial electron transfer reactions or recombination (see Figure 1.2.4). In the absence
of a suitable electron or hole scavenger, recombination of charge carriers occurs and the
stored energy is dissipated (heat release) within a few nanoseconds, rendering a zero
quantum yield with respect to photon consumption (i.e. reaction rate observed/photon

absorption rate) [20,26].

® Air Mass (AM) value corresponds to the total irradiance (mW/cm®) at a defined ratio between
the atmosphere length crossed by the incident sunlight with respect to the atmosphere thickness
i.e. a certain angle of incidence. For instance, typical standard values are AM=0 (extraterrestrial
radiation), AM=1 (normal sunlight incidence) and AM=1.5 (sun-facing 37-degree titled surface,
~100 mW/cm?) [37,49].

11
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Figure 1.2.4. Schematic representation of the events at the light-activated TiO, particle.
Electron-hole recombination can occur at the surface (a) or in the bulk (b) of the semiconductor.
Interfacial electron transfer reactions at the surface of the particle: (¢) photogenerated electrons
reduce an electron acceptor A and (d) photogenerated holes oxidize and electron donor D.
Adapted from ref. [45].

On the contrary, after migration of the charge carriers on the TiO, surface,
subsequent interfacial redox reactions with adsorbed species take place when a suitable
scavenger (or a charge carrier trapping site) is available. Thus, TiO, photosensitizes the
reduction of an electron acceptor A (reaction (c) in Figure 1.2.4) and the oxidation of an
electron donor D (reaction (d) in Figure 1.2.4), forming anion and cation radical species,
respectively (Equation 1.2.D). These radicals are usually reactive and can react between
them and with other adsorbed species, and they can even diffuse into a solution and
participate in homogeneous-phase secondary reactions. Both surface adsorption as well
as interfacial redox reactions can be enhanced by nano-sized semiconductors since more
reactive surface area is available [45]. Semiconductor-assisted redox reactions are

habitually referred as “heterogeneous photocatalysis” in the literature [26,45].

TiO,
A+D 3y A"+D (1.2.D)

12
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Redox potentials associated to the conduction and valence bands of titania define
thermodynamic requirements for interfacial electron transfer reactions (Figure 1.2.5).
While titania e cp is a moderate reducing agent (E°~0V vs NHE), h'yg possesses strong
oxidizing power (E° ~3V vs NHE) [20]. In order to an electron acceptor A be
spontaneously photoreduced, the CB reduction potential of the semiconductor must be
more negative than the reduction potential of the A/A” pair. Following a similar
reasoning, to assist the oxidation of an electron donor D, the potential of the
semiconductor VB must be more positive than the reduction potential of D™/D pair.
Therefore, assuming no kinetic limitations, light-induced semiconductor-assisted
interfacial redox reactions will take place with acceptors and electron donors whose
respective reduction potentials are comprised between CB and VB band positions

[20,37].

— H'H,

— 0/Hy0
3.2 eV 3.2eV 272

1 3.0eV ‘ = HO'/OH"
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t Cds
3 4
W03

- Fe,0
{ TiO, (rutile) TiO, (anatase) STTIO3 Y3

Figure 1.2.5. E, values and reduction redox potentials of some semiconductor materials.
Selected redox couples are also included. All values correspond to standard potentials measured
vs NHE at pH=0 and T=298 K. Adapted from reference [45].
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However, it should be taken into account that the contact between a
semiconductor and another phase (i.e. liquid, gas or metal) generally involves a
redistribution of electric charges and the formation of a double layer at the interface,
resulting in upward bending of the bands potential in the case of an n-type
semiconductor such as titania [50,51]. Among other semiconductors, inherent TiO;
properties (inertness, low-cost, low-solubility, biocompatibility and relative high
quantum yield) have situated this material in the pole position of applications based on

semiconductor-assisted photoinduced processes.

1.3. TiO,-ASSISTED ELECTRON TRANSFER
REACTIONS:
BRIEFLY REVIEWED APPLICATIONS

Interfacial electron transfer reactions on TiO, have received enormous attention
from scientists and engineers over the past 30 years (see chronology of some major
contributions in Scheme 1.3.1). Vigorous research has been carried out in fields as
diverse as energy conversion, environmental remediation and other emerging
applications. In a detailed web-based overview of semiconductor photochemistry-based
applications, Mills et al. reported indications that commercial activity is growing
worldwide, but being specially strong in Japan [42]. This Section pretends to be a brief
overview of the most significant applications derived of TiO;-sensitized systems

without being exhaustive.
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1972

1977

1978

1983

1985

1986

1991

1997

Fujishima and Honda reported the first photoelectrochemical cell for water
splitting (2H,O — 2H, + O,) using a TiO, photoanode and Pt counter electrode
[25,52].

First implication of TiO, in environmental remediation: Frank and Bard
examined the reduction of CN™ in water [53,54].

First organic photosynthetic reaction: an alternative photoinduced Kolbe
reaction (CH;COOH — CH; + CO,) that opened the field of organic
photosynthesis [55].

Semiconductor-sensitized  reactions for organic pollutant oxidative
mineralization implemented by Ollis et al. [26,56].

Application of TiO, as microbiocide: effective in photokilling of Lactobacillus
acidophilus, Saccharomyces cerevisiae and Esterichia coli [57].

Fujishima et al. described the first use of titania in photokilling of tumor cells
[25].

Gritzel et al. invented efficient solar cell using nano-sized TiO, particles
[24,58] (see Section 1.8: Dye-Sensitized Solar Cells).

Wang et al. obtained highly hydrophilic titania surfaces with excellent anti-
fogging and self-cleaning properties [59].

Scheme 1.3.1. Some major contributions in the development of TiO, in photoactivated

processes [34].

1.3.1. SOLAR HYDROGEN

Sustainable development and Green Chemistry principles should direct us to

renewable energy sources. Hydrogen is considered as a non-pollutant fuel and a clean

energy carrier for the future, much cleaner than fossil combustibles such as petroleum

[60,61]. Nowadays, renewable hydrogen generation is not becoming widespread

because the cost is still high and only represent a 5% of the total commercial hydrogen

production [60].
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Ti0O;-assisted water-splitting has opened a promising way for low-cost and
environmentally friendly production of hydrogen by solar energy [34]. Fujishima and
Honda demonstrated for the first time that photoelectrolysis of water is possible, by
using a system in which an n-type semiconductor electrode, connected to a platinum
counter electrode, was exposed to near UV light [25,52] (Figure 1.3.1). However, the
Ti10,/H,O/Pt photoelectrochemical cell requires a degree of electrical or chemical bias
(alkali in the TiO, photoanode half-cell and acid in the Pt cathode half-cell) to make it
work [45].

Figure 1.3.1. Schematic diagram of the
first photoelectrochemical cell for water

Fﬁ—\\f splitting (adapted from ref. [25]). (1) water

| ® ol oxidation at an n-type TiO, electrode
— (H,O + 2h" — % 0O, + 2H"); (2) H,
o A production at an Pt counter electrode
| | HR (2H" + 2¢” — H,); (3) ionically conducting
. | E_| 1 ] separator; (4) gas buret; (5) load resistance
5t =l = ?ﬁin\—__: and (6) voltmeter.
s | _-'r|'l""-..:.‘”l' LN
L. =i ‘ <
N 1 r’ )
A e S

Presently, TiO,-assisted hydrogen generation efficiency from solar energy still
remain quite low mainly due to charge carrier recombination or inability to utilize
visible light [60]. Many other researchers have investigated on sunlight and water
conversion into storable chemical energy and significant progress has been attained
[60,62]. So far, record quantum efficiencies reported are held by NiO-modified
La/KTaOs (56%, pure water, UV light); Pt-modified ZnS (90%, Na,S/NaSOs, light with
A>300 nm); Cr/Rh-modified GaN/ZnO (2.5%, pure water, visible light) [62]. However,
no material capable of reaching the 10% efficiency limit (for viable commercial

applications) of hydrogen production under visible light has been found [62].
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1.3.2. ENVIRONMENTAL REMEDIATION

At present, there is a chemical and technological demand of clean, safe and
efficient decontamination methodologies since, in many cases, pollution has not been
properly prevented and, toxic and hazardous agents are still released to water and air
media. By far, the most active research area on Ti0O,-assisted electron transfer reactions
has been environmental remediation taking advantage of the photoinduced redox power.
Satisfactory results have been obtained in wastewater treatment of effluents
contaminated with toxic metals (e.g. Cr(IV) or Hg(Il)) as well as recovery of precious
metals by semiconductor-assisted reduction (e.g. Pt, Pd, Ag or Au) [20,51,63,64].
However, the major part of the research has been focused on the photosensitized
oxidation of organic pollutants in the aqueous and gaseous phases by oxygen (Equation
1.3.A) [20,45,63]. TiO,-assisted photodegradation has been successfully applied to
abate refractory, very toxic and non-biodegradable molecules (some hazardous
compounds listed in the EPA priority inventory, including pesticides, herbicides,

surfactants or dyes) [65].

TiO,
Organic compound + O ——— > CO, + H,O + mineral acids (1.3.A)

EthEg

Photooxidative degradation of organic matter takes place in subsequent steps
derived from direct oxidation of adsorbed compounds by h'yg or generating hydroxyl
radicals (OH') from titanol groups (Figure 1.3.2) [42]. Under conventional aerobic
conditions, ¢ ¢p (or a =Ti(IIT)OH electron trapping state on the semiconductor surface)
reduces adsorbed O(ads) to the superoxide radical anion O, (ads). This superoxide
radical is an efficient oxygenating agent and experiences further electron transfer
processes or chemical reactions over the surface or in the media after undergoing

desorption [34].
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Figure 1.3.2. Major processes in TiO,-assisted mineralization of organic pollutants by oxygen.
Adapted from ref. [34].

In fact, chemical oxidation techniques able to produce high oxidant species
(mainly the hydroxyl radical, E°=2.8 V vs NHE, T=298 K) that non-selectively
mineralize organic pollutants are generically known as AOPs (Advanced Oxidation
Processes) [51]. Among other AOPs, heterogeneous photocatalysis is the one that more
closely fit the Green Chemistry principles since TiO, does not require additional energy
supply or reactants and, in principle, the catalyst can be recovered and reused [51].
Besides, TiO;-assisted degradation of some compounds has been scaled up to pilot plant
prototypes, for example, in PSA (Plataforma Solar Almeria), demonstrating that the
system is a suitable way to decontaminate water in arid sunny areas and auguring a
widespread application of the technology in the near future [28,66]. However, further
development of heterogeneous photocatalysis is required since in some cases: (i) titania
deactivation has been observed when strongly adsorbed species are present; (ii)
photooxidative treatments present low quantum yield and should be coupled with other

AOPs or biological systems [26,67].

1.3.3. ORGANIC SYNTHESIS

The chemical energy generated at light-activated TiO, has been explored for

designing green reduction and oxidation routes for the production of organics [68]. The
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development of efficient and selective chemical processes is on top on the Green
Chemistry agenda (i.e. ideally avoiding organic solvents and using solar photons as
green reactants instead of dangerous metal catalysts and further strong redox agents)

[7,68].

Photocatalytic processes had been considered unselective in the past, specially in
photooxidative processes in aqueous media (Equation 1.3.A). This is not surprising
taking into account the generation of OH (best second universal oxidant) in the
presence of water [28]. Hence, TiO;-assisted synthetic routes have been mostly
investigated by using inert organic solvents or the undiluted organic substrates, although
some promising results have been reported in aqueous media as well [28,45,68]. The
major part of the examples found in the literature refer to mild selective oxidation
processes but reduction, isomerization or polymerization reactions have also been

reported (Figure 1.3.3).

Ph b/ TiD 2 Ph
(a) >:CH - >:D
Ph CH,CNIO;  pp
e CHO COOH
s Ti Q b/ Ti CI;
b - -
(b) CH,CNIO, cHeno, U
X X X
Ti0,, Pt
(© N TN,
CﬂHCN. b M
H

Figure 1.3.3. Selected examples of TiO,-assisted transformation of organic compounds (see
[34,45,68] and references cited therein): (a) oxidation of alkenes substituted with phenyl groups
yielding corresponding ketones; (b) subsequent oxidation of substituted toluene to
corresponding acetaldehyde and carboxylic acid and (c) amine intra N-alkylation.
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1.3.4. PHOTOKILLING ACTIVITY

Several studies have proved remarkable cell killing power of illuminated titania,
mainly ascribed to oxidative damage of the biological material, in a process similar to
that in Equation 1.3.A [26]. The greatest level of research activity has focused on the
destruction of Escherichia coli, which is a target bacterium traditionally used as an
indicator of fecal contamination in water, although destruction of a wide range of other
species has also been achieved [45,69]. Unfortunately, the lack of residual disinfection
capacity and the generally slow kinetics represent major drawbacks for a practical
application (e.g. in water treatment), compared with conventional chemical techniques
employed [45]. However, self-sterilizing materials coated with TiO; in structural
applications in hospitals such as ceramic tiles [70] (currently commercialized) and other
potential applications in medical instruments or uniforms [25] have received special

interest.

On the other hand, Fujishima’s research group, in collaboration with some
urologists at the School of Medicine of Yokohama City University, demonstrated an
anti-tumor approach based on photocatalysis [25,26]. Subcutaneous injection of a titania
suspension and near UV irradiation (that is biologically safe) were carried out by means
of a modified endoscope into skin tumors of mice. Whereas a 10 times reduction of the
tumor was observed after three weeks, control experiments (catalyst or light alone)
exhibited tumor increase in volume by a factor of 30-50 [25,26]. However, further

refinement of the devices is still required for practical application in human tumors [25].

1.3.5. SELF-CLEANING AND
RELATED MATERIALS

In terms of commercial success, the biggest impact of semiconductor
photochemistry is probably in the relative new area of self-cleaning and related
materials, i.e. photoactive titania coated on ceramic or glass materials in which a

dual-action occurs [42]. In such materials, well-known TiO,-assisted photooxidation,
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which leads to the breakdown of organics (Equation 1.3.A), takes place simultaneously
with  an  intrinsically  different  phenomena  termed  UV-photoinduced
superamphiphilicity, forcing detachment of any dust and organics by rainfall and also
favoring a quick drying process [25,45]. Photoactive titania can possess both properties,
in varying proportions, depending on the composition and the manufacturing process

[45].
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Figure 1.3.4. Mechanism of photoinduced superamphiphilicity of TiO,. Adapted from ref. [34].

In light-activated titania in the absence of any appreciable level of adsorbed
compounds such as an organic, the surface species available for reaction appear to be
Ti(IV) together with bridging oxygen atoms. Photoinduced superamphiphilicity (see
Figure 1.3.4) involves reduction of Ti(IV) cations to Ti(Ill) by electrons and
simultaneous trapping of holes close to the surface of the semiconductor [25]. Such
trapped holes weaken the bond between titanium and oxygen, allowing oxygen atoms to
be liberated, thus creating vacancies. Subsequent adsorption of water at this sites
renders further surface hydroxylation, with the result that hydrophilic nature of the
surface is drastically increased (contact angles falls from 40-60° to almost zero) [25,42].
In other words, water can not exist in the shape of a drop and spreads flatly on the
surface of the catalyst [70]. However, water adsorption does not occur uniformly and

produces an amphiphilic surface with alternating regions at the scale of several
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nanometers (usually <10 nm in size), surprisingly resulting in similar wetting
capabilities for more oleophilic liquids [25]. The process is slowly reversed over some
time in the dark (typically days), as Ti(Ill) are oxidized back to Ti(IV) by ambient
oxygen, leading to the regeneration of bridging oxygen atoms. [34,42].

Contrarily, some authors have proposed a superhydrophilicity model uniquely
based on photocatalysis [71]. This alternative model proposes photocatalytic
degradation (Equation 1.3.A) of very small amounts of adventitious, hydrophobic and
usually undetectable (by means of ATR-FTIR for example) organics, revealing the
intrinsically hydrophilic surface of titania photocatalyst underneath. In addition, it is
worth pointing here that surface roughness is a critical factor, making difficult
comparison among the studies carried out [71]. The debate concerning the mechanism
of superamphiphilic behavior of titania continues nowadays, claiming for additional

basic research in the area although a dual-action seems plausible.

Interestingly, photoinduced superamphiphilicity of titania exhibits high quantum
yield at low light levels and can thus be obtained upon the low UV light levels found in
indoors (illuminated with conventional fluorescent lights) as well as outside (solar
irradiation) [45]. At present, major ceramics and glass manufacturing companies such as
TOTO (Japan) [70], Nippon Sheet Glass (Japan) [72], Pilkington Glass (UK) [73], Saint
Gobain Glass [74] etc. already commercialize self-actuating materials based on the
photocatalysis and photoinduced superamphiphilicity dual-action. For instance,
anti-fogging surfaces for automobile side-view or bathroom mirrors, and self-cleaning

windows, panels or glass roofs for buildings [70,72-74].

1.4. NANO-SIZED POWDERS AND
NANO-STRUCTURED FILMS

Nano-structured materials have drawn much attention because of the
dramatically different properties observed on going from bulk material to nano-sized

particles. Nano-sized materials possess properties that lie between the quantum effects
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of atoms and molecules and the bulk properties of materials [75]. In the nanometer
range (1-100 nm) the particle size affects structural characteristics (e.g. lattice
symmetry, unit-cell dimension), electronic properties (e.g. band gap, quantum size
effect), and therefore also the physical and chemical properties [75,76]. Unfortunately,
it is worth pointing that nano-toxicity and bioaccumulation can also be dramatically
different with respect to micro-scale titania and, hence, toxicological evaluations should
also be carried out [21,22]. Whereas nano-sized TiO, allows miniaturization and
maximizes interfacial electron transfer reactions because of a high specific surface area,
crystallites bellow 10 nm in size are generally not suitable since opportunities for

recombination among electrons and holes are increased [77].

As commented in Section 1.3, most of the early work on titania-assisted
applications focused mainly on the photomineralization of organics dissolved in
aqueous solution, i.e. Equation 1.3.A, usually employing the semiconductor in the form
of a powdered dispersion. In this field as well as in air remediation, supported TiO,
have received a great deal of interest since, in practical systems, additional separation
and regeneration methods of the photoactive semiconductor are habitually required
[78-81]. In addition, self-actuating materials (i.e. self-cleaning and/or self-sterilizing,
see Sections 1.3.4 and 1.3.5) as well as solar energy conversion devices into chemical
(see Section 1.3.1, solar hydrogen) or electrical energy (see Section 1.8, Dye-Sensitized

Solar Cells) inherently imply TiO, coatings on different substrates.

On the other hand, TiO, coatings have found extensive uses beyond already
“classical” applications described in Section 1.3. A great variety of examples within
present technological demands in fields as diverse as medicine, electronics, optics or
sensors has been described. For instance, oxide layers on the surface of titanium alloys
employed in modern reparative medicine are known to play key roles in corrosion
resistance as well as biocompatility in bone implants [35,82]. Speed and degree of color
change in WOs-based electrochromic devices have been enhanced via complementary
Ti0;-assisted oxidative coloration of dyes in counter electrodes [24]. Titania
antireflective coatings have been found to efficiently increase light harvesting in silicon

solar cells [83,84]. Titania promises excellent properties for technological use as
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electrode material in lithium batteries [36,40]. Oxygen sensors for controlling air-fuel
mixtures in car engines (based on change of the semiconductor resistance with partial

pressure) have also been studied [85].

1.5. TiO, PREPARATION METHODS

The properties of TiO, materials strongly depend on the crystalline structure,
phase composition, morphology, porosity and chemical composition as well as the final
form (i.e. powder or films), which are determined by the corresponding synthetic
method [33,76]. Therefore, many efforts have been made on exploring preparation
routes in order to achieve desired features for a concrete application [34,76]. Both
powders and films can be built from crystallites ranging from a few nanometers to

several micrometers [86].

For instance, well-suspended deagglomerated nano-sized powder dispersions of
highly-photoactive catalysts habitually maximize water decontamination and
disinfection [28]. On the other hand, self-cleaning building materials ideally require
compact thin films (60-400 nm thick) exhibiting photoactivity, superamphiphilicity,
visible-light transparency (i.e. adequate particle size (<30 nm), not presenting light
scattering), adherence as well as withstanding outdoor conditions [42,86,87].
Alternatively, micrometer-thick TiO, mesoporous” electrodes with appropriate
electrical connection are preferably required for solar energy conversion in order to

maximize global efficiency [24,25].

® According to IUPAC recommendations, a mesoporous material has pores of widths between 2
and 50 nm [88].

24



CHAPTER 1: INTRODUCTION

1.5.1. PREPARATION METHODS OF
TiO, POWDERS

One can found a wide variety of commercial titanium precursors including
titanium alkoxides, halides, complexes, titanyl derivates and mixed compounds [89].
The corresponding hydrolysis, metathesis, thermal decomposition or ligand
displacement reactions carried out in gas as well as liquid phase have been extensively
explored as synthetic routes for preparing titania powdered products as is reflected by
the sheer volume of available literature [34,51,76]. In the major part of the cases,
nano-sized main particles (exhibiting a narrow distribution) with high specific surface

area is the desired morphological feature [51].

Industrially, titania is produced via two major routes from titanium ores: sulfate
process and chloride process [51,90,91]. In the former, /lmenite (“titanic iron”, 40-60%
titania and 30-50% iron oxide) or titanium slag (iron contained in I/menite largely
reduced with carbon to the metal in a furnace at 1200-1600°C and separated) finely
ground are employed. Raw materials are digested in HSO4(c), iron reduced by a Ti(III)
solution and separated as FeSO47H,0O(s). Afterwards, the resulting titanyl sulfate is
hydrolyzed feeding in steam at 95-100°C in the presence of seed crystals. The
hydrolysis product is washed, bleached and finally fired at 1000°C approximately. On
the other hand, in the chloride process, rutile raw materials are treated with Cly(g) and
carbon to produce TiCls. As-produced TiCly is mixed with reducing agents to convert
impurities such as vanadium oxychloride to lower valence state vanadium compounds
and TiCly is purified afterwards by distillation. Finally, TiCls(g) combustion in the
presence of oxygen gives rise to the desired TiO; and Cly(g) (that is reused in the
chlorination process). Although the economics of the two routes are strongly dependent
upon the raw materials availability, chloride process is preferred due to easier

purification processes are required for providing the titania precursor TiCly [51].
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Special interest has been paid to wet-chemistry approaches due to their attractive
advantages in terms of versatile control of the final product by using structure growth
directing agents such as surfactants or complexing agents in combination with different
reaction processing such as conventional heating, solvothermal treatments and
microwave or ultrasonic assistance [34,76]. However, wet-chemistry routes present
particular disadvantages (i.e. expensive precursors, the presence of carbon as an
impurity as well as high temperature and long processing times) that need to be solved
for effective economical competitiveness with industrial gas-phase production methods
[34,51]. In fact, wet-chemistry synthesis of high quality TiO, nanocrystals on a large

scale is still a challenge nowadays [92].

Among wet-chemistry methods, sol-gel routes are by far the most extended
approaches mainly due to their relative higher versatility, and a brief description should
be addressed [51,76,93]. However, versatility goes to the detriment of simplicity since
sol-gel routes intrinsically consist of multi-step procedures [34,76]. In a typical sol-gel
synthesis a colloidal suspension (sol) is initially formed from the hydrolysis and
polimerization reactions of a alkoxide precursor (e.g titanium tetraisopropoxide (TTIP)
or titanium tetrabutoxide (TTB)) or TiCls. Complete polymerization and loss of solvent
give rise to the transition from the liquid sol into a quasi-solid gel phase. In order to
achieve a better control over the evolution of the microstructure, it is desirable to
separate and temper the steps of hydrolysis and condensation by means of coordinating
agents, peptization (at acidic or basic pH), controlling the water content or decreasing
the working temperature [76]. Finally, titania can be obtained via a thermal (400-600°C)
or an hydrothermal treatment (200-300°C) of the gel phase under proper conditions
[34]. Additionally, thin films can be produced on a substrate by spin-coating or
dip-coating either the sol or gel phase prior to this thermal annealing. A highly porous
and extremely low-density TiO, aerogels can also be prepared by combining sol-gel

processing with supercritical drying [76].
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1.5.2. PREPARATION METHODS OF
TiO, FILMS

The great variety of methods applied to the preparation of titania films can be
broadly divided into two major categories [51]. On one hand, TiO, particles previously
formed can be mechanically or electrophoretically deposited forming the resulting
films. Nevertheless, such strategy habitually needs a thermal post-treatment in order to

achieve desired mechanical or electrical properties (see discussion in Section 4.1).

On the other hand, titania films can be subsequently grown in situ by involving
either a physical (e.g. Physical Vapor Deposition, sputtering, plasma processes, etc.) or
a chemical process (e.g. Chemical Vapor Deposition, spray pyrolysis, electrodeposition,
etc.) [94,95]. So-called dry methods (i.e. purely physical strategies as well as chemical
processes in the vapor phase) are generally preferred since they produce high-quality
films due to a better control over the film composition, crystalline structure and growth
rate [94,96]. However, complex instrumentation, vacuum systems as well as high
energy consumption are commonly required, resulting in high-cost methodologies
[32,94]. In addition, in many cases, substrates are maintained at elevated temperatures,
being even higher than 500°C [97-99], and it is also difficult to coat complex-shaped
substrates [96]. Alternatively, wet chemical techniques such as sol-gel or Chemical Bath

Deposition have been intensively explored as simpler and lower-cost approaches [32].

1.6. LOW-TEMPERATURE WET-CHEMISTRY
TiO, PREPARATION METHODS:
STATE OF THE ART

Independently of the preparation method employed and the final form, TiO,
preparation methods conventionally include a thermal post-treatment at elevated
temperatures (>400°C) in order to remove the organic content and/or crystallize the

as-prepared amorphous material, a procedure accompanied by grain coarsening and a
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reduction in surface area [34,100]. Additionally, in the case of films, mechanical
robustness as well as electrical contact are habitually improved via the same
post-annealing [31]. This latter case is of special interest in the preparation of TiO,
photoelectrodes for DSSCs from pre-synthesized nanoparticles and will be discussed in
more detail in Section 4.1. High-temperature processing of titania represents a
technological limitation, for example, for preparing hybrid organic/TiO, composites
[101,102] as well as titania deposition on thermolabile substrates [31]. Therefore, the
development of low-temperature wet-chemistry synthesis of titania is essential for its
implementation across a wider range of applications. In this Section, a general overview
including some relevant examples of the contributions reported in this research area is

presented.

1.6.1. LOW-TEMPERATURE SOL-GEL ROUTES

Some authors have focused on introducing modifications in the relatively well
established sol-gel methodologies for preparing TiO, in both the powdered and film
forms at low temperature. Alternative sol-gel processing or post-treatments such as long
time at moderated temperatures [100,103,104], supercritical CO, [105,106],
low-temperature hydrothermal [107] or microwave irradiation [ 108] have been reported.
In addition, sol-gel methods employing ionic liquids (ILs) as co-solvents have shown

significant implications for the direct synthesis of titania (see Section 4.4.1).

For instance, Langlet et al. prepared compact and robust antireflective
100 nm-thick TiO, coatings by means of consecutive gel aging at 45°C for 15 minutes,
110°C for 2 hours and 60 °C for 5 days [103]. Li et al. achieved nanocrystalline anatase
particles with crystallite sizes ranging 6-10 nm by subsequently drying (60°C, 5h) and
aging (100°C, 12h) of as-prepared titania gels [100]. Surfactant-templated TiO,
mesoporous films of 100-400 nm of thickness were prepared aging at 150°C for 2h in
combination with an UV post-treatment for organics removal [104]. Langlet et al. also
studied water/ethanol solvothermal (90-140°C, 1-20h) crystallization and coalescence of

titania gels deposited on different polymer substrates [107]. Phase and shape controller
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behavior of amines due to Ti(IV) coordination capability under hydrothermal aging of
gels at 140°C for 3 days was demonstrated by Sugimoto et al. [109]. 100-300 nm
anatase particles were synthesized via thermohydrolysis of titanium diisopropoxide
bis(acetylacetonate) in supercritical CO, in the range of 10-20 MPa and 200-300°C
[106]. Ayllon et al. prepared colloidal solutions of ~8x5 nm box-shaped anatase by
microwave-assisted hydrolysis, refluxing for 2h a TTIP ethanol-rich solution stabilized
with tetrabutylammonium hydroxide [108]. Other authors have found that in situ
generation of water from esterification reactions in non-aqueous media result in

controlled hydrolysis of titanium alkoxides [110].

Unfortunately, as seen in the former examples, avoiding high-temperature steps
is not obvious and alternative proposals in sol-gel routes present intrinsic drawbacks
such as longer time-consuming steps, further requirements of expensive instrumentation

and increase in safety risk (because of employing pressured reactors).

1.6.2. OTHER LOW-TEMPERATURE
WET-CHEMISTRY ROUTES

To overcome these drawbacks, synthetic routes other than multi-step sol-gel
strategies have also been described. For example, in the non-aqueous method reported
by Niederberger et al., solvolysis of TiCls in anhydrous benzyl alcohol results in the
formation of nanocrystalline anatase particles at temperatures as low as 40°C, but
employing long processing times of 7-21 days [111,112]. However, the use of an
organic solvent and the rather violent initial reaction between concentrated TiCly and
benzyl alcohol seem to move away from Green Chemistry guidelines. Cozzoli et al.
prepared different sized and shaped organic-capped anatase nanorods by controlling the
hydrolysis process of TTIP with oleic acid as surfactant (80-100°C, 6-12h) [113]. In our
research group, anatase nanopowders with high surface area were prepared by
hydrolyzing titanium 1,2-diolates in hot water by means of microwave irradiation [114].
Several authors have explored the formation of TiO, particles by the peroxotitanic acid

approach, in which hydrated precipitates from the hydrolysis of a titanium alcoxide are
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simultaneously digested in H,O, and subsequently treated hydrothermally [115-117].
As recent achievement, Beok et al. prepared nano-sized powdered rutile by autoclaving

a peroxotitanic acid solution at 100°C for 12h [117].

Low-temperature Chemical Bath Deposition (CBD) techniques for preparing
titania films have also been widely investigated [32]. CBD terminology refers to
depositions from solutions (usually aqueous) where the titania deposit is both
chemically generated from the controlled destabilization of a titania precursor and
directly deposited on the substrate in the same bath. Hence, precursors such as titanium
alkoxides and TiCls are not commonly employed due to the existing difficulties to
prevent the solution from spontaneous bulk precipitation [96,118]. Conceptually, CBD
rank as the simplest approach for preparing coatings although direct deposition of
nanocrystalline titania films is not obvious [119]. For example, Baskaran et al.
successfully prepared titania UV filters on both sulfonated polymeric substrates and
silicon functionalized with self-assembled monolayers® via a biomimetic approach
involving acidic or basic destabilization (70-100°C, 1-24h) of aqueous solutions of
titanium (IV) bis(ammonium lactato)dihydroxide [96]. Imai et al. studied the deposition
of transparent films consisting of anatase crystallites on various kinds of substrates by
controlled hydrolysis of TiF, acidic solutions (pH=1-3) at 40-70°C for 0.5-260h [120].
Besides, the same authors also explored experimental conditions for depositing rutile
films by hydrolyzing TiOSO; acidic solutions (pH=1-2) at 60°C for 1-20 days [121].
Recently, White et al. have described the Successive lonic-Layer Adsorption and
Reaction (SILAR) anatase deposition, in which a substrate is subsequently dipped in an
ammonium titanyl oxalate solution alternating with an hydrolyzing NaOH solution for
various cycles (100-480), followed by an hydrothermal treatment at 120°C for 16h
[122]. Oekermann et al. have reported anodic electrodeposition of rutile porous films
from aqueous TiCl; solution under the influence of the surfactant sodium dodecyl

sulfate at temperatures between 60-80°C [123]. Apart from the cited works, there is a

® Highly ordered and oriented molecular assemblies formed by the chemisorption of a
bifunctional surfactant. While the head functional group presents chemical affinity toward the
surface of the substrate (e.g. H-S- and (Cl);-Si-, for Au and native oxide layer on Si,
respectively), the tail group (e.g. -COOH, -SO;H or —PO4H,) facilitates titania deposition on the
molecular assembly [96,124].
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particular case of low-temperature CBD in which metal oxide thin films are grown by
forcing the hydrolysis of a fluoro-complex precursor with a fluoride scavenger (see the
following Section 1.7 for more details). In the literature, the term Liquid Phase

Deposition is habitually kept for this concrete methodology.

1.7. LIQUID PHASE DEPOSITION

1.7.1. GENERAL DESCRIPTION

Liquid Phase Deposition (LPD) refers to the formation of metal oxide thin films
from a metal fluoro-complex [MF,]™™ (being m the cation charge and n the number of
coordinating fluoro ligands), whose hydrolysis equilibria are displaced by scavenging
processes of fluorine anions. The strong coordination capability of fluoride anions
toward acidic and highly charged cations such as Si(IV) or Ti(IV) gives rise to aqueous
solutions that are stable over months [119,121], in contrast to common titania
precursors i.e. titanium alkoxides or TiCly [96,118]. Nevertheless, dynamic metathesis

equilibria are established between fluoro and hydroxo ligands in [MF,]™"

aqueous
solutions [32]. According to Equation 1.7.A, in case of increasing the water
concentration or decreasing fluoride concentration, the equilibrium will be shifted
toward the metal oxide [119]. Typically, boric acid is added to the media as fluoride
scavenger, destabilizing the metal fluoro-complex and finally producing a very stable

anion i.e. BF4 (Equation 1.7.B) [32]. Thus, the formation of the corresponding metal

oxide is forced by shifting the dynamic hydrolysis equilibria 1.7.A.

[MF,]™™ (aq) + m/2 H,O <_’ MOms (s) + nF (aq) + mH" (aq)  (1.7.A)

H;BO; (aq) + 4 HF (aq) —> BF4 (aq) + H3;O" (aq) + 2 H,0 (1.7.B)
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Suitable surface chemistry induces film formation at levels of supersaturation®
that do not sustain homogeneous nucleation [32,124]. If the solution is highly
supersaturated, precipitation takes place dominantly through homogeneous nucleation.
On the contrary, the solution is metastable because of an extremely low reaction rate.
Compared with the formation of oxide films by other CBD, the fluoride scavenging
process allows a much better control of the synthetic reaction, the supersaturation of the
solution as well as the growth rate of the films [32]. LPD is a soft aqueous-based
chemical method performed under atmospheric pressure at low temperatures, which do
not require neither special equipment (only a thermostatic reactor) nor high energy
supply [101,102,125]. By the LPD method, relatively large area coatings have been
successfully obtained on glass, conductive glass, silicon as well as complex-shaped
substrates such as stainless steel or glass fiber [126,127]. Thus, LPD exhibits a clear
advantage with respect to dry-methods employing vacuum, in which coating areas are

limited [96].

LPD technique was firstly reported in the patent literature for preparing titania
films [128] and has been mainly employed for depositing SiO, films afterwards
[124,129]. Other examples include V,0s [130], VO, [131], B-FeOOH (Fe,03) [132],
NbyOs [133], SnO; [134], ZrO, [135] as well as multicomponent metal oxide films
[124,134]. It is worth pointing that, in the major part of the cases, amorphous films have
been obtained [130,131,133]. Therefore, if a certain degree of crystallinity is required

for a practical application, a further annealing step has to be carried out.

1.7.2. TiO, LIQUID PHASE DEPOSITION

Deki et al. reported first comprehensive publications dealing with titania LPD,
carried out from (NHy4),TiFs and H3BO; solutions [136,137]. For the ligand exchange
hydrolysis of [TiFe]* ion in aqueous solution, the following equibrium scheme has been

proposed (Equation 1.7.C):

® Metastable situation in which the concentration of a substance in solution exceeds the
equilibrium concentration with respect to their solid phase [32].
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[TiFs]* (aq) + x H,O 2 [TiFs<(OH)]* (aq) + x HF (aq) (1.7.0)

The deposition mechanism from these reactants is considered to occur via
dehydratation of unstable [TiFe.(OH),]* species generated by the hydrolysis reaction
of [TiFe]*, right hand shifted by the fluoride scavenging process [136,137]. Hence,
supersaturation degree and deposition rate of titania films depend on the concentration
of titanium hydroxide complex ions [138]. Polycrystalline anatase thin films exhibiting
visible light transparency and excellent adherence are obtained on glass upon
appropriate (NH4),TiF¢/H;BO; ratios [136] (Figure 1.7.1). It has been found that
fluoride sorption on TiO, surface seems to moderate the polymerization of the growing

material, favoring crystallization of the anatase phase under proper conditions [120].
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Since then, other research groups have studied the influence of different
experimental parameters such as surface chemistry [43,124,138], pH [138,139] or
deposition temperature [43] on the growth rate, morphology, composition and
crystalline nature of the films. Yu et al. reported a systematic study regarding to the
effect of the calcination temperature on the microstructure and photocatalytic activity of
amorphous TiO; films prepared by LPD [140]. Typically, TiO, LPD is performed at
25-80°C in acidic media (pH=1-4) with an average growth rate of 3-300 nm/h, resulting

in coatings with a maximum thickness of 100-500 nm [32]. However, in order to
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achieve as-prepared films crystalline enough, long deposition times (from tens of hours
up to days) [136,137,139] or thermal post-treatments are required [140]. In our research
group, it has been found that MW activation highly enhances both growth rate and
crystallinity degree of titania thin films and powders [141-143].

Practical applications of TiO, films prepared by LPD have been proven in
diverse fields. For instance, titania deposited on different substrates have exhibited
self-actuating properties [126,127,144]. Koumoto et al. have developed bioinspired
micro and nano-patterning of titania films on different substrates functionalized with
self-assembly monolayers [124,139]. Vigil et al. have analyzed the behavior of TiO;
deposited on conductive glass by MW-assisted LPD as blocking layers in
Dye-Sensitized Solar Cells [145]. Finally, LPD technique has also recently broadened

horizons toward the preparation of hybrid organic/TiO, materials (see Section 4.3).

1.8. DYE-SENSITIZED SOLAR CELLS

Current energy demands in order to sustain the lifestyle of 6.5 billion people
worldwide is about 13 terawatts (TW), although additional power needs of 10-30 TW
has been projected by year 2050 [146,147]. Fortunately, the Sun supplies to the Earth a
gigantic value of energy i.e. 170,000 TW striking us every moment [147,148]. In case
of 0.16 % of the Earth’s land surface was covered with solar panels offering an
efficiency of 10% turning sunlight to electricity, present energetic needs would be

satisfied by far [147].

Dye-Sensitized Solar Cells (DSSCs) based on wide band gap nanocrystalline
semiconductor oxides have been intensively studied and developed during the 90s and
the present decade, since their discovery in 1991 by Gritzel ef al. [58]. These devices
were conceived as an environmentally friendly and economically viable alternative to
conventional inorganic devices, based on solid-state p-n junctions. So far, best
laboratory scale cells have attained certified efficiencies up to 11 % under standard

reporting conditions (simulated AM 1.5 sunlight at 100 mW/cm? intensity, 298 K) using
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Ti0; as semiconductor in liquid junction devices [24,149]. Moreover, full-scale outdoor
performance tests have shown advantages over commercial silicon cells, in terms of

increased performance at high temperature and efficiency at low solar angles [150].
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Figure 1.8.1. Representation at different scales of the components of a DSSC. Adapted from
reference [151].
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Figure 1.8.1 shows a representation at different scales of a DSSC and its
components. The photoactive electrode consists of a nanocrystalline and mesoporous
network of a wide band gap semiconductor (usually TiO;), which is covered with a
monolayer of photosensitizer molecules. The cell is illuminated through a Transparent
Conductive Oxide (TCO) electrode, where the semiconductor is deposited. The TiO,
pores are filled with a redox electrolyte (Is/I") which acts as redox mediator and

establishes electrical contact with a redox catalyst in the counter electrode [152].

DSSCs differ from conventional semiconductor devices (p-n heterojunctions),
since in these photoelectrochemical devices the function of light absorption and the
transport occur separately. The light absorption takes place in a monolayer of the
photosensitizer (S), which is chemically adsorbed on the surface of the semiconductor
(Equation 1.8.A). The photoexcited dye (S*) is then able to transfer an electron into the
semiconductor (Equation 1.8.B) that move toward the TCO electrode through the TiO,
porous network. Electrons lost by the sensitizer are recovered using the reduced specie
present in the electrolyte (I), according to Equation 1.8.C. Finally, the circuit is closed
by the oxidized specie of the mediator (I5"), that obtains electrons which flows to the
counter electrode through the electrical load (Equation 1.8.D). Taking advantage of the
redox mediator, photogenerated electron-hole pairs are transported in a cyclic process.
The heart of the device is a TiO, mesoporous electrode with large internal area in order

to make the most of the solar fotons per volume unit [151]:

Sensitizer + hv — Sensitizer* (1.8.A)
Sensitizer* + TiO, — ¢ (TiO;) + Oxidized Sensitizer” (1.8.B)
Oxidized Sensitizer' +3/2 1" — Sensitizer + 1/2 I3 (1.8.0)
1/2 15" + e (counter electrode) — 3/2 I’ (1.8.D)
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Figure 1.8.2. Schematic representation of the operating principles in DSSCs [24,50]. Green
arrows: processes A-D (corresponding to Equations 1.8.A-1.8.D, respectively); brown arrows:
non-desired processes, F (back electron transfer) and E (back reaction). Potentials are referred to
the Saturated Calomel Electrode (SCE). The open-circuit voltage (Voc) of the solar cell
corresponds to the difference between the redox potential of the mediator and the quasi-Fermi
level® of the nanocrystalline film (indicated with a dotted line). Adapted from ref. [50].

A schematic representation of the operating principles in DSSCs is given in
Figure 1.8.2. Typical photosensitizers are ruthenium complexes anchored to the TiO,
surface by a carboxylate bipyridyl ligand. The carboxylate groups are directly
coordinated to the surface titanium(IV) ions, producing intimate electronic contact
between the sensitizer and the semiconductor [24,50]. Upon illumination, the visible

light absorption of these types of complexes is a metal-to-ligand charge transfer

® Qualitatively, the Fermi level (Er) is the energy at which the probability of an energy level
being occupied by an electron is exactly 1/2. Above the Fermi level the probability of
occupancy drops to zero, and the energy levels are empty, while below Er the energy levels are
filled. In n-type semiconductors, a shift of Er toward Ecg occur since the probability of
occupancy of energy levels at the CB increases [153]. Upon light irradiation, the distribution of
charge carriers in the semiconductor is altered due to electron storage, resulting in a higher
apparent Er energy (quasi-Fermi level) [50,146,154].
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(MLCT) transition that takes place in the femtosecond scale (A) [50]. The electron
injection from the photoexcited dye into the TiO, is carried out in the picosecond scale
(B), while the back electron transfer (F) is six orders of magnitude slower, giving a
quantum yield near 100% although process F is thermodynamically favorable [155].
However, back reduction reaction of triiodide anions by electrons transferred in the
semiconductor can also occur, giving rise to non-desired current densities of
1010 A/em?, approximately. Employing a conventional Pt coated counter electrode,
current densities of 10°-102 A/cm® are reached. Finally, the reduction of the oxidized

sensitizer by iodide present in the electrolyte takes place in 10 s approximately [50].

Many companies and institutions have been engaged in research and
development to address practical solutions to remaining challenges for practical
applications of the DSSCs technology [150,156-160]. The weakest point of the present
DSSCs is the limited long-term stability of the liquid junction devices with high
conversion efficiency. Possible desorption of loosely attached dyes, and
photodegradation in the desorbed state as well as corrosion of the Pt counter electrode
by the iodide/triioidide couple have been suggested as some of the critical factors
limiting the long-term performance of the devices, specially at elevated temperature
[150,161,162]. In order to match specifications required for practical outdoors
applications, light soaking and thermal stability tests performed under realistic
conditions have been carried out [150,160-163]. Best results in sealed laboratory
devices have been obtained using non-volatile electrolytes based on ionic liquids, whose
initial top efficiency (n=8.3%) remains almost invariable after standard aging tests at

80°C and light soaking at 65°C, over a period of 1000 h [160].
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CHAPTER 2: GOAL AND SCOPE OF THE WORK

The purpose of the present work is offering novel contributions to
wet-chemistry preparation methods for obtaining TiO; films and powders within Green
Chemistry guidelines, developing simple, environmentally benign and low-cost
approaches and, putting special emphasis on low-temperature processing.
Low-temperature methods (ideally up to a maximum closer to 100°C) should give rise
to materials exhibiting properties similar than those processed at high temperature or
solvothermally treated. It is worth remarking here that crystalline nature of titania is
habitually a key requirement for practical applications based on light-activated

photoinduced interfacial reactions.

On one hand, mechanical stability and electrical contact of mesoporous titania
photoelectrodes prepared by depositing pre-synthesized TiO, nanoparticles are of vital
importance in Dye-Sensitized Solar Cells, and habitually attained only with a high
temperature post-treatment (450-500°C). In this context, low-temperature processing of
such photoelectrodes would represent to unlock the door for light and flexible DSSCs
on plastic substrates. Chemical necking of commercial TiO, P-25 nanoparticles is

attempted as low-temperature alternative processing.

On the other hand, the interest in the present work is also focused on novel
contributions to Liquid Phase Deposition technique, concerning the enhancement of
deposition rate, crystallinity and homogeneity of as-prepared TiO, thin films. In
addition, broadening horizons of LPD toward one-step deposition of hybrid/TiO, films
is high on our agenda in order to prepare functional composites with practical

applications as actuating materials and/or materials directly sensitized to visible light.
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Finally, designing novel green synthetic routes for direct low-temperature
synthesis of nanocrystalline TiO, particles is pursued in order to apply them, for
example, in constituting DSSCs photoelectrodes or as photocatalyst for environmental
remediation. In this direction, versatile and high-yield methods giving rise to particles

with controlled size and morphology are ideally desired.
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CHAPTER 4: MATERIALS AND METHODS

3.1. SUBTRATES AND CLEANING
PROCEDURES

Three different types of substrates have been used: common glass, conductive
glass and conductive plastic. Conductive substrates consist of an isolating substrate
covered with a Transparent Conductive Oxide (TCO). The conductive oxides more
widely employed are ITO (Indium Tin Oxide, In;03:Sn) and FTO (Fluorine Tin Oxide,
SnO,:F). Suppliers as well as technical characteristics of the substrates used are shown

in Table 3.1.1.

Table 3.1.1. Technical data of the employed substrates.

Substrate Technical data Supplier
Common glass 25x75x1 mm standard cover slides IDL GmbH & Co.
Glass-ITO 50x50x1.1 mm pieces; transmittance 92 %; 13-18 Q/J] Optical Filters Ltd.
Glass-FTO 25x25x2.0 mm pieces; 15 Q/1) Pilkington Glass Ltd.
PET-ITO 200 x 300 mm films; PET thickness 175 pm; 60 Q/[] Innovate Sputtering Technology
N.V.

Substrates were carefully cut into pieces of suitable size and were cleaned
afterwards. Cleanliness of substrates is a critical factor for both correct homogeneity
and adherence of the future coatings deposited over them and it is absolutely essential to
follow strict cleaning protocols in order to assure there are no impurities on the surface
of the substrates. Substrates were cleaned just before using according to procedures
previously reported [1,2], based on ultrasonic treatments with different solvents. On the
other hand, no cleaning procedure was chosen in the case of the conductive plastic
substrate and was used as-received because of, as was observed experimentally, the ITO
conductive coating on the polymer foil presented low mechanical stability under similar
sonnication treatments with solvents. However, special care was taken in manipulating

PET-ITO substrates and maintaining their surface clean.
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3.2. TiO, DEGUSSA P-25

TiO, Degussa P-25 is synthesized via the AEROSIL® process at temperatures

above 1200°C, in which TiCly is hydrolyzed in the presence of oxygen and hydrogen
[3-5] (Equation 3.2.A). As-prepared titania is treated with steam to remove HCI, which
is also produced as by-product [3].

TiCls (g) + 2 H2 (g) + O2(g) —> TiO: (s) +4 HCI (g) (3.2.A)

The product is 99.5% pure TiO, (anatase:rutile ratio, 70:30), which is
non-porous, with cubic particles with rounded edges [6]. The remaining percentage of
composition include other oxides (Si0,<0.2%, Al,03<0.3%, Fe;03<0.01%) as well as
HC1<0.3% [4]. TiO, P-25 powder has a surface area of 50+15 m?*/g and an average

particle diameter of 21 nm, forming aggregates of 0.1 um [3].

Degussa P-25 has became the “gold standard” material in semiconductor
photochemistry research since presents high photoactivity [6]. Investigations concerning
such high photoactivity of P-25 with respect to other commercial titania photocatalysts
(including pure anatase phases) coincide with the existence of some synergistic effects
in the interaction between the two different polymorphs. According to the model
proposed by Hurum et al., charge separation occurs on the rutile phase, that extends
P-25 response into visible wavelengths (Eg(rutile)=3.0 eV (410 nm); E,(anatase)=3.2 eV
(385 nm)) and behave as antenna. The particular structure of P-25, in which two crystal
structures present high surface contact, allows rapid electron transfer from rutile to
lower energy trapping sites located in anatase environment, yielding an efficient charge

separation [7].
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3.3. EXPERIMENTAL PROCEDURES

3.3.1. REFERENCE TiO, POROUS
PHOTOELECTRODES FOR DSSCs

The conventional high-temperature sintering method for preparing TiO, P-25
porous photoelectrodes described by Nazeeruddin et al. [8] was adopted as reference
method in Publication 1 (see Section 4.1). In order to break P-25 aggregates into
separate particles, the powder (6 g) was vigorously ground in a porcelain mortar with a
small amount of acetylacetone aqueous solution (0.2 ml in 2 ml) to prevent
reaggregation of the particles. Afterwards, the resulting viscous paste was slowly
diluted with 8 ml of water under continued grinding. Finally, 1 ml of a 1:10 Triton
X-100 (polyethylene glycol tert-octylphenyl ether) solution in water was added to
facilitate the spreading of the colloid on the TCO substrate. This latter process was
carried out by the Doctor Blade method (Figure 3.3.1), in which the paste with the
adequate viscosity is spread using a glass rod on the area delimited by an adhesive tape

in the substrate edges [9].

Figure 3.3.1. Representation of the Doctor
Blade method, adapted from reference [9].

3.3.2. LIQUID PHASE DEPOSITION

Liquid Phase Deposition processes were performed in polyethylene vessels with
the substrate (i.e. glass or ITO-covered glass previously cleaned) immersed vertically.
Deposition media were prepared from fresh aqueous solutions of the corresponding
components. LPD processes were carried out at 80°C in an standard Memmert oven for

variable times depending on the case (ranging from 2 to 7.5 h). In all the experiments,
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the commercial Ti precursor employed was (NH4),TiFs (ammonium hexafluorotitanate,
AHFT) with a fixed concentration of 10 mM. Reference TiO, films were prepared upon
the same temperature and deposition time with boric acid as fluoride scavenger
(Ti:H3BOs ratio=3, initial pH adjusted to 2.8 with diluted HC1O,), according to previous
values used [1,10]. In order to only deposit coatings on one side, the substrates were
back-side covered with a clean glass slide subjected with PTFE Teflon. Determination
of pHs in LPD media were carried out by means of a Crison pH meter equipped with a

52-06 HF-resistant electrode (up to 1g/l, pH=3, T=20°C) [11].

3.3.3. TiO, SYNTHESIS FROM IONIC LIQUID LIKE
PRECURSOR SOLUTIONS

[BetH],TiF¢ and [Cho],TiFs hexafluorotitanate salts were prepared by reacting
betaine (Bet; (CH;3);-N'"-CH,-COO") and choline (Cho"; (CHs);-N"-CH,-CH,OH)

chloride with commercial H,TiF¢ (hexafluorotitanic acid, HFTA) in a 2:1 ratio. The
reactor was a 30 ml plastic bottle covered with PFA Teflon (Nalgene®) and was heated

in a double boiler system. In the former case, 2.93 g of Bet (24.9 mmol) were dissolved
in 3.35 g of 60 wt.% HFTA (12.3 mmol) giving rise to an exothermic reaction, while
when 3.53 g of ChoCl (24.9 mmol) were added to the same amount of HFTA, an
endothermic reaction was noticed. The tetraalkylmmonium hexafluorotitanate
(INR4],TiF¢) solutions were kept hot by means of the double boiler system and
homogenized for 30 min. Afterwards, 1.5 equivalents of boric acid (1.14 g, previously
ground in a porcelain mortar) were added little by little to the corresponding [NR4]»TiFe
precursor solution heated in the double boiler. Afterwards, the reaction media were aged
at 85°C in a standard Memmert oven for variable time periods (ranging from 18 to
90 h), gradually acquiring a white paste texture. As-prepared TiO, was washed with 25
ml of water and the solid part was recovered by centrifugation. Then, the non-dried
solid part was divided into two centrifuge tubes, dispersed with 25 ml of water on each
half (TiO, approx. 2 wt.%) and separated by centrifugation, a cleaning procedure that
was repeated a total of 5 times. In selected cases, the final solid product was dried at

85 °C in the oven.
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3.4. MATERIALS CHARACTERIZATION

3.4.1. OPTICAL ESTIMATION OF
BAND GAP ENERGY

UV-Vis absorbance spectra of titania thin films were processed in order to
estimate band gap energy (E;) from the threshold absorption values. In the high
absorption region (>10* cm™), titania absorption coefficient o is related to the energy
(hv) of incident photons by the relation shown in Equation 3.4.A, where B is the

corresponding absorption constant [12,13]:
a =B (hv - Ey)*/ hv (3.4.A)

If scattering losses are negligible with respect to fundamental absorption,
observed absorbance can be assumed to be proportional to optical absorption coefficient
a [13]. Reorganizing terms, a lineal dependence between Abs"*(hv)"? and incident
radiation (hv) is established (Equation 3.4.B). In the absorption range, the E, value of
the semiconductor coincides with the value of the incident radiation (hv) when

Abs"*(hv)? is extrapolated to zero.

Abs"*(hv)"? = B’hv - B’E, (3.4.B)

3.4.2. CRYSTALLITE SIZE ESTIMATION:
SCHERRER EQUATION

In 1918, P. Scherrer showed that, when X-ray monochromatic radiation falls on
a randomly oriented mass of crystals, the diffracted beam is broadened when the particle
size is small [14]. Thus, the angular spread of X-Ray Diffraction (XRD) signals beyond
instrumental effects can give a useful measure of the crystallites size in polycrystalline

specimens [14,15]. The linear dimension of crystallite L) can usually be related to the
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broadening of the corresponding signal via the semiempirical Scherrer equation
[13,15,16] (Equation 3.4.C), in which K is a correction factor (depending on the particle
shape and is usually about 0.9), A the wavelength of X-ray (Cu K, = 0.154056 nm),
Br the peak full-width at half-maximum and 0 the diffraction angle.

L[hkl] =KA/ BL Cos 0 (34C)

In fact, Scherrer formula can be applied successfully only over a limited
crystallite size range since particles smaller than about 5 nm usually lead to reflection
peaks too broad and diffuse for accurate measurement [14,16]. On the other hand, as the
number of regularly spaced scattering centers increases, the angles at which diffracted

beams are observed become more and more sharply defined [16].

3.5. DYE-SENSITIZED SOLAR CELLS
CHARACTERIZATION

A  series of magnitudes and terms necessary hereafter for the

photoelectrochemical characterization of DSSCs are defined [9,17].

Isc Short-circuit electrical photocurrent: maximum output current of the
device, obtained when the external load resistance is zero (or negligible
with respect to the resistance of the device). Jsc refers to the

corresponding photocurrent density (Jsc=Isc¢/illuminated area).

Voc Open-circuit photovoltage: light-created voltage output for infinite load
resistance.
Topts Vopt Optimal photocurrent and photovoltage values giving rise to the

maximum available output power.
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FF Fill Factor: ratio between the maximum output power available (Iop:Vopt)
and the maximum power, combining the short-circuit and open-circuit

situations (Isc*Voc).

E Irradiance or incident luminous power per area unit.

E; Spectral irradiance or incident luminous power per area unit at a fixed A.

3.5.1. SPECTRAL RESPONSE: IPCE

In the literature is commonly employed the value IPCE (Incident
Photon-to-Current Conversion Efficiency) for determining quantitatively the spectral
response. IPCE is defined according to Equation 3.5.A [8,18,19], which measures the
percentage of photons that generate electrical current with respect to the total number of

incident photons at a fixed wavelength.
IPCE (%) = 1240 / & [nm] - Jsc [A/em’] / E; [W/em®] - 100 (3.5.A)

Monochromatic radiation were obtained from a 35 W halogen lamp coupled
with a Pye Unicam SP 600 UV monochromator system. On one hand, spectral
irradiance was determined by the incidence of the corresponding monochromatic
radiation on a spectrally calibrated photodiode (Hamamatsu S1337-66BQ, 6x6 cm?).
Generated electrical photocurrent was measured and, taking into account the supplied
calibration (Iphotodiode Vs  incident luminous power, [A/W]), spectral irradiance
(Ex=Jphotodiode/calibration) was determined. On the other hand, electrical current
generated was evaluated in a two-electrode photoelectrochemical cell with a Pt counter
electrode (Figure 3.5.1). The studied photoelectrode was impregnated with the
electrolyte and an area of 6x7 mm’® was front-side illuminated with monochromatic
radiation. Non-sensitized photoelectrodes were irradiated in 300-400 nm range, while
sensitized photoelectrodes were irradiated in the 400-800 nm range. The measured
photocurrents ranged from nA to pA and were registered with a Keithley 6487

picoammeter.
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Figure 3.5.1. Two-electrode photoelectrochemical cell used for measuring IPCE: (a) TiO,
photoelectrode preparation and (b) experimental set-up in a standard quartz cuvette.

3.5.2. GLOBAL CONVERSION EFFICIENCY

Percentage of the incident visible light converted to electricity by the DSSC is

defined according to Equation 3.5.B as follows:

N (%) = Jsc [mA/em?] - Voc [V] - FE/ E [100 mW/cm?] - 100 (3.5.B)

The following two-electrode sandwich solar cell configuration was employed:
TiO, porous photoelectrode / electrolyte / platinized counter electrode. A TiO, porous
photoelectrode was fabricated on a 2.5x2.5 cm” TCO substrate. Non-resistive electrical
contacts were assured by using Cu foil-Sn clad conductive tape with an Ag adhesive
(BDF Tesa). The TiO, porous photoelectrode was impregnated with the electrolyte and
the cell was finally assembled with the platinized counter electrode by using clips of

adequate size, placing between the two electrodes an spacer in order to avoid
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short-circuit and then a final 1.9 cm® active area was thus obtained. Devices were
irradiated with UV-visible light from a 50 W halogen lamp with partial UV and IR
filtering and the corresponding I-V characteristic curves were registered taking the
lectures with multimeters Promax FP-2b. Voc and Jgc values were determined in
open-circuit and short-circuit conditions, respectively, and the rest of points of the curve
were obtained by varying the value of a variable resistance (Bourns 1-5 kQ) in the
external circuit. The distance between the light source and the devices was fixed at
6.6 cm according to the calibrated response of the photodiode, whose value was
calibrated at the Universitat Politecnica de Catalunya with a standard AM 1.5 sun
simulator (Oriol Stanford Corporation 81102, Iphotodiode aM 1.5=5.27 mA upon

E=100 mW/cm?).
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PART 4.1:

UV PREPARATION METHOD OF TiO, POROUS
PHOTOELECTRODES FOR DSSCs

Publication 1:

New low-temperature preparation method of the TiO, porous
photoelectrode for dye-sensitized solar cells using UV irradiation.

J. Photochem. Photobiol. A: Chem. 2005, 175, 165-171.
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4.1.1. INTRODUCTION

One important goal in the development of DSSCs technology is the fabrication
of lightweight and flexible solar cells because of their advantages for transportation of
power-supply equipments. New designs and applications such as renewable and mobile
power sources for laptops, mobile phones, watches, pocket calculators, etc. are expected
in the future [1]. Besides, replacing a rigid substrate by a flexible material allows a low-
cost fabrication by roll-to-roll mass production [2]. Hence, developing soft, simple and
low-temperature preparation methods for TiO, porous photoelectrodes is of special
interest, in order to apply flexible-device technologies to DSSCs. In this sense, flexible
substrates such as ITO (Indium Tin Oxide)-covered PET [3-6] or ITO-covered PEN
[1,7] have been proposed.

In the literature, a great variety of methods are described for depositing TiO,
films from pre-synthesized nanoparticles on conductive substrates, e.g. dip-coating [8],
drain-coating [9], spin-coating [10], screen printing [1,5,11], inkjet printing [5], spray
painting [12,13] or electrophoretic deposition [14-17]. Nevertheless, doctor blading is
the most widely employed due to its simplicity and versatility [18,19]. However, these
methods habitually need a thermal post-treatment at 450-500°C for obtaining
mechanically stable and electrically connected TiO, photoelectrodes (i.e. among
nanoparticles and between the porous network and the TCO substrate), being the
presence of organic residues from the paste formulation and incomplete connection
(necking) the key reasons [4]. Obviously, typical flexible plastic substrates cannot
withstand conventional sintering processes and electrode processing in a

low-temperature range less than 150°C is required [7].

Up to the end of 2004, at the time of writing Publication 1: New
low-temperature preparation method of the TiO; porous photoelectrode for
dye-sensitized solar cells using UV irradiation. J. Photochem. Photobiol. A: Chem.
2005, 775, 165-171, various processing methods for low-temperature fabrication of

DSSCs TiO; photoelectrodes had been reported. Representative examples include
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low-temperature heating at 100-150°C for long times [10,20,21], compression at
moderate temperatures [2,22,23], hydrothermal crystallization at 100°C [6], chemical
necking [17] and electron beam shower [15]. Researching new strategies in
low-temperature preparation of TiO, photoelectrodes had been justified since top
efficiencies attained under standard simulated sunlight AM 1.5 (100 mW/cm?®) had
remained quite low, ranging from 1.2 [20] to 4.2 % [6] for photoelectrodes prepared on

FTO-glass rigid substrates.

During the period comprised between 2005 up to present relevant contributions
have appeared in the literature. In this way, a brief description of the most relevant
contributions is given. Uchida et al. described a sintering process induced by 28 GHz
microwave irradiation, achieving 2.16% maximum conversion efficiency for all-plastic
cells [12]. The combination of different deposition techniques plus compression of the
resulting films have shown no significant improvement of global efficiency on FTO
electrodes (n=3% approx.) [13,16] with respect to pioneering works of Hadgfeldt et al.
[2,22,23]. Several authors have obtained 2-3% global efficiency designing approaches
for chemical connection of TiO, photoelectrodes on rigid electrodes by newly formed
TiO, [24] or polysiloxane binding [25]. Application of laser-direct write sintering
process have been explored but only showed 1.84% efficiency on FTO-glass, in spite of
complex instrumentation and high energy consumption requirements [26]. Miyasaka et
al. have reported acceptable efficiency values of n1=5.8% in low-temperature processed
flexible DSSCs electrodes by coating binder-free nanocrystalline TiO, pastes capable of
interparticle connection at 120-150°C, via dehydration of titania sols [7]. Recently,
Meng et al. have reported effective ammonia activation process for fabricating ZnO
DSSCs on ITO-PET yielding 3.8% conversion efficiency, that is a very promising result
taking into account that maximum values for high-temperature sintered ZnO electrodes
are 4-5% [27]. So far, Arakawa et al. have demonstrated a record conversion efficiency
(m=7.4%) in all-plastic DSSCs by pressing a binder-free TiO, film composed of

different sized nanoparticles, exhibiting light confinement effects [19].
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Other authors have developed alternative technologies for continuing with the
application of high—temperature sintering processes applicable to flexible substrates in
closer works [1,3,28,29]. Gritzel et al. have demonstrated high efficiency (n=7.2%) for
TiO; electrodes on a Ti foil by using a back illumination configuration in all-flexible
solar cells [1]. Nelles et al. have proposed a lift-off and transfer method of pre-sintered
porous layers on Au/glass supporting substrate, resulting in a respectable efficiency on
all-plastic devices (n=5.8%) [3], although this procedure may need simplification before
practical applications [1]. However, these approaches are a back-step in terms of energy
consumption in the fabrication of TiO, photoelectrodes. Summarizing, to the best of our
knowledge, reaching high conversion efficiency in low-temperature sintered electrodes
for flexible DSSCs applications is still a challenge nowadays and the ideal method have

not been invented yet.
4.1.2. MAIN RESULTS AND DISCUSSION

A new low-temperature method for sintering TiO, P-25 nanoparticles by
chemical necking through additional TiO, freshly grown was presented in this work.
The formation of the connecting agent took place via photocatalytic decomposition of a
titania precursor: Titanium(IV) bis(ammonium lactato)dihydroxide, TALH (Equation
4.1.A). However, direct photolysis pathway had to be also considered, since high
energetic UV irradiation of the light source (i.e. A<300 nm, see Figure 4.1.1) is capable

of giving rise to this phenomena [30].

pr—

CH|
.—cﬁ
TiO, P-25 ] o
(NHe), [i3 T{ou + O » TiO; + decomposition products (4.1.A)
/
A
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He hv = Lg
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Figure 4.1.1. Spectral emission lines of the medium-pressure Hg UV light source employed in
the TiO, porous films fabrication process [31].

Ti0, P-25 presents high photocatalytic activity because of the synergism due to
the presence of anatase and rutile crystalline phases, which promotes electron-hole
separation inhibiting their recombination [32]. Habitually, P-25 type TiO; has been used
as reference catalyst in works regarding to heterogencous photocatalysis [33]. The
proposed method took advantage of this high photocatalytic activity of TiO, P-25 for
the degradation of the titania precursor present in the initial mixed suspension. Thus,
additional TiO, acted as a cement, capable of providing the required mechanical
stability and electrical contact in the photoelectrodes, as is sketched in Figure 4.1.2. A
maximum temperature of 80°C was estimated in the films during the irradiation time
and, hence, TiO, photoelectrodes on ITO-PET substrates could be prepared following
our low-temperature sintering procedure. The UV preparation method agrees with
Green Chemistry principles, since it is simple, low-cost, the solvent used is water and

energy consumption reasonably low.
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Figure 4.1.2. Schematic representation of the UV sintering process. A maximum temperature of
80°C was estimated in the films during the irradiation time.

In foregoing investigations, the impregnation with titania precursors plus
resintering at 450°C in order to grow additional TiO; in photoelectrodes previously
annealed had shown positive effects in the performance of DSSCs. This additional TiO,
grown among the particles had led to a better interconnection and improved
photoinduced charge carrier kinetics [34,35]. Moreover, UV post-treatments had also
revealed usefulness as cure treatment for eliminating residual organics in TiO, porous
films preparation [5,17,36]. However, it must be remarked that, to the best of our
knowledge, direct UV degradation of titania precursors to form TiO, cement had never

been reported.

4.1.2.A. Materials characterization

A qualitative test of homogeneity and adherence of the films (after ultrasound
disruption) was used for determining optimal TiO, P-25 / TALH ratio in the formulation
of the suspension. For this purpose, the concentration of the titania precursor was
varied, and samples were prepared under the same experimental conditions
([TiO, P-25], [surfactant], protocol of homogenization, irradiation, efc.). A TiO, P-25 /

TALH molar ratio of 7.4 was selected as the optimal value, presenting similar
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mechanical stability than samples obtained with a conventional method including an
annealing step. Quasi-total elimination of the organic content of the films were
demonstrated by means of infrared spectroscopy after irradiating for 6 hours with the

medium-pressure Hg UV light source.

Crystalline or amorphous nature of the additional TiO, formed after the UV
treatment of the doctor bladed coatings could not be discerned. Although no differences
between samples before and after UV irradiation were found in terms of X-Ray
Diffraction due to the high intensity of the TiO, P-25 signals, we believe TiO, freshly

grown would have probably reproduced the structure of the main crystalline component.

Morphology of both UV treated and conventional high-temperature sintered
samples were observed by Scanning Electron Microscopy (SEM). UV preparation
method gave rise to samples with a hazy appearance since larger particles and pores
were obtained due to the absence of disaggregating agents in the formulation of the
initial suspension. On the other hand, in some investigations a second scattering layer of
larger particles is added to transparent films in order to increase light harvesting
efficiency [19,37-39]. Therefore, the presence of an optimum proportion of large-size
light scattering TiO, aggregates can be very effective for increasing DSSCs efficiency
[19].

Additionally, non-significant differences were obtained in low-temperature
photoluminescence spectra of UV processed samples with respect to the thermally
sintered ones. Photoluminescence data at low temperature (T=4-15K) have been widely
used for detecting presence and identify the nature of defect and impurities in
semiconductors [40]. Emissions observed at 550 nm can be ascribed to transitions from
donor levels (which are consequence of internal surfaces or boundaries formed by
particles necking) to the VB [41-43]. According to photoluminescence spectra, UV
procedure gave rise to a similar kind and degree of emissive centers than a conventional

sintering process at 450°C, pointing to similar recombination rates under illumination.
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4.1.2.B. DSSCs characterization

In a set of preliminary experiments, the applicability of the UV-prepared
photoelectrodes in DSSCs were confirmed by comparing their [IPCE with respect to
conventional high-temperature annealed electrodes. No differences between both
methods, beyond those ascribed to the thickness variability, were obtained for
non-sensitized and low-cost sensitized electrodes (anthocyanin dyes extracted from the

fruit of Coriaria Myrtifolia [44] and the commercial dye 2°,7’-dichlorofluorescein [45]).

N, | NCS Figure 4.1.3. Structure of  cis-bis(isothiocyanato)
r"‘-F:‘:L-"“ “ bis(2,2’-bipyridyl-4,4’-dicarboxylic  acid)  ruthenium(II)

l .. . [13 2 13 2
IN-H" : HNUS sensitizer, commercially named “N3” or “Ru 535”.

In order to report higher conversion efficiencies with respect to values obtained
with low-cost sensitizers, [IPCE data were finally measured afterwards sensitizing
photoelectrodes with an standard N3 Ru(Il) dye (Figure 4.1.3). The choice of the N3
dye was justified by the high energy conversion reached (efficient TiO, sensitization up
to 750 nm) and proven stability of N3-sensitized photoelectrodes [46-48]. Firstly, higher
spectral efficiencies were obtained for UV-prepared versus photoelectrodes annealed at
450 °C on ITO-glass substrates, as was expected, since it is well-known that resistivity
of ITO-based substrates is increased during processing at high temperature [6]. This
phenomenon did not allow a direct comparison of both methods by means of IPCE.
Secondly, adherence and electrical contact in photoelectrodes on flexible ITO-PET was

enough for maintaining spectral efficiency in acceptable levels.
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Current-voltage response was also evaluated in order to establish a direct
comparison between both UV and high-temperature prepared photoelectrodes on
FTO-glass substrates. Thus, the conventional method was not penalized for resistivity
increasing. FTO shows good stability against conventional thermal treatments and its
use has been favored in DSSCs, although ITO substrates present higher availability and
lower price [6]. Table 4.1.1 summarizes Jsc, Voc, FF, and 1 typical performance values
of DSSCs devices fabricated with electrodes on FTO-glass using both methods and
UV-prepared samples on ITO-PET.

Table 4.1.1. Characteristic performance parameters of DSSCs fabricated with TiO, porous
photoelectrodes prepared by the UV and conventional methods.

Method Substrate Jsc (mA/em?)  Voc (mV)  FF (%) n (%)
UV, low FTO-glass 3,95 785 61.5 1.9
temperature
Conventional, FTO-glass 3,85 769 62.4 1.8
high temperature
UV, low ITO-PET 3,80 791 34,3 1.0
temperature

Only minimal differences associated to thickness variability were obtained under
the same experimental conditions, demonstrating similar performance of UV
photoelectrodes against conventional annealed ones. However, obtained Jsc and FF
values in both cases were lower than those reported in the literature [46,49] and,
consequently, global efficiencies only reached 2%, approximately. Firstly, experimental
limitations on measuring intensity forced the employment of useful areas approximately
10 times larger than common size of laboratory cells (around 0.2 cm’) [46,49]. As
known, in relative large area photoelectrodes, charge collection decreases because of
insufficient substrate conductivity, resulting in noticeably penalized values of current
density and fill factor [50-53]. Alternatively, metal current collectors are prepared in

DSSCs scaled up to modules, in analogy with conventional silicon solar cells [50,52].
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The absolute global efficiency of DSSCs devices is also influenced by series of other
parameters such as electrical properties of the TCO substrate, sensitization, electrolyte
characteristics or quality of the platinization in the counter electrode [49]. As previously
commented, demonstrating that UV approach was suitable for preparing TiO, DSSCs
electrodes was the main goal of the work, instead of optimizing the absolute global

efficiency reached.

DSSCs fabricated employing UV-treated photoelectrodes on ITO-PET presented
a drastic reduction of FF (being approximately the half of the value obtained on
FTO-glass). These devices presented large series resistance mainly due to both factors
the intrinsic high sheet resistance of the plastic substrate and the quality of the ITO/TiO,
interface contact, favoring for example electron recombination with the electrolyte at
the contact. It must be signaled that ITO-PET employed (dated from 2001) presented
60 Q/1 nominal sheet resistance, clearly higher than TCO-glass (13-18 /7). In fact, the
price of ITO-PET substrates with higher conductivities was prohibitive in the past,
although plastic substrates with sheet resistance as low as 13 /] are reasonably
accessible nowadays [7]. On the other hand, further factors contributed to the increase
of ITO/TiO; contact resistance: incomplete necking, the flexible nature of the substrate
and the impossibility of substrate cleaning. Concerning this latter, Miyasaka et al. have

proposed a preliminary ozone/UV cleaning procedure, demonstrating positive effects

[7].

Finally, in this work, DSSCs were always assembled using counter electrodes
thermally platinized on FTO-glass and, therefore, all-plastic devices were not
fabricated. However, it must be pointed that low-temperature alternatives (typically Pt
sputtering) exist in the literature [7,54]. Moreover, Pt has also satisfactorily been
replaced by other materials such as chemically polymerized p-toluensulfonate doped
poly(3,4-ethylenedioxythiophene) films [55]. These latter studies focus on the reduction
of the cost and the energy consumption in the fabrication of the devices (due to high

market price of Pt), also justifying the research carried out.
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4.1.3. CONCLUSIONS

The soft method based on the UV decomposition of the TALH titania precursor
impregnating the surface of TiO, P-25 nanoparticles allows the preparation of
mechanically stable and electrically connected TiO, porous photoelectrodes at low
temperature (<80°C). Thus, titania photoelectrodes on conductive glass and plastic are
satisfactorily fabricated. The method is simple, low-cost, aqueous-based and do not
require neither sophisticated equipment nor high energy supply, reasonably fitting

Green Chemistry principles.

The resulting chemical necking in TiO, P-25 photoelectrodes gives rise to an
electrical contact comparable to that generated by conventional sintering procedures at
high temperature. In spite of the observed irregular adhesion of the porous layer on the
substrate, P-25 nanoparticles seem to be firmly hold together suggesting a good
interconnection among them. Finally, the applicability of the UV-processed
photoelectrodes in DSSCs has been demonstrated, resulting in devices exhibiting

acceptable features.
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Abstract

Thick porous Tiok films have been poepored o1 low temperature from a mixtere of & commercial Tits powder (Degussa P25 and an
casy-to-handle witer-soluble titanin precursor: titanmemi V) bistammoniem Bctaoklibvdroxide, Films hove been obtained spreading the
misture using “doctor blade™ 1echnbgee. UV light treatment using a medium-pressure mercury saper limp leads 10 decomposition of the
lilania precursor as a result of the photocatalvtic activity of manocrystalline Ty present in the blend. The sdditional tanium oxide thus
formed mssures both, necking between particles and film adhesion to the substrate, Porous nange-structured Te0: films were fabricated by this
lowstemperature method (always lower than B0 C) on transparent conducting oxide-covered glass and Neable plastic substnates (indium-
tin-oxide on glass and on PET. and Auorine-doped tin oxide on glass), The photeclectrodes obtamed by this method have been chamctenzed
by =canning electron microscopy, allenuated 1otnl reflection Fourier transform infrared spectroscopy. photoluminiscence, monochrommic
incident photen-to-current comversion efficiency (IPCE) and =V meéasurements, Results obtained with dye-sensitized solar cells (DSSC) baili

with these films are promising.
5 10005 Published by Elsevier B.AL

Keywords: Tianiem oxide: Photocatalysis: [hye-sensiiined solar cells. Low-femperaiurne ilm pecparation

1. Imtroduction

[hve-sensitized solar ¢ells (DSSC) based on nano-
structured TiD: photoelectrodes are intensively studied due
io their low cost and promising efficiency values reached
50 far. Al the presemt time, research pursues the develop-
ment of this inexpensive solar cell based on a nanocrystalline
Tilky layer deposited on a Mlexible plastic substrate [1-2].
This type of substrate allows a continuous-mode production
process, which should lower production costs; in addition, it
facilitates fabrication of light-weight and thin DSSC [3-3].
Conventional DSSC technology includes an annealing step in
which temperatures as high as 400-500"C are needed, This

* Carresponding author. Tel: +34 935812176 fax: +34 935812420,
E-mail adelress: joscantanso.ayllanit wmahes (LA Ayllia).

B0 30E — see from matter © 2005 Publishad by Elsevier BY
doi 10,1016 gphsoiochem 2005.04.031

temperature range, adequate for glass substrates, is above
the allowed temperature for possible polymer-based Aexible
substrates. It must also be mentioned that these temperatures
increase the resistivity of the conducting substrate, particu-
larly ITO (InzO5:8n). This has favored the use of conducting
Sn0: glass (FTO) over ITO in DSSC, even though the last
one has a greater availability in the market and lower price.

These relatively high temperatures nomally used in the
anncaling step ane needed for two key reasons concerning
Ti0: photoetectrodes production, The first one is 1o elim-
inate the organic substances present in the colloidal TiO:
suspension or paste used to make the photoelectrodes. Organ-
ics are added o the TYO: precursor formulations (o improve
the quality of the film by breaking down agglomerates, o
stabilize Tk suspensions, and to increase the wetling capac-
ity of the precursor mixture. Thus, more regular T thick
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films are produced without too large pores or cracks, The
second key reason is (o improve the connection between the
nanocrystallites that constitute the film (necking), as well as,
to guaraniee their adherence to the transparent conducting
aecidle ( TCOY film acting as substrate. Annealing at high tem-
peratures improves the diffusion coefficient of electrons, and
thus the efficiency of DSSC [6,7]. It is to be expected that the
quality of these contacts determines both, electrical proper-
ties ofthe porous thick film and also its mechanical sturdiness.
Some authors [8.9] have used chemical restment of Ti0s
porous electrodes, with titania molecular precursor solutions,
followed by re-annealing to produce a freshly grown titania,
Depositing Ti0: all over the porous layver should improve the
necking of the grains, and it should decrease carrier-trapping
defects,

On the other hand, there are repons on TiOa film fabri-
cation procedures that are compatible with the use of non-
conducting plastic substrates, although the purpose has been
to exploit Ti(: photocatalytic or UV blocking properties
[10-18]. However, they produce thin films not suitable for
[DSSC fabrication due to their thickness and non-porosity.
Besides, deposition on TCO-covered substrates poses an
extra requirement of no modification of the TCO layer,
which limits the experimental conditions to be emploved,
For example, deposition from solution with extreme pH
values is not possible because the conducting laver is
damaged.

Drifferent approaches appear in the literature o avoid high-
tempernture annealing of the thick porous TiO; layer. Pichot
et al. have studied the performance of electrodes treated at
temperstures as low as 100 °C, avoiding the use of organic
surfactants in the formulation of the precursor paste, but the
performance of the cells thus obtained is limited compared (o
the annealed ones [19]. A promising alternative to substilute
sinterization a high temperature is o compress the parti-
cle layers using high pressure during a shor time interval.
Mechanically stable, electrically conducting, nano-structured
porous films are thus obtained [3-5.20]. Recently, a sophis-
ticated method that employs a shower of low-pecelerating
electron beams has been demonstrated as a further option 1o
cure Tidh films [21].

Some authors employ a mixiure containing both nanocrys-
talline TiC: and a molecular TiOs precursor [22-23]. Under
hydrothermal treaiment ai low temperature { 100°C) in the
solid-gas (water vapor) interphase, the molecular precursor
hydrolyees acting as glee. This method has some drawbacks,
such as incomplete necking of the particles and presence
of residual organics in the film [24], These organics can
be eliminated later using UV/ozone treatment [25]. A dif-
feremt low-temperature method proposed by De Paoli and
co-workers | 1] takes advantage of the photocatalyviic activity
of TiCk: in order to eliminate organic substances present in the
commercial TiD: collowdal precursor used. TiOs thick film
fabrication is completed by a heat treatment at 140 °C during
2h. UV treatment has also been employed by Murakami et
al. [26] in order to eliminate adsorbed organic impurities in
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the Ti0y obtained using an electrophoretic method and thus
improves the efficiency of their DSSC.

In this paper, we propose an altemative method to prepare
Ti0z porous thick films, suitable 1o work as photoelectrodes
in DESC, [t combines photocatalytic activity of TiOg with the
use of 8 mixture of nanocrvstalling TiC: powder and a solu-
ble precursor of Titds, This precursor, after photodegradation,
will produce new TiO that allows necking between parti-
cles and also provides adherence (o the substrate. A stable
water-soluble titania precursor, titanium{ 1V} fis{ammonium
Inctatopdibydroxide (TALH), is used to preserve the simplic-
ity of the method.

1. Experimental
2.1, Reagemis

All chemicals mentioned hereafier were, at least, of
reagent grade and used s received. All water used in the
experiments was previously purified in a Millipore Milli-Q
system, Tilkh Degussa P-25 (B0% anatase—200% rutile) was
kindly gifted by Degussa (Spanish delegation). Titanjumi(1V)
bis{ammonium lactato)dihydroxide (A ldrich) was purchased
a5 a 50% aqueous solution and diluted with water prior (o its
utilizarion.

2.2. Substrate cleaning

The substrates wsed were 1TO (IngO3:8n)-covered glass
13-18 g, 1.1 mm thick optical glass (Opricalfiliers LK),
F-doped SnOs-covered glass 15 f¥sq (Flabeg. Filking-
ton Group) and polv(ethyvlene terephihalate) coated with
Ina0:Sn (PET-ITO, T-MOX 607175, 60 £2/sq on 175 pm
thick PET)—a sample Kindly supplied by Innovative Sput-
tering Technology M.V, Glass-based substrates were cleaned
just before performing the deposition process. Samples of
adequate size were subjected to S-min ultrasenic cleaning
first in acctone, then in absolute cthanol, next for 1 min in
30%% nitric acid and finally for 5 min in water, After that the
substrates were dried under a nitrogen flow. PET-1TO sub-
sirates, which do not support this kind of treatment {ITO
films are detached from the subsirate), were used as received.
Maximum precautions were taken to maintain their surface
clean.

2.3, Titk; porous film preparation

A mixture of Tid: Degussa P-25 (2.0g) and 0416 M
TALH solution (10 mL) were stirred mechanically and then
introduced into an ultrazonic bath for 15 min. Then, .50 mL
of a Tritron X-100 solution in water (1:10) was added and
the mixture sontcated for 15 min. Water in the ultrasonic bath
wis changed periodically to avoid temperature increase. The
mixture thus obtained was allowed to stand for a few min-
utes. With the help of Scotch (3 M) adhesive tape spacers
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and microscope slides, the paste wis deposited using “doctor
blade” technique as was described by Smestad [27]. After
the films dried ot room tempersture, they were irmadiated.
Films were located at § cm from a medium-pressure Hg lamp
(125 W, HPE Cathodeon) and no filter was placed between
the lamp and the sample, For comparisen, reference Tida
films were prepared by the conventional procedure described
as method B by Nazeereddin et al. [9].

24, ik by characterization techmnigues

The composition of TiO; films was analyeed by ATR-
FTIR performed with a Bruker apparatus (Tensor model
equipped with MK Golden Gate), Til: powder samples
were obtained by scrapping off the film and pulverizing the
sample in an agate monar, To test the adhesion of TiOs films
1o the substrate, we used ultrasound disruption: the elec-
trodes were immersed completely in a beaker with water
and sonicated for different time intervals (Ultrasonic bath
Selectn, 50 W), Surface characteristics of gold-covered films
were further investigated by SEM, using a Hitachi 5-570
electron microscope, Tilk film thickness was studied with
SEM. Ti0s films were casily distinguished from the sub-
strate because of their different roughness, Low-temperature
unpolarized photoluminescence (PL} experiments were per-
formed in a backscanering geometry, Samples were placed
inside a helium close-cvele crvostan and the 3252 nm line of
a 30 m'W He—Cd laser was used. The emiteed light was ana-
lyzed by a Jobin-Yvon HRA6{ spectrometer using a GaAs
PMT detector optimized for the 350-650nm range.

2.3, Sensivizavion of the filmes and photeclecirochemical
MICASN e meniy

The dve, civ-bis(isothiocyanatodisa 2,2’ -bipyridyl-4.4'-
dicarboxylato)rutheniumi 1) (Greatcell Solar S A, Switzer-
land) commonly named N3, was used as sensitizer. For the
purpose of eliminating water in the TiOa, before sensiti-
zation, samples were heated for 1h near 100°C (80°C in
the case of ITO-PET samples). They were dipped while
still warm, in a 0.5 mM solution of N3 in ethanol for 24 h
and subsequently rinsed with ethanol. They were dipped in
ethanol to desorb any excess dve. These films were dried in a
nitrogen stream before using them as photoelectrodes. Pho-
tocurrent action spectra were measured with a Pye Unicam
SP 600 UY monochramator system to which a 35 W halogen
lamp for sample illumination was added. A Keithley 6487
picoammeter was coupled to this system for photocurrent
measurements. For obaining IPCE values from measured
photocurrent., samples were substinuted by a spectrally cali-
brated photodiode to measure incident light intensity at each
wavelength. A two=electrode photoelectrochemical cell was
used for photocurrent measurements with a Pt counter elec-
trode. Radiation was incident on the TCO side. The redox
electrolyte consisted 0.50 M Lil, 0.050M 1z, and 0.50mM
fert-butylpyridine in 3-metoxy-propionitrile,

Photocurrent-voltage mersurements were made ina two-
electrode sandwich configuration. The active area of the cells
was 1.9em?. Counter electrodes were prepared by spread-
ing a drop of 10mM hexachioroplatinic acid solution in
2-propanol on a SnC::F covered glass, followed by heating
at 380°C for 30min in air [28-29). A spacer was placed
between the two electrodes to avoid shon-circuit and the
previously mentioned electrolyte was wsed. Visible light
was penerated with a 50 W halogen lamp with a UV filter
{#=325mnm}. In order to decrease the temperature change
coused by IR heating, a water filter (3.0cm optical path
length) was used. Lamp distance was adjusted in order to
obtain a light intensity of 100 mW 'em®. I-V curves were
traced with the help of a simple multimeter and variable resis-
tances.

X Resalts and discussion

Owr first objective wis 10 define a good TiO: precursor
suspension, which must contain a mixture of photoactive
nanocrystalline TiOz and a molecular titania precursor, The
first ingredient must supply the necessary photoactivity to
decompose the second component, the titania precursor, The
additional titanium oxide formed after TALH photodegra-
dation must act as cement and assure elecirical connection
among particles, as well as, between titania and the sub-
strate, The criteria used 1o find an optimal formulation was
uniformity and adherence of the film obtained after LY treat-
ment. TiCk; Degussa P-25, casily available and with a high
photocatalytic activity was chosen as the crvstalline Tios
powder component of the mixture, TALH was chosen as tita-
nia molecular precursor because it is a stable compound even
under open aimosphere and special care must not be taken
during its manipulation. Besides, it is commercially available
and it allows the use of water as a solvent.

The mass of Ti0s obtained from the decomposition of the
maolecular precursor must be enough to assure necking among
preformed nanocrystals, On the other hand, the time requined
for TALH decomposition increases with its concentration in
the initial mixture, Besides, TALH could cover the entire
catalyst surface if present in a high percentage in the mix-
ture and this probably causes photocatalviic activity decay.
Therefore, it seems reasonable that the amount of TiOs
be formed from the molecular precursor must be low com-
pared to T, added as a crvstalline powder. Afler several
paste compositions were essayed, the optimized composition
found contains | mol of TALH per 7.4 mol of Tid; present
as powder, The qualitative criteria used for this optimization
was endurance of the obtained laver with sonication time,
i.e., area that remained covered after 10 min in the ultrasonic
bath. The TrO= powder to precursor molar ratio selected is
approximately half the value used by Yoshida and co-workers
with their hydrothermal method [24]. A smaller percentage of
TALH does not allow the production of stable films. A small
amount of Triton X-100 was added to the mixture o facil-
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itate substrate wetting and 1o produce uniform flms using
“doctor blade” technique. The organic nature of the surfac-
tant allows its elimination after UV activation of photocalytic
Tik. Ultrasound was used to break as much as possible the
large agglomerates usually present in Tildy Degussa P-25
aqueous suspensions, and to facilitate the intimate mixture of
the three components. It was found that additives normally
emploved to break TiO» aggregates, |ike acetylacetone, acetic
acid, etc.. lead to loosely adhered films. Probably. their pres-
ende and or their degradation products avoid or make difficult
the adsorption of the titania molecular precursor 1o the TiO:
nanocrystallites. Besides, the presence of these substances,
which strongly adsorb on the TrO: surface, can block activity
center and the photodegradation processes [30-31],

The emperature attained in the film during UV irradia-
tion was lower than 80 °C. As no UV filters are used, it must
be considered that both direct photolysis and TiO»-activated
photocatalviic degradation are possible pathways for preciir-
sor decomposition. It is well known that under TiO: irradi-
ation with photon encrgy higher than its band gap, strong
oxidant species are formed that promaote the complete min-
eralization of organic compounds, Different UY treatment
times were essaved from | to 6h. ATR-FTIR spectroscopy
was used to assess the effect of the UV treatment, using sam-
ples representative of the whaole film thickness. The reference
sample was obtained simply by drving the precursor paste,
i.e., prior o irradiation treatment, when all the TALH was still
present. In the spectra (Fig. 1), intense peaks assignable to
TALH are clearly visible (2983 and 2940 cm™ ! C—H stretch:
1376cm ™" symmetric stretch carboxylate group, 1114 and
1051 em~! methy| group skeletal vibration), After only 1 h
treatment, their intensity has diminished strongly. Broaden-
ing of peaks is 1o be expected considering that a blend of
different degradation products could be formed. The rapid
elimination of the organic species could be due 1o the forma-
tion and diffusion of volatile intermediates. Treatment was
performed for 6h to eliminate more refractive compounds
responsible of weak signals that remain and require longer
treatment (Fig. 1). After this longer treatment, most of the
organic substances are climinated.

A
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Fig. L. ATH-FTIE spectma of the Titd; flm afber difTerend times of irradastson
{ [rom botlom 1o top: 0, |, 2, and & b, respectively ). Spectra are representalive
of the whale film thickness congposition as samphes were obtalmed pulverie-
img film portions sorapped lrom (e substrate.

If we consider the low optical mansminance of TiO: for
4 lower than 385 nm approximately. then the upper laver
of the film hinder the illumination of the material below,
MNonetheless, the lsctate that remains in the deeper layers,
where the intensity of incoming radiation is smaller, could
also be degraded because oxidizing species are able to dif-
fuse through the pores to deeper regions of the flm [32-33],

Films prepared by this new method are more opague
than those prepared by the conventional method, which are
translucent, This indicates that bigger aggregates are still
present in our method. In the Nazeeruddin's method [9].
the use of acetvlacetone helps 1o break the agglomerates
present in P=25, As mentioned before, the use of acetylace-
tome or other disaggregating substances must be avoided in
our method because it worsens the adherence of the films
produced. SEM analysis (Fig. 2a and b) shows larger aggre-
gates but comparable crystallite dimensions when comparing

Frg. 2. SEM imapes of porous Tilhy films produced by fah the method repomed inthe present work, after &h. LY lighe mradiaion; (b) sample obtaised ssmp
Mazeeriddn method B [9]: and ic) small film (agmes prepared as in (a b deached from the substrate afler alimsound ereatment
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samiples prepared by the present technique with samples pre-
pared using acety lacetone for disaggregating TiO, The larger
aggregates give rise to larger pores, since they do not pack
as well as small particles. This should reduce the total real
arca of the device. In Fig. 2c, the typical thickness of layers
abtained is shown—around 12 pm,

Adhesion 1o the conducting glass substrate was tested
studving resistance to sonication. Tests showed that adhesion
is irregular, some areas been detached while others remain
firmly attached. Although the percentage of area lost afier a
certain time varies from sample 1w sample, it was possible wo
obtain results comparable to those obtained with the conven-
tional method that includes an annealing step. Spois in the
TiO: film are detached as platelets (see Fig. 2c). This shows
that powder nanocrystallites hold firmly together; that a good
necking among particles is obtained. It also indicates that the
ITOVTIO: interface contact is not uniform. The same prob-
lem was found in other low-temperature sintered TiOs films
[19]. The Fact that in some areas the adhesion is much better
than that in others suggests that an adequate substrate acti-
vation or pre-treatment could probably homogenize the firm
adhesion of the film to the conducting glass. This aspect is
under investigation, It is also possible to depaosit films on 1TO-
PET substrates. In this case, the sonication test is not possible
because the ITO layver detaches. It must be stressed. though,
that the film does not peel off when the substrate is bent.

The absence of strong IR bands, as well as the fact that the
hvdroxides and carbonates of titanium are not stable, suggest
that Ti(k; has been formed as a final TALH photodegrada-
tion byproduct. We have tried XRD to know more about
the crvstal structure of the genersted material, The pattem is
dominated by the intense signals due to the nanocrysialling
Titks present in the initial mixiure (Degussa P-25), which
constitutes most of the TiOs layer. One tends to think that,
as it is to be expected, the deposited materials reproduces
the crystalling structure on top of which it grows given the
similarity between XRD of the layer obtained with “paint-
on” and the one ebtained with our method. The presence of a
minor XRD-silent component {amorphous phase) could not
be completely excluded, though,

Photoluminescence specira were also used 1o characterize
the TiO= films. In Fig. 3, we can see the low-lemperature
spectra (7= 13 K) of a film made from the TiOs + TALH
mixiure before (dashed line) and after the 6h UV treatment
(solid ling). For comparison, the spectrum of a film pro-
duced by Nureeruddin method including 430°C annealing
is also showed (dotted line). Considering the same pho-
toluminescent emission, the peak intensity depends on the
concentration of other competing non-radiative recombina-
tion cenmters, The lower intensity of the sample prior 1o UV
treatment (about 20% less) is due to the fact thar the TiQa
surface is covered with photodegradable substances, and the
recombination process is less probable, ie. adsorption of
the TALH precursor on the crystalline TiO: quenches par-
tially their PL [34-35]. The intensity of the PL signal m
550 nm of the sample after the L'V treatment is very similar to

Intensity (ach, units)

7 (mm)

Fig 3. L spoctra of panods thick Te0s films prepared by prodesced by (a) the
mcthesd reported im the presemt work (dashed Hime) befione U Tight ereatmsent
and {solid lime ) afber & b, UV light iresdiation: idoned lise) sample obatned
using Mazeeruddin's methed B [%)

that corresponding to the film prepared by thermal annealing
(dotted ling). This indicates that defect concentration is very
similar in bath samples, since non-radiative recombinations
are favored at defects, e.g., those due to internal surfaces or
boundarics formed by particles necking. Since the shape of
the PL emission is the same for different treatments, this indi-
cates that the Kind of defects (or emissive centers) responsible
of the PL signal has not changed due 1o the treatment.

The photovoltaic properties of the electrodes obtained by
our method were characterized and compared o electrodes
made by the more conventional method, which includes
annealing at high temperature. First, we measured |PCE of
M3-sensitized (Fig, 4) electrodes prepared on 1TO-glass sub-

100
(=1}
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M ] I!Iun o UI.-"-l.l
o
I;B e“- o :nD
-] o2 Teg
w ] = ot % %
E o oty &
= :n i;;D %0 4o
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- ato
n'"ﬂ
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0 L.
400 00 00 00 1]
b (A

Fig. 4. Dependence of the IFCE valoes for M3 sensiieed Tilk: elecirsdes
prepared on 1TO-glass substmies by owr UN-hased method {sguanes); con-
vendicnal method imcluding anscalimg ai high femperaiure (open circles),
and photnelectmde prepared by owr Lhased method on ITOWPET sub-
strade (Emvenied triangles) The redox elecirolyie consisted of 0,508 Lil,
(050 M Bz, and 050 mM ter-butylpy ridine in J=metoxy-propeoniinle.
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Fig. 5. Curcni-polential carves for Mi-scnsitized Ti(k clectrodes prepased
on Snlhs F gloss sabsarsics (solid Dime§ by oar method. {doised line pcomven-
tinmal eneibod including anncaling ai high tempemture (dashed lne ) phoio-
electrode prepared by our method on ITO-PET substrate. The redox elec-
molyvie corsesied of U530 M LEL 0050 M 12, and 050 mM ser-buty ipyndine
in Jometoxy-propicnitrile. The radiant power is 100 mWicm®, For compar-
ative infentiom, im all the cases ibe counierelecirede was a platinized Snik: F
glass swhstraie

strates. Results indicate that the photoelectrodes prepared by
the TiO-—TALH mixture method have a satisfactory behav-
ior comparable with clectrodes prepared by the traditional
method. However, it must be pointed that, since we used ITO
based substrates, the rraditional method is penalized as the
resistivity of this oxide increases during the annealing step.

To facilitate comparison of both methods, photocurrent
density () versus voltage (V) curves wene measured for cells
obtained but in this case, SnOziF covered glass was used,
which maintains its low resistivity with temperature. As can
be observed in Fig, 5, very similar results were obtained. It
must be said that we have not attempled to optimize the cells
contacts and geometry. Our first objective is only to compare
the two methods of TiOa film preparation; this is why the
efficiency of the cell is only around 2% and the fill factor
is in the 0.60-0.65 interval. Results corresponding to elec-
trodes prepared at low temperature are slightly bedter. Poorer
resulis, though, have been obtained with electrodes prepared
on plastic substrates. As known, the inverse of the slopes mt
points where V=0 (short-circuit current £y ) and where £=0
{open-circuit voltage Vi) give the so called, parallel resis-
tance B, and series resistance Ry, respectively. Ideally, the
parallel resistance should be infinitely large and the series
resistance (. Therefore, for the plastic substrate, as seen in
Fig. 5, the parallel resistance is too low and the series resis-
tance (oo high. This must be due to the higher resistivity of the
I'TE layer on this flexible substrate, which is four times larger
than that of the glass substrates os said before. Evidently,
higher contact resistance increases series resistance; but also,
high contact resistance might lower electron extraction, This
could lead to electron recombination with the electrolyie at
the contact, which represents a leakage current and decreases
parallel resistance. Further studies are required using lower
resistivity plastic substrates.
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4. Conclusions

A new procedure 1o the preparation of porous thick T
photoelectrodes is proposed and studied. s essence is the
use of the photocatalytic propertics of nanocrystalline TiC
to decompose a molecular titania precursor, The thus pro-
duced titania serves to neck previously crystallized TiOa,
a5 well as w improve TiO» porous laver adherence to the
TCO. The highest temperature reached with this method is
approximately 807 C:therefore, it is suitable for I TO-covered
plastic subsirates. The use of an open-mmosphere-stable and
water-soluble titania precursor is another clear advantage,
A first evaluation of the performance of the films obtained
as photoclectrodes fior DSSC has given promising results:
photoelectrodes obtained using the proposed technique show
characteristics equal o or better than those obtained with the
traditional method. Good mechanical properties were shown
by the films obtained with the new method related 1o sat-
isfactory necking among nanocrysiallites and very strong
adhesion in some areas {(which could be made uniform for the
whaole area in the future). These characteristics should also
favor electron transport from particle to particle and finally,
to the TCO,
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PART 4.2:

ALTERNATIVE FLUORIDE SCAVENGERS
FOR TiO, LPD

Publication 2:

Alternative fluoride scavengers to produce TiO, films by the liquid
phase deposition (LPD) technique.
J. Mater. Chem. 2006, 16, 2249-2255.
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4.2.1. INTRODUCTION

As commented, hexafluoro titanium(IV) aqueous solutions are stable over
months due to the strong coordination of the ligand fluoro, whereas common titania
precursors are quickly hydrolyzed in aqueous media [1,2]. However, such
fluoro-complexes can be destabilized by means of a defluorinating agent (Equations
1.7.B and 1.7.C) [3.,4]. In spite of Liquid Phase Deposition is becoming a consolidated
wet-chemistry methodology for metal oxide deposition at low temperature, the nature of
the fluoride scavenger has received little attention, although the defluorinating agent
plays a key role in the deposition process. A priori, any substance with enough affinity
for being coordinated by free fluoride anions is a suitable candidate. In fact, alternatives
in the use of boric acid as fluoride scavenger (the commonly used) are poorly described

in the literature.

On one hand, there are a few reports dealing with the preparation of titania
nano-hole arrays by employing nano-structurated anodic alumina as fluoride scavenger
(Equation 4.2.A) [5-8]. However, anodic alumina additionally acts as template in this

strategy, which is not versatile for coating other substrates.

AlLOs(s) + 12 HF(aq) ——> 2 HsAlFs¢(aq) + 3 H,O (4.2.A)

On the other hand, although aluminum metal had also been proposed as fluoride
scavenger in the past by some authors [6,9,10], practical applications of this metal seem
to have been discouraged by two major reasons. The redox reaction between Al(s) and
HF(aq) (Equation 4.2.B) gives rise to the production of Hy(g), which in combination
with solid particles of the scavenger induces heterogeneity in the deposition medium.
Consequently, this heterogeneity makes difficult the correct coating of the substrate
with the corresponding metal oxide and, deposition medium should be pumped through

an additional vessel where Al(s) is compartmentalized [11].

Al(s) + 6 HF (aq) —> H;AlFg(aq) + 3/2 Ha(g) (4.2.B)
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In the paper Alternative fluoride scavengers to produce TiO; films by the
liquid phase deposition (LPD) technique. J. Mater. Chem. 2006, 16, 2249-2255,
trivalent Al(IIT) and Fe(III) cations were proposed as defluorinating agents others than
boric acid (Equations 4.2.C and 4.2.D). In this work, for the first time, the viability of
AI(IIT) nitrate and Fe(Ill) chloride salts as fluoride scavengers for TiO, LPD was

studied and compared with respect to boric acid.
Al(aq) + 6 HF (aq) __y [AIFg]” (aq) + 6 H' (aq) (4.2.0)

Fe*'(aq) + 5HF (aq) —> [FeFs]* (aq) + 5H' (aq) (4.2.D)

4.2.2. MAIN RESULTS AND DISCUSSION

Table 4.2.1 compiles the successive formation constants of [Aan](3 o [Fan](3 o
and [TiF,]*™ complexes (where n refers to the number of fluoro ligands), according to
values extracted from the literature [12-14]. The stability of AI(IIl) and Fe(II)
coordination complexes with the fluoro ligand is orders of magnitude larger than those
for the analogous complexes with Ti(IV). Additionally, each B, of [AIF,]C™ complexes
are approximately one order of magnitude higher than those for [FeF,]®™. Hence, these
thermodynamic constants suggested the choice of these trivalent cations as candidates

for alternative fluoride scavengers.

Table 4.2.1. Successive formation constants of [AIF,]*™, [FeF,]®™ and [TiF,]*™ complexes at
298 K [12-14].

Cation Log B: Log B, Log B; Log P4 LogPBs  LogPs
Al(IIN) 6.1 11.1 14.9 17.6 19.2 19.7
Fe(1II) 5.5 9.7 12.7 14.9 15.4 -
Ti(IV) 6.0 2.2 3.2 4.0 13.0 23
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4.2.2.A. TiO, deposition on glass

Composition, concentrations and temperature of the deposition bath determine
the final properties of deposits obtained by means of LPD [15]. Temperature and
(NH4),TiF¢ precursor concentration were fixed at 80°C and 10 mM, respectively. Series
of preliminary experiments were carried out in order to establish optimized
Ti:scavenger molar ratios and deposition times for being systematically used in the rest
of the experiments. Optimal conditions were chosen in base of a primary
characterization of the obtained deposits: visual observations of adherence (after
ultrasound disruption), macroscopic appearance and, in some cases, X-Ray Diffraction.
Al(III) and Fe(Ill) concentrations of 5, 10, 20 and 30 mM in combination with
deposition times of 2, 3, 4.5 and 7.5 h were tested. As a result of these previous
experiments, the following optimized LPD conditions were adopted: (i) Ti: scavenger
stoichiometric ratio 1:1 and 1:2 for Fe(II) and 1:1 for AI(III); and (ii) deposition time of
3 h. The pHs of the deposition baths were unmodified, being in the usual 1.5-3 range
[16-18]. For comparison purposes, TiO, films were obtained under the same
experimental conditions but employing a Ti:H3;BOj3; molar ratio of 1:3, and adjusting the

pH of the medium to 2.8.

Macroscopic observations of TiO, films deposited on bare glass revealed a hazy
appearance. As shown SEM photographs, low nucleation density on this substrate
resulted in the growth of TiO, forming sub-micrometric hemispherical deposits instead
of a continuous coverage. The chemical nature of the fluoride scavenger determined the
nucleation sites available. The growth rate of TiO, coatings was estimated as an
average, taking into consideration the radius of the hemispherical deposits and
deposition time. Radial growth rate for Al(III) became the largest (in agreement with the
highest thermodynamic stability of [AIF,]®™ complexes, see Table 4.2.1), almost

doubling the corresponding rate of boric acid.

It was totally necessary to find a manner to increase the nucleation sites density
in order to obtain more regular coatings. Thus, bare glass substrates were pretreated

(30 min, 80°C) in a 0.1 M aqueous solution of H,TiFs partially neutralized with NH3.
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Hydrofluoric acid (pK,=3.2) in equilibrium concentration with H,TiFs corrodes glass,
most probably yielding tiny T1,.4SixO, deposits on the surface of the processed substrate
(Equation 4.2.E) [19-21]. This freshly-formed seed layer served as initial growth points
for titania and allowed the desired deposition of well-adhered, transparent, uniform and

compact sub-micrometric coatings on the glass in the posterior LPD process.

SiO(s) + 6 HF(aqg) —> [SiFe]*(aq) + 2 H;O" (4.2.E)

() (b)

R A A

Figure 4.2.1 Schematic representation of the growth mechanism of TiO, LPD (the black arrows
represent the ¢ axis preferential growth of the anatase crystallites): (a) LPD process on bare
glass, growth of isolated hemispherical deposits consisting of elongated and twinned crystals;
(b) LPD process on a seed layer in a pretreated glass, high degree of coalescence among
crystallites of closer aggregates and preferential orientation with the ¢ axis direction
perpendicular to the substrate surface.

SEM and UV-Vis transmittance spectra of the films prepared by the two-step
procedure stated the positive effect of the pretreatment in terms of total surface
coverage and transparency, respectively. Grazing angle XRD confirmed as-deposited
films on bare glass were partially crystalline in the form of anatase phase and,
evidenced typical LPD preferential growth along the ¢ axis direction, due to stronger
fluoride coordination in perpendicular crystal faces [22,23]. It should be remarked here
again that in order to obtain coatings crystalline enough, long deposition times (up to
days) at lower temperatures [3,4,9,24] or posterior annealing steps are required [20].
Besides, samples deposited on a seed layer exhibited a preferential orientation of the
TiO, nanocrystallites perpendicular to the substrate surface, as a consequence of a

majority degree of coalescence of the elongated crystallites when high nucleation sites
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density is available. The thicker coatings (prepared using AI(III) as scavenger), showed
this effect more pronounced. Proposed growth mechanisms of TiO, LPD on bare glass

(a) and on pretreated glass (b) are sketched in Figure 4.2.1.

4.2.2.B. TiO, deposition on ITO-glass

The crystalline coating of the ITO-glass TCO substrate favored in this case the
LPD process, acting as nucleation layer for TiO, deposition due to a similar nature
between both metal oxides. Therefore, regular and well-adhered films were obtained on
ITO-glass with no pretreatment. However, a short (30 min) LPD pretreatment
employing the same conditions of the second LPD process were tested but transparency
and uniformity of the samples became worse. It must be pointed this LPD seed process
was adopted because, as observed experimentally, hexafluorotitanic pretreatment used
for glass substrates increased the resistivity of ITO-glass. Figure 4.2.2 pretends to give
an idea of the macroscopic appearance of the samples, showing photographs of the
coatings prepared on glass and ITO-glass substrate with and without the tested

pretreatments in each case.

Figure 4.2.2. Photograph of TiO, films deposited by
LPD employing AI(II) as fluoride scavenger: (a) on
bare glass, (b) on glass H,TiFs-pretreated, (c) on bare
ITO-glass and (d) on LPD-pretreated ITO-glass.
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Although XRD signals of TiO, coatings were partially masked by ITO peaks,
preferential orientation of crystallites was also observed in samples deposited on the
conductive substrate, also being more intense for the thicker films (prepared using

AI(TIT)).

An evaluation of the composition was required in order to analyze the content of
both AI(III) and Fe(Ill) cations in the deposited materials. Two facts had already
pointed towards the incorporation of iron in samples prepared using this cation: (i)
yellow coloration and light absorption shifted to the visible zone, and (ii) inhibition of
thermally induced crystal growth due to partial segregation of iron(IIl) oxide clusters.
XPS analysis of samples deposited on ITO-glass confirmed a significant amount of iron,
mainly inside the coatings (Ti/Fe atomic ratio around 3). In this case, most probably a
FeTi; xO24» solid solution was formed and, iron oxide segregation observed after
annealing can be ascribed to a lower solubility of this compound in the anatase phase
rather than in the initial amorphous matrix [25]. On the other hand, AI(IIT) did not seem
to be incorporated during TiO, LPD, being its level lower than the detection limit of the
employed instrumental (i.e. 0.5 at.% approximately). A significant fluoride
contamination was also found, although in atomic percentages similar to those

previously reported by using boric acid as fluoride scavenger [4,20,22].

4.2.3. CONCLUSIONS

AI(IIT) and Fe(IIl) cations allow an efficient fluoride scavenging process for
destabilizing fluoro-complexes of titanium(IV). Partially crystalline TiO, anatase is
deposited by LPD in a relative short time (3 h) at low temperature (80°C), although
major average deposition rate is obtained for AI(IIT) cation. Whereas Fe(III) as fluoride
scavenger yields a final material in which this metal is incorporated in high degree,

aluminum content in the deposited samples was not detectable by means of XPS.
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Under the experimental conditions studied, the LPD process only allows an
incomplete surface coverage on common glass in form of isolated hemispherical
deposits consisting of elongated and twinned crystals and, consequently, exhibiting a
hazy appearance. On the other hand, the coating of ITO-glass surface is continuous,
since structural similarities between both metal oxides favor LPD nucleation. The
pretreatment of the glass substrate with H,TiFs allows the creation of a seed layer with
high nucleation sites density. In a posterior LPD process, total and homogeneous
surface coating with a preferential orientation of TiO, nanocrystallites is reached,

exhibiting an acceptable transparency.
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TiD: Nlms have been deposited on bure glass and on glass coated with indium tin oxide (ITO) by
the hgquid phase deposition (LPD) method, wang AN nivrate and Fellll) chloride as alternative
fluoride scavengers. Films were churncterized by gruzing angle X-ray diffraction, scanning
chectron microscopy, L'V-vis spectra, X-ray photoclectron spectroscopy and photoluminescence,
Results are compared with those obtaned using bonc acid, which s commonly used as
scavenger in the LPD wechnigue, Well adhered films, 230430 nm thick, were obtained afiter 3 h off
deposition process at 80 “C {353 K ), While ANy is not significantly incorporated on the film, in
the case of Fe(in) considerable incorporation of this element is observed. When AN nitrate s
nsed ms a scavenger instead of bone acid, the deposition mte is nearly doubled. Furthermore, the
effect of the substrate on the TiOy crystal growth has been addressed. On bare glass, the low
number of nucleation sites, shightly imfluenced by the scavenger nature, causes a partial coverage
of the substrate. Glass pretreatment for 30 min with a H;TiF, aqueous solution at B0 "C
noticenbly increases the nucleation site density, leading to contimeous transparent film deposition.
Coherent films were deposited on ITO surfaces as this substrate fuvors the nuecleation of TiO.

I Introduction

Titanium dioxicde based msterials hive gained much attention
due to the application of these matenials in ficlds as diverse as
photocatalysis.'” dye sensitized solur cells,™* superhydrophilic
self-clenning surfaces,” UV protection films,® and deposition af
inorganic micropattern on flexible substrates,” Development of
soft-solution methods that provide low-cost routes to svnthe-
gize dense and well-ndhered titanium dioxide films for different
applications s nowadays gaining much attention. Low tem-
perature deposition techniques for Titk, not requiring high
temperatire anneiling post-treatments, are particulirly inter-
esting beciause material deposition on thermolabile substrites
is necessury 1o fabricate dyve sensitized solar cells or elecing-
chromic devices on Mexible subsirates or (o deposit pholo-
active catalyst on light support as fibers or plastics.® Liquid
phase deposition (LPD) 15 o process based on the controlled
hydrolysis of metallic Nuoro-complexes and  has  been
developed as a low temperature route to oblain several oxide
fitms, including Ti0s.* LPD processes conform with the green
chemistry principles because it functions wl low temperatures,
uses low-cost and low energy-spending equipment and water
as a selvent.

While commen titania precursors like akeoxides or TiCly are
readily hydrolyvzed even with triaces of water, the great affinity
of Nuonde 1o ttaniem( ), allows 115 stabilization n aqueous
solution 1 the form of Muoro-complexes like hexufluorotita-
nate. However, dyvnamic equilibrium exchange between luoro

*Departmment de wimice, Universitat Anfdmoamur ofp Barcetona, G820
Cerdmmyaly ded Vallis, Spaim. Eamalls JoseAdmtonfo A plloniwab, e
Fix, 3 93581 2009 Tl 34 QA2 T8

".I‘Ju'mrhum-nr it Fivlea Aplicada, Umiversitel Poliréomiog e Felémeta,
EAGOTT Valémeka, Spaim

and water ligands is established. This equilibrium is displaced
towards the more hivdrated species in the presence of a Nuoride
scavenger: these species are unstable and evolve 10 titanium
oxide as final product. The global process, which is slow at
ambient temperaiure, can be accelerated by increasing the
deposition temperature, Boric acid, which reacts with Muoride
in severdal steps (o yield BF. . @ the fMeoride scavenger
commonly used. The key reactions can be expressed as follows:

TiF:~ (ag) +2 HyO = TiO;(s)+4 HF(aq) +2 F{aq)
HyBOsiag) + 4 HF(ag) — BF; (agh + 3 HaO0) + H'(ag)

LPD of T is performed uwsually im the 25-50 C
temperature  range.'” "' These low  temperatunes  allow
T deposition on thermolabile substrates ke organic
polvmers.* ™ Organic-polymercore  Tils-shell composite
particles and Ti0: hollow spheres have been also fabrcated
wsing LPD.'" "™ While wet deposition methods usually require
a thermal post-ireatment in order to induce cryvstallization
of the deposited material andlor climinaie organics, films
obained by LPD can be at least partially erystalline depending
on the precursor concentrition, initial pH. temperatune and
surfapce charscieristics.™ ™ Moreover, deposition rate and
erystal orentation can be controlled by an appropriate choice
of experimenial parsmeters.™ Using microwave irmadiation to
activate the precursor solution, highly crystalline materials
have been obtained; the wemperature of the process remins
relatively low, being limited to the boiling temperature of the
precursor solution to aprox. 100 °C in bath processes”™ and
below 50 °C if a flowing precursor solution is employed ™

T Mlms prepared by LPD have shown their uscful-
mess in the most attractive Ti: Nlms applications: as
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photocatalyst,”™™ as superhydrophilic surface™ " or as

electrode in photovoliaic devices. ™ The great versatility of
LPEY has allowed its use in Ti0: patterning at the micro and
nano seale, """ M Morcover, LPD has recently been used
to develop a L-glutamic scid semsor based on a molecularly
imprinted TiO; film.*

For any oxide materials deposition technology o good
understanding and control of film growih is desirable.™ Afier
ihe pioncering work by Deki ef ef,," "7 the effects of pH and
substrate surface modification by self-assembled monoluyvers
on the T, deposition by LPD have been sindied by other
authors, 537 The use of Nuoride scavengers others than
baric scid has reccived litfle attention, Aluminium is an alter-
native scavenger; however, two facts discourages its use: it 1s a
solid insoluble reagent, and it introduces helerogeneous
conditions in the bath, and hydrogen gas is obtained as a
by-product. Recently, the use of nanostructured anodic
alumina as a solid scavenger has allowed the preparation of
titania nano-hole arrays.™ ™ On the other hand, there are
many metallic cations, stable in the aqueous acid medium used
i LPD, that form strong Muoro-complexes and thus will
consume the free Muonde anions present in solution. These
compleses ang soluble and as such will not interfere with the
deposition process, Consequently, these cations can be envi-
saged as aliernative soluble Muoride scavengers. Furthermaore,
it is expected that the chemical nature of the fluoride scavenger
will have an influenee on the characieristics of the Ti0, films
produced by LPD. In this work, the use of soluble salts of
Al or Felii) as alternative fluonde scavengers has been
studied and Mims produced have been compared with those
obtained using boric acid, A deposition temperiture of 80 "C
and a relatively dilute precursor solution were used in order 1o
favor the crystallimity of the film as well as to redvce the
amount of precursor lost due to homogeneous precipitation.

2 Experimental
2.1 Reagents

Ammonium  hexafluorotitanate (AHFT, Abldnch),  alumi-
mumi 1] nitrate { Fluka), irconiin) chloride { Aldrich), boric acid
{Panrexc) and hexafluorotitanic acid (Aldrich) were used as
received. Water purfied with a Milli-Q (Millipore) system
{conductivity < 0.05 g% cm ") was employed both in solution
preparstion and cleaning procedures. Analytical grade acetone
and ethanol (Panreac) were also used for substrale cleaning.

2.2 Subsirates

The subsirates used were ITO (In0y @ Sn) conducting glass
13-18 £ sguare 1.1 mm thick (Optical Filiers) and bare

cleaned just before performing the deposition process. Glass
slides were successively immersed for 15 min in bailing 3064
sulfuric acid and 15 min in boiling water, followed by 3 min
ultrasonic cleaning in acetone, then absolute ethanol and
finally water. ITO-glass substrates were subjected to 5 min
ultrazonic cleaning in acetone, then in absolute ethancl, then in
30¢% nitrie acid for | mun and fnally in water for 5 more min.

2.3 Depuosition of Ti(); films

Bath soluttons were prepared by mixing new AHFT solutions
with fresh solutions of the different compounds used as
Muonide scavenger: boric acid, A nitrate or Fe{in) chlonde.
Several compositions of the chemical bath were essuyed; their
compositions, stolchiometric relations between titanium. and
scavenger and mitial pHs are summarized i Table 1. Each
hith composition his been denoted according to the nomen-
clature “=TiOuJscavenger=>" (first column in Table 1), When
boric acid is used, the pH of the precursor solution was
adjusted to 28 with diluted HCIC,. Subsirates were placed
vertically into o polyethylene vessel containing the precursor
solution and the whole system was kept at 80 “C dunng the
deposition process. After deposition the films were gently
wished with water and dried in a mitrogen gas Mow,

In additional experiments, the substrate (bare plass slide)
wits pretrested inoa 000 M H.TiF, solution, with the pH
adjusted 1o 3.2 using diluted NHy, at 80 °C for 30 min. Afer
this treatment, the substrate was sonicited in water and used
immediately, For additional characterization, some Nlms were
anneithed at 300 “C on air for 3 b,

2.4 Characterization fechnigues

The film surface characteristics were investiguted by SEM on
gold coversd samples. using o Hitachi 5-570 microscope
foperating voltage, 10-3 keV). For thickness measurements,
samples were cul into pieces resulting in the break of the TiOs
film newr the cur edge of the substrate, Film thickness wis
stuchied in these edges, taking into consideration the sample
nclination with respect 1o the clectron beam, Tidy: films were
easily distinguished from the substrate due to ther different
roughness. The XRD spectra were registered on o Philips
X'Pert diffructometer equipped with a monochromutor and
using Cu Ka radiation (4 = 0,1534056 nm). In order (o increase
ihe sensitivity of ihe thin ilm signal, a grazing incident con-
figuration was used (2.0°), Transminance of films deposited
on glass was mensured with a UV-vis Helios scries ¢
spectrophotometer {Bonsal Technologics), using the bare glass
substrate as the blank,

KPS experiments were performed inoa PHI 5500
Multitechnigue System {(from Physical Electronics) with o

glass {mic‘msmp: slides DL, Germanyj. Substrates were monochromatic X-ray  source (Alominium Ka line of
Table 1 Baths composition wsed for Tidy, deposition

Bath Scuvenger {soure) [T IF ] mitia [Senvenpet s T 1 scavenger molar ratie PHinaia
< T/ AL= ALY (AN b TH 00 I mM I mM (H 1l

< Tl 1-Fe=> Fe' (FeCl) I mM I M Il 2.2

< Tl 2-Fe= Fe' (FeCl) Ik mM 2 mM 12 2

< TR B0, 10 mM M) M 13 28
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[486.6 eV energy and 350 W), placed perpendicular 1o the
analyzer axis and calibrated using the 3d™ line of Ag with a
full wadih at half maximum (FWHM} of (L8 ¢V, The analyzed
ares was a L8 mm diometer circle, and the selected resolution
for the fitted spectrn was 23,3 of pass energy and 0.1 eV siep .
Additional measurements were done after a slight sinpping
that were performed sputtering the surface with an Ar™ ion
source (4 keV energyh. All these measurements were made in
a ultra high vacuum chamber {pressure between $ = 107 and
5 % 107" Torr)

3 Results and discussion
L1 Deposition on glass

The firsi objective was io select experimenial conditions that
allow film deposition at o relatively high rate and favor the
crvstalline nature of the coatings, A st of preliminary
experiments showed that sirongly adhered films on bare glass
subsirates were produced at B0 "C vsing a 10 mM fitanium
precursar solutton. Tempersfure was incressed  somewhat,
compared 10 these uwsually emploved in LPD processes
{comprised between 25 and 50 °C), with the aim 1o fuvor the
ervsiallization of Ti0L.. ™ The precurser concentration used
wits five to ten times lower than those habitually used in LPD.
This low precursor concentration benefits  heterogeneous
deposition ve. homogeneous nucleation and consequently
allows to reduce the amount of procursors consumed due o
powder precipitation by homogenous phase nucleation. The
reduction of solids in suspension is advantageous taking
into account that these particles can be trupped in the film
resulting in o poor quality of the coating. Furthermore, the
low precursor concentrition favers the production of more
erystalline muterials,™*

When the deposition time i noticeable increased fragments
of the film detach from the subsirate, remuaiming as hitle sheeis
in the bottom of the container, pointing towands increased
miechanical stress for thicker films. The moment at which this
phenomenon occurs depends on the bath composition: though
never has been observed at the deposition time selected (3 h),
always occurs after seven hours of deposition penod. As a
consequence, the thickness of the deposits obtainable by the
LPD process is limited, as has been observed previously.™™
The molar ratio of Nuorsde scavenger with respect 1o TiIv)
wits fixed 1o one for ANm}, while in the case of iron{iil) two
Ti : Fe molar ratio alternatives, 12 1 and 1 ¢ 2, were studied.
The number of equivalents of boric scid wis fived e 3.0, that
s o comman value used in previous works, 17 1819284

The TiOs films deposited on bare gliss substrates usng any
of these three different Muoride scavengers have a hazy aspect.
Additionally, a vellow color is observed for films produced
using Fe{iil) as luonde scavenger, pointing toward some
degree of iron ncorporation in the deposited material (see
later). The surface morphology was stedied by SEM (Fig. 1)
In all cases only a partial substrate coverage was observed, The
morphology of the films consisied of hemisphenical deposits; a
similer morphology has been observed in T}y flms obtained
by LPD processes when the nucleation sites density is bow,'™"™
Bath composition has some influence in the density of
nucleation sites, being clearly lower for <TiOW/B> and higher

Fig. | SEM micrographs of TiQ: llms deposted on bare ghess by
LPD wsbng different bath compositbons: (a) <Ti0./41>=; (h) <Te01-
Fe=; {c) <TiD«2-Fex and (d) <TiD B>,

for <<TiOuf2-Fe> {sce Fig. 1). On the other hand, the average
size of the hemispherical deposits is much higher when Ab(un)
i5 used as Mluoride scavenger (Fig. la), compared 1o boric acid
{Fig. 1d). leading to a better substrate coverage. Radial growth
avernge rates for AN, around 175 om h ', almost double
the corresponding to borie acid, 90 am b ™" 110 and 82 am b ™'
radial growth rates are observed using <TI0y 1-Fe> and
<Ti2-Fe>, respectively. Although the rte diminished
when the amouni of ironiiil) 15 doubled (=Ti0w2-Fe>)., an
increased  degree of subsirate coverage 5 achieved as a
consequence of the higher number of nucleation sites (compare
Fig. lc and b

It must be taken into account that the different bath
compasitions have stightly different initial pH values. In the
<Ti0x/B> bath the pH was adjusted to 2.8 with perchlaric
acid. This pH moedification, also adopted by other authors,
wives films with improved transparency than those obtained a
witural pH (cw. 3.5 In the other baths, the pH valwes are
lower without added acid (<TiOYAl> |, 2.1; <TI0y -Fe>, 2.2
and <TiDw2-Fe>, 201 To simphiy the work methodology,
the pH of these buths were unmodificd. [t has been cstablished
that using boric acid as a scavenger, a pH redection from 2.8
to L3 implies a noticeable decrease of the T, deposition
maite.™ This implics that the higher deposition rate observed
using Al or Fe(ltl) as a fMuwonde scavenger, cun not be
directly ascribed to the more acidic character of the chemical
bath in these experiments. A different factor must be the origin
of these enhinced deposition rites. Lower pH viilues favor the
chemical atiack of the glass substrate by HF traces and mus
assist the anitial nucleation of TiDs. Neverthebess, it 15 nod
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possible to establish o direct relationship between the density
of nucleation sites and the initial pH of the bath, denoting a
clear influence of the chemical nature of the other spocics
present in the bath.

A two-step process was designed in order 1o intentionally
increase the nucleation sites density and thus obiain more
regular films, The first step is a relatively short (30 man)
substrate immersion in a 0,10 M H=TiF; selution, at 80 °C,
Dwuring this pretrewtment, the glass substrate isell could wct as
Muoride scavenger, leading to some TiO: deposition. It is
known that HF, present in small equilibrium concentrations in
HsTiF, selutions, can corrode 510, producng silicon Muonde
complexes.™ However, after this short treatment the glass
substrates seem unaliersd to naked eve and no appreciable
amount of deposiied material could be observed, Although
the modification of the substrute 15 too shght to be cleary
measured or identified by the characterization technigues used
during this work (UV-vis spectra, grazing anghe XRD, SEM},
the positive effiect of this pretreatment is evident by the fact
that posierior LPD process on thus treaied subsirates gives
optically transparent Tild; films (25 mentioned, films deposited
on untreated substroles present a hazy appearnnce). SEM
charactenzation confirmed that the two-steps method allows o
more regilar coating (Fig. 2) In these =amples, Nlms
homogeneity is improved and accordingly, thickness is much
better defined (Fig. 3). The average deposition rate is again
much higher using Al as a scavenger (150 nm h ')
compared 1o boric scd (85 nm h ') The other measured
vilues were 105 and 85 am h™' for flm deposited using
ST 1-Fe> and <Ti0.2-Fe=, respectively, All these data
are close 1o the rudial growth rutes estimated from the siee of
the hemisphencal deposits obiained on non-treated glass.

The most compact and regular films produced by this two-
step method were used 1o perform UV-vis transminuinee
spoctre (Fig. 4). Films obiained wusing boric acid or

T

Fig. 3 SEM micrograph showing a step on a Te0, films deposited on
bare glass pretreated with a solution of hexafluoronitun acid. The step
was done mientionnlly by crockmg the glass substrote after depositson.

aluminum(iil) as scavenger are highly transparent in the
visible specirum, The absorbance in the visible range spectrum,
at lower wavelength interval, of the samples obtained from
<TiO1-Fe> and <Ti02-Fe> baths suggests the incorpora-
tion of this cation in the matcrial. Absorption oscillations,
due to imerference phenomena, are more evident on samples
obtained in <TiOSAl> baths, indicating that more regular
films are produced in these samples, Specira have been
processed in order to estimate the absorption threshold values
from the expression corresponding 1o indirect band gap
semiconductors { Table 2).

In the as-deposited film from the <Ti0JAl>= and the
<TiOSB> bath, absorption threshold values are slightly
higher than anatase band gap (Egh. After anncaling, a shifi
1o the visible 15 produced and the new values agree with the Eg
values expected for anatase, suggesting an increase of film
crystallinity. On the other hand, absorption threshold values
determined for films obtuined vsing iron{lll) as scuvenger are
considerably shifted towards the visible. After anncaling, a
more propounced shifi 15 observed. These data strongly
sugpest the ncorporation of rondill) specics on the film, as
wis confirmed by XPS analvsis (sec later), The changes
abserved after annealing could be due to a partial segregation
of ironfin) to form tiny iron(il) oxide sggregates. Similar

Fig. 2 Companson between TiQ: llms deposited on bare glass (up) and Nlmes depesited on glass peetreated with o solotion of hexafllecrotitions
actd (bottom). SEM micrographs cornespond 1o samples obtamed using bath compositbons: <TiOWAl>_ () and [e); <TiDy 1-Fex, {b) and i

< Tl 2-Fer fch mmd {g) and <TilDB=, (d} and (hi

2252 | & Mater, Chem, 2006, 16, 2249-2355

106

The Royal Society of Chemistry 2006

This journal is



CHAPTER 4: RESULTS AND DISCUSSION

100

40 i f

% Transmittance
.y

8 P

00 30 400 450 S0 580
3 (nm)

——
e P

% Transmittance
z

300 350 400 450 500 550
4 (nm)

Fig. 4  UV-visible iransmintanee speeira of TiOy thim films deposhied
on gliss pretreated with o solution of hexalloorotitanic ackl, as
obiained (a) and after caleinations (b)), Films were prepared by the
two-step method using different bath compesitons: <TiOWAl=, selid
lime; <Ted/1-Fe>, dotted-dashed lme; <Te/2-Fe=, dashed line, and
= TeldB>, dotted lne.

Table 2 Absorpiion threshold values (eV uniis) cormesponding 1o
different Tid: films deposiied m glass pretrenied with HaTiF.

Hath As-deposted film Anneabed film
<TiOJAL= 138 118
< Tk 1-Fe> KXY 150
< Tl 2-Fex EXL1] 140
= Tl A= 1an e

resulis have been found in Fe'*-Ti0. films obtained by
cvp™"

Xeray analysis of the differemt T Glms revealed peiiks
assignable 1o the anitase structure, although only weak sagnals
were observed for the films that contain less amount of
msterial. Anitase formation is favored in the presence of
titaniwm strongly complexing ions such as Muoride, this phase
being usually produced by Ti0: LPD™ Diffractograms of
as=deposited films on bare glass (Fig. Sa) show poorly defined
peaks that are relatively best defined in the case of thicker T,
film obuiined using Alin). Afier annculing (Fig. 3b), XRD
patterns of films prepared using baths <TiOJAl> or <Ti0/f
B show thinner and mornc intense peaks as a consequence of

<THC A

T -Fer

'k\\‘ " = <Ti2-Fe
=T, fBo-

b U -] W 3 40 45

Intensity (arbitrary units)

Intensity (arbritary units)
/V /
r% 4

“TiDT-Fao
L i
M} 2/ WM W 40 45 S50 55 B0
2009
(oa)] C
(i)

Intensity (arbitrary uniis}
3
- /é.[

Fig. §  Grarng angle XRD diffractograms of Ted: (ks deposited on
bare glass (u) before and (b) after anncaling. and (c) TiOD, flms
deposted on glass pretreated with a solutson ol hexalporotitanic acid.
Bath composition employed for each sample s indicaved on the fgare.

the thermally induced crystal growth. In contrast, annzaling
has lintle effect on the diffractogram of films deposited from
baths contuiming Fe{un), pointing that the scgregation of iron
prevents the crystal growth in these sumiples. However, no
signal assignable 1o an iron oxide phase was observed, no even
on annealed samples diffractograms.

The XRD patierns of the films deposited on bare glass
{Fig. 5u and 5b) differ noticeably with respect 1o those of the
more compact films obtained on glass pretreated with HoTiF,
{Fig. 3¢). On Fig. 3¢ peaks arc more intense and present clearly
different relative intensities than those of the anatase patron
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UCPDS pattern 21-1272), In the anatase patron, correspond-
ing to complete ramdom order, a 5 ¢ | intensity ratio is
observed between the most intense peak (plane {101); 25,37,
and the peak that appears st 20 = 378" (plane (004)), In the
diffractograms of our samples, the relative intensity of the
peik ar 3TE° appears notubly increased with respect 1o
the anatase patron, This effect is more intense in the case of
the Nilms produced using Al(iin, which are the thicker films.
Oy the other hand, patterns corresponding (o films produced
using boric acid and iron(it), that have a similar thickness,
present very different intensity ratios between these two peaks,
indicating that other parameters influence the crystal growih
andlor orientation.

The preferential ec-axis orentation of the anitase flm
growth on glass can not be the result of o specific nuckeation
mechanism, as the substrate lacks an ordered structure,
Preferential crystal growth in the [(M] direction has been
observed previously both for Titk powders and Glms obtained
from AHFT, 2" This has been associated with preferential
adsorption of Muoride to planes parallel to this direction,™

It has been shown that preferential crystal growth is enough
o explain a preferential crystal onentution with respect 1o g
substrate.'™™ In T, LPD, initially hemispherical deposit
are formed. Each hemispherical deposit consisis of numerous
clongated crystals, with the long axis parallel 1o the caxis
and disposed on radial symmetry around an initial suclestion
zite, Cosbescence of such depositz, reached earlicr or later
depending on the density of nucleation centers, favors the
growth of the erystals, with the c-axis perpendicular 1o the
substrate.""* Thus, u high density of nucleation sites deals to
smooth, dense and oriented film (Fig 33, On the conirary,
if only w limited number of nucleation sites is available,
hemispherical deposits grow before 1o coalesce, Le. not
oriented wived flms were produced and only partisl substrate
coverage is obtained (Fig. 1),

3.2 Ty deposition on ITO

Tids deposition on ITO s favored due to structural similantics
between both muterials; as a consequence, coheremt films are
deposited on ITO covered ghiss, [t must be taken into account
that in the XRD diffractograms the peak corresponding to the
anatase plane (004) (20 = 378} is not resolved from the
substrate signal (peak ot 20 = 37.9%) However, compiring
the XRD patterns of ihe sobstrate and the Ti0s cowed
substrate (Fig. 61, it is evident that the imtensity of the peak at
I7.8° gremtly increases relative fo the other visible peaks for the
samples with the Tl film, so the contribution of the anatase
signitl is evident. In this case, thicker films dre produced using
Alfry as scavenger, slso showing a more pronounced crystal
preferential oricniation,

The composition of the TiO; thin film deposited on 1TO
covered glass using AN or Felii) as scavengers were
characterized with XPS {Table 1), As-deposited Nlms were
analveed before and after Ar sputtering (in the first case,
the comtribution from adventitious carbon has not been
conswdered 1o calculate the composition of the filmj, Soft
stripping conditions are used (o chminate only 23-50 nm of the
film, Aluminum is not detected in the samples produced from

Intansity (arbritary units)

Flg. 6  Grazing angle XRD diffractograms of T films deposited on
ITCY covered gless, Bath composstion employed for each sample is
mmdicated on the fgure. The diffractogram corresponding 10 the
substrate is also included (up) for comparison.

Table 3 Composithon (an%) of TIO, fHms deposited on ITO covered
glass using dilferent chemical bath compositions

Bath 0 T 3 Si M Fe In
< T Al= GRO MY 35 0F 08 — p—
=Ti0y/Al=" 355 404 35— b6 — —

<TiOs-Fe> 676 2301 27 1o 05 40 —

<TiQyl-Fe=" 334 35 22 - — 1.2
<Tila/2-Fe> 24 LT 0T 4 08
< Tidy2-Fe=" IG - 0.2 12

" Daa corresponding 1o measures done aller o shight samiple
SLAEPPEng.

bath <TiCfAl=, whilst the samples produced from the baths
containing ronfill) have a significant amount of this element
incorporated. Remarkably, iron concentration is higher inside
the flms. Fluorsde, the most usual contaminant in Ti0y
obiained by titanium ﬂuumwmmpkm,n‘” was also found at
a significant level and higher in the samples obtuined in the
<TiO<Al> bath. The presence of Si can be related to the
attack of the glass substrate by the HF present in the procursor
solution, vickding silicon Muoro-complexes, These silicon
derivatives are unstable due to the presence of Nuoride
scavenger and yviclding then insoluble oxide material that is
incorporated in the film.™ A similur process can account for
the presence of indium traces, while ammonium and nitraie
ions are the source for the traces of nitrogen detected.

4 Conclusions

Presemed resulis demonstrate that soluble salis of AlGun and
Fe(im) can be psed as fluoride scavenger. Al allows o
obtam partially crystallized films at low temperature (830 °C)
and at higher deposition mates than borie acid. Felm) used
as scavenger produces wellow colored films containing o
significant amount of iron dispersed in the tianium oxide
mainx. For both scavengers, the films contain significani
concentrations of Moorine, lesser in the case of Fein).
Comparable fluorine levels dre found when borc acd is
used as scavenger.™? The chemical nature of the Muoride
scavenger alzo determunes the pumber of nuckeation siles

2254 | & Mater, Chem, 2006, 16, 2249-2355
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CHAPTER 4: RESULTS AND DISCUSSION

accessible, Gilass pretreaiment with HaTiF, greaily increases
the mumber of accessible nocleation centers. LPD on thus
pretreated substrates allows to obtain compact films that
present a preferential oremation of the Ti0s crystallites, with
the c-axis perpendicular 1o the substrate, The degree of this
preferential onentation = influenced by the chemscal nature of
the Muoride scavenger.
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PART 4.3:

ONE-STEP ORGANIC/TiO, HYBRID THIN FILMS
PREPARED BY LPD

Publication 3:

Characterization of methylene blue/TiO, hybrid thin films prepared
by the liquid phase deposition (LPD) method: Application for
fabrication of light-activated colorimetric oxygen indicators.

J. Photochem. Photobiol. A: Chem. 2007, 187, 45-52.

Publication 4:

Dopamine/TiO; hybrid thin films prepared by the liquid phase
deposition method.

Thin Solid Films 2008, 516, 3831-3835.
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CHAPTER 4: RESULTS AND DISCUSSION

4.3.1. INTRODUCTION

Electronic conductivity, high surface affinity toward certain ligands and large
surface area have situated TiO, in a privileged place in many interesting applications
based on the surface modification of semiconductor nanoparticles (in many cases
deposited on a TCO substrate and forming a film) with organic derivates. The
development of soft and low-temperature chemical routes for preparing metal oxide
materials has been an important issue at the end of the 90s and the present decade [1,2].
Preparation methods at mild conditions (pH, temperature, solvent) have recently
broadened new horizons toward the field of hybrid organic/inorganic materials prepared
in one step, since organic additives can be easily added to the preparation bath and
incorporated with the inorganic material, as long as the two components present

sufficient affinity to give rise to the hybrid material [3,4].

LPD had already opened the door to the preparation of organic/inorganic
materials with a threesome of publications when both papers forming this part were
conceived [5-7]. However, several key reasons motivated the interest in the research of
one-step hybrid TiO, LPD approaches. Firstly, common TiO, preparation routes need a
high temperature post-treatment in order to induce crystallization, eliminate residual
organics or sinter nanoparticles. Consequently, habitual routes become incompatible
with thermolabile substrates, forcing the surface modification process to be carried out
separately [8]. Secondly, since TiO; crystallization at mild conditions is usually required
and not obvious to achieve, functional hybrid organic/TiO, materials prepared in
one-step approaches are hardly reported in the literature, in contrast with the great
variety of existing examples for other oxides such as ZnO [3,4,9-11] and SiO, [12-17].
Thirdly, controlling LPD media supersaturation, hybrid organic/metal oxides
composites are directly prepared only on the substrate surface (without precipitation
from the bulk solution), being, for instance, a clear advantage compared to
low-temperature encapsulating sol-gel methods [18]. And last but not least, some
authors claim improved and/or different emerging applications of hybrid composite

materials with respect to simple surface modification. For example, selective
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PART 4.3: ONE-STEP HYBRID THIN FILMS BY LPD

recognition abilities for L-glutamic acid [7] or proteins [18] of moleculary imprinted
TiO; thin films by LPD have been proved. Increased efficiency due to higher dye
loading has been demonstrated in electrochemically self-assembled nanoporous

metal-free dye/ZnO hybrid films [4].

On one hand, the cationic dye Methylene Blue (MB or MB’,
3,7-bis(dimethylamino)phenazathionium), that is a brightly colored thiazine dye
(8664=9-104 M'lcm'l), presenting Amax values at 664, 610 and 292 nm in aqueous
solutions  [19,20], was firstly chosen for the work done in Publication 3:
Characterization of methylene blue/TiO; hybrid thin films prepared by the liquid
phase deposition (LPD) method: Application for fabrication of light-activated
colorimetric oxygen indicators. J. Photochem. Photobiol. A: Chem. 2007, 187, 45-52.
MB has been extensively employed in many applications such as dye for different
staining procedures in biology, redox indicator in analytical chemistry or mediator in
electrochemical biosensors, own to its good -electrochemical reversibility and
colorization properties [19-23] (Figure 4.3.1) In the context of heterogeneous
photocatalysis, photobleaching of MB has been widely used as model test for
demonstrating both UV and visible light activity in home-made TiO; catalysts, although
some controversy regarding to the ambiguity of this system exists in the literature,
since: (1) MB can be either oxidized or reduced under aerobic or anaerobic conditions,
respectively [19,24]; (ii) direct photolysis of this model dye pollutant has been proved
even upon low-energy UV irradiation [19] and (iii)) MB also sensitizes the TiO,
semiconductor toward visible light [25,26]. Mills et al. patented a new intelligent ink
composed of a mixture of MB and TiO, P-25 powder for oxygen gas sensing [27]
(which is essential for the proliferation of aerobic microorganisms, the main cause of
habitual food spoilage). These authors claimed the necessity of developing inexpensive,
non-toxic and irreversible oxygen indicators, with practical application in modified

atmosphere food packaging industry [24,28,29].
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(CHy)a \OI: SD/ T:"[l: Hik

+ IH

2¢7 + W
{'pH{E-ﬁ]I (MB) PH>56)

(pk,=5.6)
(Lowo-ME)

Figure 4.3.1. MB structure and scheme of behavior in aqueous solutions at various pH values.
MB reduction gives rise to the non-colored Leuco-MB form. Adapted from ref. [20].

On the other hand, in Publication 4: Dopamine/TiO, hybrid thin films
prepared by the liquid phase deposition method. Thin Solid Films 2008, 516,
3831-3835, the catecholamine Dopamine or 2-(3,4-dihydroxyphenil)ethylamine
(DA, Figure 4.3.2) was secondly selected as candidate for forming an hybrid material
with titania. DA is a compound of great biochemical and neurochemical interest,
playing a key role in the functioning of the central nervous system, cardiovascular, renal
and hormonal systems as well as in drug addiction and Parkinson’s disease [30,31].
Rajh et al. have deeply studied the surface modification of TiO, nanoparticles with
bidentate ligands containing enediol units which have the optimal geometry for strongly
chelating surface Ti atoms, resulting in a five-membered ring coordination complex
(restoring bulk-like six-coordinated octahedral geometry of surface Ti atoms) and
forming ligand-to-metal charge-transfer complexes [32-34]. DA (as catecholamine) is
intrinsically attractive within the enediol family of compounds as bridging ligand; i.e. it
can additionally be functionalized through amide bonds with other molecules of interest
via alkyl-NH, group [35-37]. Compared to the unmodified semiconductor, the
formation of these charge-transfer complexes on TiO, has been shown to change the
electronic properties of the nanoparticles: (i) extending the semiconductor response

toward the visible range (leading to an effective band gap of 1.6 eV in DA-modified

115
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Ti0;) [34]; (i1) enhancing interfacial electron-transfer rate, via a direct dye-to-TiO;
pathway from the ground state of the dye [34,38,39]; (ii1) improving charge separation
between the semiconductor (or electron acceptors) and the enediol modifier (or electron
donors linked via dopamine), giving rise to light-induced TiO; redox architectures with
selective chemistry [40-44]. Therefore, DA seemed specially suitable for preparing
low-cost metal-free TiO, photoelectrodes for DSSCs in one step [39].

HO

Figure 4.3.2. Dopamine (DA) structure.

HO NH,

4.3.2. MAIN RESULTS AND DISCUSSION

As starting point of the preparation of hybrid/TiO, materials by LPD, the
experimental conditions used in our previous work were adopted (see Section 4.2,
[(NHy),TiFs] = 10 mM and T=80°C). However, the deposition times were increased
from 3 to 4.5 h in order to obtain films thick enough, since organic modifiers clearly
decreased the average deposition rates. Firstly, MB/TiO, thin films were prepared on
both glass and ITO-glass substrates employing H3;BO; as fluoride scavenger
([HsBO3;] = 30 mM, pH adjusted to 2.8 with diluted HCIO4). Secondly, aluminum
nitrate salt (JAI(III)] = 10 mM, natural pH of 2.0) was the selected scavenger for hybrid
DA/TiO; LPD (only on ITO-glass in this case), since higher deposition rates had been
proven in our former studies and, taking into account that strong enediol coordination
would have probably decreased so much the hybrid material growth rate. It should be
pointed here that previous pretreatment of the substrate (H,TiFs corrosion on glass and
short-time LPD on ITO-glass) was required for hybrid LPD in the case of MB due to a
low nucleation density in the initial stages of the process. Optimal modifier
concentrations ([MB] = 0.5 mM and [DA] = 20 mM) were also selected according to a
primary characterization (mechanical stability, appearance and XRD) of samples

prepared over a range of concentrations.

116



CHAPTER 4: RESULTS AND DISCUSSION

4.3.2.A. MB/TiO; hybrid thin films by LPD

Uniform, well-adhered and intense blue-colored MB/TiO, films were deposited
by employing the optimized 0.5 mM MB concentration in the LPD bath, although the
effective dye concentration in the bath was lower due to the precipitation of the violet
MBCIO, precipitate (as confirmed by IR spectroscopy). Analogous hybrid deposition
by adjusting the pH of the bath with diluted HCI was attempted but no satisfactory film
deposition was obtained, suggesting a positive role of the MBCIO4 precipitate, most

probably guaranteeing a nearly constant concentration of soluble MB cation.

LPD of TiO, gives rise to an important fluoride chemisorption on the freshly
grown material [45,46]. By means of IR spectroscopy, no significant differences in the
MB absorption mode was found on both bare TiO, P-25 and the fluorinated TiO; in the
hybrid material. Accordingly, electrostatic interaction between negative density charge
at the TiO, fluorinated surface grown by LPD and the cationic dye (=Ti-F®:::MB") was
suggested as driving force for the formation of the nanocomposite. However, the hybrid
material differed from simple physisorption since high stability was found against
relative long time aqueous desorption tests (even in 0.5 M electrolyte salt solutions).
Additionally, analogous MB absorption (from aqueous solutions) within blank TiO,

films prepared by LPD was not possible.

Visible light absorption of MB/TiO, films evidenced the aggregation of the
cationic dye in the hybrid material as revealed by an hypsochromic shift of Ay.x from
664 nm (isolated molecule) to 605 (dimer) and 580 nm (trimer). It is well known that
MB molecules in spite of repulsion due to similar charges, undergo self-aggregation to
form dimers, trimers or higher aggregates, significantly affecting its optical properties
[47-53]. Whereas the H-type or face-to-face association of this cationic dye shows a
blue shift (favored at high aggregation numbers), the J-type or head-to-tail configuration
shows an extra red shift in the dimer form (additional maximum at 697 nm) [50,53].
The environment where MB is located has a strong influence on its aggregation state. In

general, negatively charged surfaces, micelles and interfaces may favor MB
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self-aggregation increasing its local concentration and incorporation within the growing
LPD film, since this associations can be stabilized due to the compensation of the
electrostatic repulsion between the positive charges [51,52]. As a result, high
concentrations of MB were incorporated during TiO, LPD, decreasing the anatase
crystallite and the main particle size (although the average deposition rate of the film
was slightly enhanced) and giving rise to films with more oriented anatase crystallites

with respect to TiO, blank samples.

H.O

Leuco

MB

)\MI!' s

hy (1LY

SED (H‘L

SED,5.

Figure 4.3.3. Schematic representation of the basic processes associated with a UV-activated
oxygen indicator. MB is photobleached (reduction) and the SED is oxidized upon UV
irradiation. Once the device is light-activated, blue coloration recovering indicates oxygen
presence due to Leuco-MB reoxidation.

Photochemical activity of the hybrid MB/TiO, films was demonstrated in
preliminary experiments in which the samples were totally photobleached (due to MB
reduction to form the non-colored Leuco-MB) upon UVA irradiation using
triethanolamine as sacrificial electron donor (SED). Following the same strategy of
Mills et al. in their intelligent ink for oxygen sensing [27-29], that is based on the
classical “blue bottle” demonstration [54,55] (see Figure 4.3.3), light-activated oxygen

indicators with high optical transparency and delayed response were satisfactory
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fabricated from the MB/TiO; films (by spin-coating an aqueous solution of the same
sacrificial compound in hydroxyethyl cellulose encapsulating polymer). As working
principle, light-activated indicators become non-colored upon exposure to UV light
(photobleaching), gradually recovering blue coloration under aerobic conditions when
the source of UV is removed (MB reoxidation). Thus, blue coloration recovering is
indicative of the presence of oxygen, that is the main responsible of food-spoilage due

to microorganisms proliferation [24,29].

Finally, cyclic voltammetry experiments of MB/TiO, films deposited on
ITO-glass evidenced electroactive properties of the nanocomposite material. However,
nanocomposite working electrodes showed irreversible redox activity in the time scale
studied, since Leuco-MB reoxidation was not possible and significant MB desorption
observed. Hence, electrochemical redox processes significantly differed with respect to
photochemical reduction and Leuco-MB reoxidation by atmospheric oxygen in the

UV-activated indicators.
4.3.2.B. DA/TiO, hybrid thin films by LPD

Uniform, well-adhered and brown-colored DA/TiO, films were deposited by
employing the optimized 20 mM DA concentration in the LPD bath. It is well-known
that DA by itself is extremely susceptible to oxidation either electrochemically or by
atmospheric oxygen, forming the corresponding o-quinone according to Equation 4.3.A.
[56]. However, Rajh et al. had already reported that enediol ligands gain stability and

are not so easily oxidized due to the bidentate binding to titania nanoparticles [33].

. .
., -

)
o,

P I~ H4 " . )
o™ Sz~ ? _h- GF MH

*+2e+2H

Equation 4.3.A. Dopamine oxidation in aqueous solution to form the corresponding o-quinone.
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Dopamine addition to the precursor bath alters the LPD chemical equilibria due
to the coordination of Ti(IV) cations by the enediol unit, giving rise to a characteristic
brown-colored appearance to the solution. However, it should be pointed that according
to the data calculated by Bi et al. [57,58] (see Figure 4.3.4), Al(III)-(DA), coordination
did not take place at the acidic pH at which LPD was carried out.
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Figure 4.3.4. Calculated distribution of the species of Al(II)-DA complexes in aqueous
solution: 0.04 mM AI(III) and 1.2 mM DA. Adapted from reference [57].

As occurred in the MB/TiO, material, no significant differences in the DA
absorption mode was found on both bare TiO, P-25 and the fluorinated TiO, by means
of IR spectroscopy and, hence, the same bidentate enediol coordination was confirmed.
Additionally, by-product powder samples were also collected in the case of DA/TiO; by
scrapping off low-adhered coatings on the polyethylene vessels. An incorporation of 7%
of DA in the hybrid material was estimated by means of elemental analysis of these
powder samples, evidencing a high dye incorporation during TiO, LPD. DA
incorporation in the growing TiO, limited the size of both anatase crystallites and the

main particle of the nanocomposite, and slightly decreased the average deposition rate
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of the films. XRD showed that the hybrid material preferentially grow in both @ and ¢
anatase directions in the powder samples, although selective ¢ axis orientation
perpendicular with respect of the substrate still dominated in the hybrid film deposition
on ITO-glass.

TEM suggested both enediol and alkyl-NH, linkage in the hybrid material since
a continuous and aggregated structure of randomly oriented crystallites was observed in
DA/TiO,, being noticeably different from the isolated crystallites in an amorphous
matrix in the case of MB/TiO; films. In spite of this phenomenon had already reported
for in situ non-aqueous functionalization of nanocrystalline titania [59] or DA
molecularly imprinted silica-alumina gel [60], crystallite-crystalline repulsion would
have probably expected a priori since amino group of DA exists in the protonated form

(pK,=8.9 [61]) at the acidic pH that LPD was performed.

Practical applications of DA/TiO, hybrid thin films on ITO-glass were attempted
as molecularly imprinted material and photoelectrode for DSSCs. On one hand,
removing Dopamine from the films was studied in order to test if the DA/TiO, material
was useful for selectively detecting such catecholamine afterwards. In fact, as-prepared
DA/TiO; films were noticeably stable, supporting our hypothesis concerning crystallite
linkage: (i) DA desorption in either acidic and basic solutions as well as commercial
phosphate buffer was not achieved even for long times (over months) and (ii)
medium-pressure Hg UV irradiation resulted in completely cracked films. However,
films photobleaching (from brown-colored DA/TiO, to highly transparent “only TiO,”
samples) was attained upon black light UV irradiation due to DA photocatalytic
degradation. But DA reincorporation within the photobleached films became too slow
and limited, only exhibiting a slight brown coloration recovery. On the other hand,
DA/TiO; photoelectrodes showed no IPCE spectral response (redox electrolyte:
[KI]=0.50 M, [I,]=0.050 M in ethylene glycol). In principle, at least a minimum of
response would have reasonably expected since porous TiO; photoelectrodes sensitized

toward visible light with Dopamine had shown light conversion in DSSCs [39].
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4.3.3. CONCLUSIONS

MB/TiO, and DA/TiO;, hybrid nanocomposite materials have been prepared
with a low-temperature and one-step approach based on trapping these compounds
within a LPD growing TiO,. In the former, the driving force for MB/TiO; formation can
be reasonably ascribed to continuous electrostatic interaction among negative density
charges at the TiO, fluorinated surface and the cationic MB dye. In the latter, it seems
plausible to attribute material formation to bidentate enediol plus amine linkage of TiO,
nanocrystallites via Dopamine during LPD, according to the noticeably stability

observed.

MB and DA incorporate in the respective hybrid materials in high concentration,
inducing changes in the typical growth mechanism of the titania material prepared by
LPD. As a general result, crystallite and main particle size are decreased in both cases.
The practical application of MB/TiO, hybrid thin films for fabricating light-activated

indicators for oxygen sensing has also been demonstrated.
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Abstract

Methylens blue (MBYTIO: hybrid nanocomposite maderial has been successfully deposited on both bare glass and indium tin oxide (ITO)
covered glass by the liguid phase deposition (LPD) wchnique, LPD method is appliod w0 one-step hybrid dye/TiOy deposition. An optimized
amount of MB is sdded 1o ihe Auoside iitania precursor agucous solution in ender to cnirap this dve within the growing thin film of TeO,, vielding a
MBSO, nanocompesite material. Stable, well-adhered. iniense blue-colored and optically transparent coatings have been obisined. The formation
of the material can be explained by elecirostatic imeraction between negative charge density at the Neorinated surface of ‘T, and the cationic
dye. MBSO, nanocomposite maierial has been charscterized by ATR-FT-IR, UV—vis spectroscopy, SEM, TEM, grazing angle XED and eyclic
voliammetry (CW). Deposited hybrid films exhibin photochemical activity: MB is photobleached upon UNVA irradiation, uwsing tricthanslamine
{TEOA) as mild sacrificial electron doner. Moreover, light-sctivated oxygen indicators with high optical imansparency and delaved response can
also be satisfactory fabricated by spin-coming o soluiion of TEOA with an encapsulating polyvmer (hydroxyethyl cellulose) over the MB/TIO,

hybrad fil ms.
0 2006 Published by Elsevier BV,

Keywordi: Tianism oxbde: Methylene blue; Liquid phase deposition; Hybnid nanocomposine; Light-sotivated oxygen midicans

1. Imtroduction

Liguid phase deposition (LPDY is a soft chemical technique
first described in the patent litersture 1o deposit titania films 1]
amd have been successfully applied to the deposition of many
oxides, LPD of titania thin films has been studied throroughly
by several proups [2=12], Toamium dioxide (Tis) thin films
deposited by this method are of interest for diverse applications
including deposition of inorganic micropattern on flexible sub-
strates [4], inorganic barrier layer to physically block oxidation
of polymeric materials |7], photocatalyst-supported materials
[11.12]. blocking laver on dye sensitized solar cells [13], or
superhydrophilic self-cleaning surfaces [ 14],

LPD is a process based on the controlled hydrolysis of
metallic NMuoro-complexes, The dynamie equilibrium exchange

* Comesponiding awbor. Ted.: +34 93 SR02176: fa: +34 53 3812920,
-t adefrean: david g@qloabues (0, Guiiémes- Tousie),

BOHO-6 WS - soe Frost mamer © 2006 Published by Blsevier BV,
doiz 10, 10 164] iplotochenm 20060501 §

eslablished between fluoro and waler ligands s displaced
towwards Trh: formation in the presence of a fluoride scavenger
such as boric aoid, Panially erystallized Ti0d: deposition can be
obtained by LPD at relatively low temperature (below 80 °C)
[15.06]). Anatase formation is favored in presence of titanium
complexing ions such as Muoride, being this phase usually
produced by LPD [17]. This wer process allows o deposit TiOs
over large and complex surfaces without thermal anncaling.
The key reactions can be expressed as follows:

TiFs (ag) + 2H20 = TiOs(s) + 4 HF{ag) + 2F (aq)

HiBOsimg) + 4HFiag) — BF; (ag) + 3H:000) + H (ag)

Surface modification of Tz semiconductor particles has
gained much attention due 1o the application of these materi-
als in ficlds as diverse as electrochromic | 17] and photochromic
[ 18] devices, dye-sensitized solar cells [19] and light-induweed
site-specific DNA redox chemisiry [20]. In these applications,
transparent conductive materials must be used a5 substrates for
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modified T particles films. More than one step is usually
required o produce these complex nanostrueciures: the inking of
semiconductor particles to form o more or less porows film and,
ideally, the adsorption of a monolayer of the surfsce modifier.
When typical TiOh: deposition processes as sol—gel or doctor
blade are used, post-annealing reatments at S00-500°C e
required to sintenze Tick: pariicles or to indoce crystallization
[17,21]. Thus, thermolabile substrates cannot be wsed, On the
other hamd, the surface modification process is a time consuming
step, as TiCk films must be put in contact with surface modifier
silution Tor a long period 1o allow diffusion and equilibration
intey the: intricate porous strecture, Development of simpler, low
temmperature and one-step methods is atractive 1o advance in the
application of hybrid organic-TiCl; films,

Ohne-step deposition methods for by brid TiO: films are poorly
reported in the literature, Electrochromic elecirodes were pre-
pared by clectrachemical deposition of Prussian Blue in the
presence of a suspension of Tilk: particles [22]. Rhodamine-
doped 5020y composite lms were fbricated by the sol-gel
technigue with low temperatune bea treatment at 150°C [23].
Chganie dyes were entrapped within TiCk thin films prepared
on conductive substrates by electrodeposition from classical
sol-gel titania precursors [24], Stucky et al. have reponted a new
flunrocarhon-based synthesis route for hybrid rhodamine Tic;
mesostructured oplical matenials for waveguided photolumi-
nescence emission device [23]. Recently, Deki et al, have
reporied the deposition of alkyl sulfate and alkylbenzene sul-
fonate surfoctants TiO: [26] and copper phithalocyanineTiO:
[27] hiybrid films by the LPD method. Hu ¢ al. have reported
moleculury imprinted TvO: thin ilms by LPD for the determi-
nation of L-glutamic acid [28]. However, one-step hybrid film
deposition has been described for other transition oxides such
as Znld [29,30] and Si0): [31,32],

Methvlene blue (MB) is a cationic dye whose redox for-
mal potential, comprised between 008 and —025V (versus
SCE) in solution with pH 2-8, respectively, is close 1o those
of several biomolecules [33], MB has been widely used for
electirochemcal applicatnons, for example, a8 cotalystmediator
in electrochemical biosensors [33], Moreover, Tits has been
satisfactory sensitized with MB for photodegradation of vari-
ous halocarbons using visible light [34]. Recently, o mixiure of
commercial Tilky powder and MB has been used 1o fabricaie
an imelligent ink sensible o oxygen [35,36]. Oxygen allows
1o grow aerobic microorganism durning Tood storage, being the
miain cause of most food-spoilage. There is an increasing inlerest
1o develop inexpensive, non-toxic and imeversible oxygen sen-
sors in fields as modified atmosphere food (MAP) packaging 1o
assure oxygen ahsence [35,36),

Here, wie report, for the first time, an one-step roule (o entrap
ME with Tit}: chemically deposited in situ by the LPD fech-
mique. MBMiOy resulting hims consist of anatase nanocrys-
1ls wiith adsorbed MB molecules. MBIk panocompaosite
hybrid films were characterized by ATR-FT-IR, UV-vis spec-
iroscopy, SEM. TEM. grazing angle XRD and eyelic voliam-
metry (CV) Photochemical activity of the films were tested
amd light-activated oxygen indicators were satisfactory fabri-
cated from the deposited nanocomposite material.
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1. Experimental section
2.1. Reagenils

Ammonium hexaflvorstitanate, boric scid, methylens blue
{MB) and hexafluorotitanic acid were analytical grade (Aldrich,
Panrcac) and wsed as received without furiher punification, Ace-
tome and ethanol (Panreac) were used for substrate cleaning,
Tih Degussa P-25 (809 anatase-20% rutile) was Kindly pro-
vided by Degussa (Spanish branch). Deionized water from a
Milli-C) system {Millipore, conductivity <(LOS pSfcm) was used
hath in solution preparation and cleaming procedures,

2.2, Subsirares

The substrates used were ITO (Inz05:50) conducting glass,
13-1880sq. 1.l mm thick (Optical Filters) and bare glass
{microscope slides, [DL), Substrates were cleanced just before
performing the deposition process [15]. Glass slides wene
sequentially immersed for 15 min in boiling 50% sulfuric acid
and 15 min in boiling water, followed by 5 min ultrasonic clean-
ing inacetone, then absolute ethanol amd finally water. ITO-glass
substrates were subjected (o 5 min ulirasonic cleaning in acetone,
then in absolute ethanol, then in 30% nitric acid for 1 min and
finally in water 5 more min.

2.3, Deposition of TiQs films

Tith films were deposited on both, gliss slides and 1TO-
covercd glass, according w LPD procedure described in our
previows work [15]. These samples were used for comparative
purposes, Bare plass substrates were pretreated inoa 0, 100mM
H:TiFs solution, with pH adjusted 1o 3.2 using diluted NH3, m
B07C for A0 min, After this pretreatment, the subsirate was son-
wated in water and vsed immediately, Substrates were placed
vertically into a polyethylene vessel containing the fresh pre-
cursor solution (10mM (NHy ) TilF, and 30mM H;BOs, pH
adjusted to 2.8 wsing diluted HCIOR ). The whobe was sonicated
for 1 min and kept a1 80°C for 3 b, Afler deposition, films were
gently washed with water and dried with a mitrogen gas o,

2.4, Peposition of MBSO films

In this case, both substrates had 10 be pretreatred, Bare glass
shides were pretreated as in the former case. [TO-glass sub-
sires were pretreated for | h ot 807°C in an sgquesus solution
10mM (NHy ) TiFs and 30mM HsBOs ot natural pH of 3.6,
In both cases, substrates were sonicated after the pretreatment
and the subsequent deposition process were also performed
immediately. The optimieed precursor bath consisted of 100mb
iNH4 2 TiFg. 30mM HiBO and 0.5 mM MB: its imitial pH was
adjusted o 2.8 with diluted HCIO,. A range of MB concentra-
tiems between 0,1 mM and 2 mM were also tried, The substrates
were immersed in the baah, sonicated Tor | min, and kepta 80 °C
for 4.5 h. Aler LPD process, samples were also gently washed
with water and dried with a nitrogen gas flow,
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2.5, Cluraciertzattog

ATR-FT-IR spectrums were performed with a Bruker appa-
rutus (Tensor model equipped with MEI Golden Gare). Tich
powder samples from the films were obtained by scrapping
the coating off. UV—vis absorbance data werne obtained with
a Hehios senes y spectrophoiometer {Bonsal Technologies),
using the respective bare substrate as the blank. Films sur-
e characteristics were investigated by SEM on gold covered
samples, using a Hitachi $-5370 microscope (operating vollage,
10=30kV), For ihickmess measurements, samples were cul inlo
preces which resulis in breaking the TaOx film near the cul edge
of the substrate. Films thickness was studied in these edges, tak-
ing imto consideration the sample inclination with respect 1o the
electron beam. Electron diffraction paticrns and transmission
electron microscopy (TEM) images were recorded in a JEOL
2000 migroscope that was operated at 200KV, Encrgy disper-
sive spectroscopy (EDS) X-may microanalysis were carried out
using an INCA-X detector (Oxford Instruments). XRD specira
were registered on a Philips X' Pen diffractiometer equipped with
a monochromator and using Cu Ko radiation (4 = 001534056 nm).
In order to increase the sensitivity of the thin Gilm signal, a grae-
ing incident configuration was used (20°), Cyelic voltammetry
(CV) stdies were camied omt on an EG&G PAR 273A poten-
tiostat/oalvanostal at room lemperpiure, A three-clectrode elec-
irochemical cell were used on a single compariment: MBI/
flmsdeposiied on ITO-covered glass were used as working elec-
trosde (o Cu foil-Sn clad conductive tape with an Ag adbesive
(BDF Tesa) was emploved 1o assure good electrical contact on
[T, a platinum wire {1 mm diameter) served as counter elec-
trode and a Ag/ApgCl douhble bridged (I M KCl) electrode was
used as the reference. The electrolyie was a0.25 M agueous solu-
tion of werabuty lammonium chloride (TEACH with pH adjusted
1o 2.5 with diluted hydrochloric acid, Cathodic run and anodic
run were performed a scan rate of 5 and 10 mV/s, respeciively.
Argon was lowed through the electrolyie solution just before
performing the CV.

Tos vest the sdbesion and stability of the MBSO films ultra-
sound disruption was wsed: conted substrates were immersed
completely in a beaker with water and sonicated for 5 min (Ultra-
sonie bath Selecta, 50W). For comparison purposes, MB were
adsorbed on Tit)y Degussa P-25 from a suspension 10mM Ti0);
P-25 and 0.5 mM MB., The initial pH was adjusied to 2.8 with
diluted HCIOy and the suspension was kept at 80 °C for 4.5 h.
The powder oblamed was separmted by cenirifuganon. washed
with deionized waner and dried m 60 °C.

U'V-activated colorimetric oxygen indicators devices were
fabricated using MB/MIO; films deposited on glass, An upper
layer of triethanolamine { TEOA ) embedded in hydroxyethyl cel-
lulose (HEC) polymer were spin-coated at 1000 rpm for 5 min,
using an aqucous solution of 7.5 g TEOA and 2.5g HEC in
S0ml of water, Phoaobleaching experiments were carmied oul
upon exposine of VA Light from a 6'W Phillips black light (held
2.5cm away) on both MB/TiO» oxveen sensors and MB/TiO-
bare coatings (mmersed moa (01 M TEOA agqueous solution).
Lampintensity at the coatings was 1.4 mWiem?, measured using
a UV radiometer Lutron UYA-365. Samples photobleaching

were [ollowed by UV-vis absorbance spectra in the 400-800
range.

3. Results and dizcussion
A1 MBI films preparation amd cheracterization

Chur first goal was o find bath compositions and substrate
preparation procedures that allow o obtain optically transpar-
ent and well adhered coatings of a MB/TiOz nanocomposite
material, that is TiOz nanocrystals grown on the substrate with
MEB modifier adsorbed on their surface. For thar purpase, sev-
eral assays varving MB concentrations in the LPD precursor
hath wene carmied oul.

It is important 1o remark that high coating thickness cover-
ing the substrate or excessive MB incorporation wathin the Tic:
growing film impede the deposition of well adhered coatings.
In addition, to guarantee its further use in several applications
it is desirable that all TiCk nanoparticles are directly connected
between them. On the other hand, a1 very low MB concentra-
tion, s incorpoaration into the coating 15 very poor and thus
practically almost pure Tt film is obained. Using an opi-
minzed 0.5 mM MB concentration in the precursor bath, uniform
intense blue-colored films were obtained without TiCk homo-
geneous precipitation. Films adbhesion and MB desorption wene
tested using ultrasound disruption,

In fact. the actual MB concentration in solution is slightly
lovwwer than the nominal one due 1o the formation of a focoulent
violel precipitate corresponding 1o the perchlorate sali of MB
canon thit is less soluble thii the chloride sall used as sian-
ing. This precipitate was observed in the LPD precursor bath
Just alter adjustng inital pH o 2.8 with diluted perchloric acid.
MBCIOy was also identified by IR spectroscophy (Fig. 1d) [37].
Although the formation of this precipitate can be prevented by
using a different acid 1o adjust the pH of the bath, experimental

%o Transmittance [a.u)

1800 1400 1200 1000
Wavenumber (cm ™)

Fig. 1. ATR-FT-1K spectra ol (a) MBMiOys Sl serapped off, (b MB adsorbed
on Degussa P-25, (¢) commercial MB, and (d) MBCH); precipatate from the
LPD solution after METHY; lilm deposition. Meéan absorplion peaks afe also
imarked with **',
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resulis show that this precipitate, that remain at the bounom of
the container does not interfere with the formation of an uniform
coating. A =et of additionil experiments were perfonmed avoid-
ing the precipitation of the perchlomte salt of MB, using dyve
concentrations near the reported solubility value for MBCICOy
(1=3 % 107% M) [44] and adjusting the pH of the hath o 2.8 with
HCL. In these experimenis, no satisfactory hybrid film deposi-
tion was observed, suggesting that precipitated MBCIOy allow
1o preserve a MB concentration duning the LPD process, More-
over, the existence of an optimal MB concentration suggest that
MBCIOy redisolution when MB soluble is incorporated within
the TiOs flm can be limited Kinetically.

Ty prepared by LPD process present a high degree of sur-
face Muorination (=Ti—F) [10,15]. The luoride chemisorption is
favored at acidic pH (maximum of approximately 997% at pH
3=4) and greatly reduces the positive surface charge on Ti0): by
replacing =Ti-0H2" by =Ti-F species [38]. Due 1o the great
affinity of fluoride for the TiO: surface, MB direct sdsomption
on the oxide surface is avorded in a high Nuonnaed surface.

Charsctenstic infrared absorpiion peaks of MB [331.39]
{Fig. lehat ~1600cm™" {ring stretch), ~ 1 390 cm™ V{C-N sym-
metric stretch) and ~1335 cm™! (=CH; symmetnic deforma-
tion} appear in the MBMTiO; nanocomposite material (Fig. la),
MB/TiCh: and MB adsorbed on Degussa P-25 present almaost
the same IR specira (Fig. la and b, respectively). The only
difference is the peak at ~ 1087 cm~" of P-25/MB powider, asso-
ciated to stretching vibrations of perchlorate anion [37] and is
el observed in the MB/STIO: fuorinated matenal. These resulis
point to a similar adsorption mode for the cationic dye on both
aclean and a luorinaed surface. I is thought therefore, that the
clectrostatic interaction between negative density charge m the
Tidz fMluorinated surface generated during the LPD process and
the cationie dye ((5Ti-F*::MB") ) will be the force responsible
of MB adsorption, vielding the final MB/TiC: panocomposite
material,

The intense coloration of the MB/MIOs hvbrid films deposited
suggest thil the nanocomposite contains dve molecules ina high
concentration. MB adsorbed on ¢lean (non-fuorinamed) TiOs
surface desorbs quickly in an agueous medium. However, MB
of MBITiCh films only desorbs appreciahly after approximmtely
10 days of immersion in water, even il an clectrolyie saft is added
to the medium, ic, KCL NaCl, NHyCl or Na{OOC-H3C), A
reference experiment irying to incorporate MB from an agqueous
solution 1o T blank film also obtained by LPDover one night
showed very low MB adsorption.

UV —vis optical sbsorpuion of a typieal MB/STIO: film presents
anon-symmetrical peak with a maximum at 380 nm and a shoul-
der at approximately 700 nm (Fig. 2}, The shift towands shorer
wavelength, with respect 1o the MB monomer {Ap, =564 nm),
clearly denotes that MB cations are aggregated. The position of
the maximum and the shape of the signal suggest thar MB is
mainly present as wnmers, while the presence of monomers. is
significantly low [40=43]. Performance studies of oxygen indi-
cators fabricated vsing MBI/ flms confirm that MB cations
are ageregated (see discussion of Fig. & in Section 3,25 On
the oaher hand, UV -vis spectrum of the deposition bath shows
mainly presence of monomer, according to the MBCIOy sol-
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Fig. 2. Typical UV-vis absorpiion spectm of films deposited on glass slides by
LPEx {a) TiOO2 and (b METEC:.

ubility in water reported [44] (1=3 = 1075 M) and taking into
dccount that formation of MB aggresites is reponted for [MB]
=107 1o 107 M [41]. Self-aggregation is then Tavored by
adsorption and concentration within the film. The aggregation of
M B and the consequent hypsochromic shifi of the visible spectra
has been reported when cationic dyes are adsorbed on negatively
charged surfaces [45,46]. In the MBSTIO: nanocomposite mate-
rial, the TiCk nanocrysials can wear a neal negative charge due
1o excess fluoride adsorbed on the iania surface that counter-
ot the positive charge of the MB cations, Thus, most probably,
the dve is adsorbed on the Nuoride laver and not directly on
the oxide surfuce. The base line of MBI, spectrum shows a
shight decrease of transmittance with respect the case of Tl
{compare in the 400450 nm interval), dee o some degree of
light dispersion as consequence of the film morphology,

Surface morphalogy and thickness of MBSTIO hybrid films
deposited on glass slides were studied by SEM (Fig. 3a and
b, MBMO: films show dense and compact substrate cover-
age. nevertheless their film surface are shightly waved, However,
MBI sumples show no cracks and present high optical wrans-
parency (se¢ Fig. 2, absorbance UV —vis), The particle siee in the
MB/TIO; samples is in the 15-50 nm range. being clearly lower
with respect to TiOz samples [15]. An average deposition rate
of 105 nm/h is estimated taking into account the films thick-
ness (Fig. 3b) and the deposition time in MB/TIOz samples. For
comparison, a deposition rate of 85 nmv'h was reponed for Tilz
films in our previows work [15]. SEM observations point tha
MB adsorption on the Mueonnated Tioks surface limit the particle
size of the new material and also increase slightly the average
dieposition rate of the film.

To improve our enderstanding of the MBSOy hybnd
nanocomposiie matenial, TEM and selected-area  clectron
diffraction (SAED) studies were carried oul (Supporting
Information), The film sivdied was deposited using a | mM MB
concentration in the deposition bath in order o oblain o coating
with less adherence. Film was sonicated for 15 min in ethanol
o detach nanocomposite aggregates of approprate siee o be
observed by TEM. The difftaction pattern indicates a polyerys-
talline structure with diffraction rings corresponding 10 lattice
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Fig. 3. SEM phatographs showing surfoce monphology (a) and film thickness
by of METH: samples deposited om glass by LPD,

spacings of 3.5 and 2.4 A that are assigned to (10 1) and (004)
reflections of anatase Ti: (JCPDS puttern 21-1272). These lat-
tice fringes of the anstase grains are easily distinguished in the
commesponding TEM image. The asseciated EDS microanalysis
(Supporting Information) show a sulfur atomic pereentage of
approximaiely 2%, Taking inio account thai every MB molecule
only have one sulfur mom, microanalysis results point the ingcor-
poration of the dye at high concentration within the film.
Xeray diffraction of TiOs and MBSTIO films deposited on
elass slides are shown i Fig. 4. revealing peaks that may be
assigned 1o the anatase structure. [ s well known thiat anatase s
the Ti(d; phase usually favored by LPD, due 1o the presence of

{10
]
B ‘.N
e
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Fig 4. Grasmng-incidence XRE daifroctogram of films depossted on ghass slides
by LPL: (o TeCrs and () MEBTaCk:.

titanium strongly complexing ions such as the Auoride [6,15.16].
Relaive intensities of the peaks differ noticeable respect 1o the
anwtase standard (JCPDS pattern 21-1272), comesponding 1o
complete random order. Thus, the standand presents a relative
intensity of 5:1 for the (10 1) and the (00 4) peaks, However, in
the diffractrograms obtained, the relanve imensity of the (004)
signal appears notably increased. Preferemial ¢ axis orientation
has been reponted previously both for TiO; films and powders
prepared by LPD, and has been atinibuted 1o the preferential
adsorption of Auonde o planes parallel o this direction [7,8].
Ohihe other hand, although MBTIOx films are thicker than TiCy
ones, their diffraction signals are weaker and wider. In addinion,
while MBSTiO: films present approximately a 2: 1 relative inten-
sity For (004 and (101 ) signals, the TiO: samples oaly present
a 121 ratie, XRD resulis confirm that MB adsorption on (luor-
nated surface of the new material is favored, limiting the size of
anatase crystallites (and also decreasing the main particle size
as was ehserved by SEM) amnd vielding meore oniented Dlms.

2.2, Photechenical acrivity: light-aenivated oxygen
fndicators

A set ol preliminary experiments wene performed o evaluate
the photochemical sctivity of the new matenal. MB/TO;z films
were immersed in a TEOA solution and were UV-irradiated.
In these experimems, electron-hole pairs are generated in the
semiconductor particles. Photogenerated holes are able to oxi-
dize irreversibly the TEOA mild sacrificial electron donor while
photogenermed clectrons reduce the MB dye w its lewco form.
Upon imadiation with UVA Light, under aerobic or anascrobic
conditions. initial highly blue-colored sumples were completely
hicached showing excellent irmnsparency. Samples remam indef-
initely Bleached in the absence of oxygen, whereas blue color
begin 1o return as soon as ambient oxygen reoxidize leueo-MB.
Maximum coloration recovery is attained afler approximately
I h under ambient conditions., It is important 1o remark tha MB
desorption in the TEOA solution is not observed in any case,

UN-activaed colonmetric oxygen indicators devices were
sutisfactory fabrncated from MBSTiO: films, by spin-coating a
TEOA solution containing HEC as encapsulating polymer over
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Fig. 3. Abhsorbonce changes in 8 cypical MBSTIO; UV-sotivased oxygens indi-
cator hetween 400 and Binm, afer differem times ender ambient conditions
isolid line from bottom to topl: 0. 4, 8, 12, 24, 48 snd T2 h, respectivedy, Inifial
spectm of the pon-activaled TICMB oxygen imdicator is also included §dolbed
limez .

the nanocomposite material in an analogous way o imelligent
inks previously reponed by Mills etal, [35,36] MBMIO: osygen
indicators are UV-activated (iodally Plesched state) in an irradi-
ation time of 18 1w 48 h, The low photocatalytic sctivity of the
Tids deposated due 1o 1s low crystallimity seems 1o imcrease the
irrwdiation time required to sctiviie the indicator. A decrease in
activation time is expected using UVA lamps with higher power.

Levco-MB reoxidation under ambient atmospheric condi-
tions was studied following evolution of the UV-vis specira
(Fig. 5, solid lines), Displacement of the maximum of the peak
1o shomer wavelengths as reoxidation advance denotes reaggre-
gation of MB. MB/TICh sensors show a delayved response 1o
oxygen presence, poanting a slow exyeen diffusion through the
indicator, A delayved response of the indicator could be useful 1o
estimate the exposition time o air [ 36]. Maximum absorbance
recovery at S50 nm is typically 75-806 with respect to the initial
absorbance (Fig. 5, dotted line). However, spectracormesponding
o a reoxidized sample after 48 or 72 h under ambient condi-
tions present higher MB monomer absorbance at 664 nm than
the original spectra, indicating a higher amount of monomer.
Therefore, the change in absorbance spectra is due o a different
distribution of aggregates rather than to partial decomposition.
It must be considered that molecular diffusion of MB may be
prevented or made more difficult because of the solid nature of
the MBTiO: nonocomposite. Minor MB direct photolysis can
also partially account for the specira variations [47]. Therefore,
although MBIz oxygen indicalors can be reused there ane
minor vanations aller each cyele, pointing a limited stability of
thie device,

A4 Cyolic volfammefry experinenis

MB/TiO): films were also satisfaciory prepared on a conduc-
tive substrate, ie. ITO-covered glass. While regular and dense
Tiths coatings wene deposited on ITO without any pretreatment
[14]. only hazy and low-colored MBMTOy samples could be
obtaimed on 1TO substrate. Pretreatment of the surface 15 abso-
lutely necessary 1o prepare MBSO coatings on 1TO; MB

132

:

o

i A 0l JE——

g .m ]

\
E o &
o . Fy

50 T
0.2 oo 02 0.4

Potential (V) vs AglagCl

Fig . Twpical CV of MESTH: films deposited on ITO-coated glass isobid line)
anil ©V of the blank experiment with MB in solution (detned line). Elociralyse:
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adsorpiion on T seems o make difficult the nucleation of
Taths particles. Thus, a preliminary seed process is requined o
assure enodgh TiO: nucleation sites density before the deposi-
tion process, Ciherwise, only a partial substrale coverage can be
mttained and low-transparency samples ane obtained. Modifica-
tiom of the substrate upon treatment is oo slight 0 be clearly
measured or identificd by the characterization technigques wsed
in this waork,

Cyelie vollammetry (CV) experiments of MB/TiOz films
deposited on ITO-covered glass (Fig. 6, solid line) show redox
activity, evidencing the electroaciive properties of the nanocom-
paosite material. Two cathodic waves that shift their potential
value upon repeated cycling ane observed, showing the ime-
versibility of the electrochemistry of the MB/TO2 nanocompos-
ite material in the CV time scale. A couple of cathodic/anodic
peaks of marginal cument density is scen with a midpoint polen-
tial of approximately +70mY, A CV blank experiment of dis-
solved MB using ITO as elecirode (Fig, 6, dotted line) show a
cathodic/anodic couple with o midpoint potential of +163 mY,
Taking into accoum that only MB monomers are expecied in
the TBACH solution (48], the couple has w be assigned 1w MB
redox activity in the monomer form. In sddition, Garrone et al.
observed o similar couple in CV of MB solutions using a paste
graphite electrode and ascribed it (o traces of MB in the salt form,
sirongly interacting with iis chlonide counted on physisorbed
on carbon grains [49]. Therefore, the marginal couple in the
MB/TiC: nanocomposite have to be ascribed 1o MB traces in
the salt form on the ITO surface. However, the marginal anodic
peak in the nanccomposite 15 preferably observed m higher scan
rates { I0mY/5) than the cathodic one (5 mY/s). suggesting that
reoxidation of traces of this MB salt form is a fasier process,

A second cathodic wave of high current density at =338 mV
versus AglAagCl is seen in the MB/MIOL material (Fig. 6, solid
ling), This cathodie signal 15 assigned to MB reduction in the
MBSO nanocompasite and, consequently, wial bleaching of
the film is observed. The MB reduction potential is noticeably
increased in the nanocamposite with respect 1o the ME reduction
of the monomer form in solution seen in the blank experiment
{Ecahodic = +90mV, dotted line in Fig. 6). Different (acts can
contribute to difficult the MB reduction in the nanocomposite:
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MB self-aggregation, MB clectrostatic interaction on the Muon-
nated TiCk: surface or the low conductivity of the ThO: due 1o s
semipconductor nature. The main reduction peak in the MB/TIO:
nanocomposite presents a non-symmetrical appearance, also
suggesting imeversibility of the MB reduction process in the
time scale studied. The anodic couple of this main MB cathodic
peak is nof present in ihe 0.5-10mVis scan rale range studied,
pointing the leuco-MB reoxidation cannot be accelerated elec-
trochemically, While after the cathodic run total bleaching of the
MBIMiO: electrode is observed due 1o reduction of the greater
pant of the MB molecules, afier the anodic run only a slight
blue coloration can be distinguished in the electrode that can be
assigned to the secondary oxidation process of the MB salt form,
However, under atmospheric conditions blue coloration returned
tor thee film after the CV experiment and self-aggregation of MB
is also observed by UV -vis spectroscopy.

It has alzo been observed that clectrolyviic reduction of MB
induces its desorption from the coating, with ¢lear evidence of
electrolyte-blue colonng after oxidation. MB desorption values
of 1.5=4 = 107* molfem? are estimated by UV—vis speciroscopy
in the electrolyte solution considering that only MB monomers
are presenl (Epaq =4 = I M~ em™ 'y [41). Air was flowed
through the electrolyte solution 1 assure levco-MB reoxidation
1o MB form, No MB readsomption is observed in CV experiments
time scale, Therefore, the absence of the main MB anodic peak
could be attributed o a very slow electrochemical oxidation
kinetics and changes in the interaction among the eleciroactive
MB molecules and the Muorinated Ti: surface, that favor the
MB desorption after the cathodic run. Tt must be remembened
that no MB desorption was observed in photoblesching exper-
iments wsing TEOA as spenficial electron donor (see Section
3.2, Photachemical activiry). MB/TIO: nanocomposite scems
to follow different redox mechanisms in CV electrochemical
processes with respect 1o photochemicil reduction and chemi-
cal oxidation by aimospheric oxygen.

4. Conclusions

MBMO; nanocomposite thin flms have been sucoessfully
prepared by LPD on both bare glass and ITO-covered glass,
concluding that new applications of LPD method are possible
in the field of the preparation of organic-inorganic hybrid thin
films. High concentrations of MB are incorporated in the new
nanocomposite material, yvielding stable, well-adbered, imense
blue-colored and optically transparent coutings, MB adsorplion
on the Nuonnated Tiok surface promotes MB aggregation, lim-
its the size of anotose ervstallites and the main particle of the
nanocomposite, while slightly increases the average deposition
rate of the film, The resulls seem (o be reasonably explained
by continuous ¢lectrostatic inferaction among negative density
charges at the luorinated surface and the cationic dyve molecules
during the LPD process, The MBTIC: films exhibit photochem-
ical activity respect 10 the oxidation of TEOA mild sacrificial
electron donor upon UVA imadiation. Light-activated oxygen
indicators wath high optical transparency and delayed response
can also be satisfosctory [abrcated from the MBfMOs hybnd
films. CV experiments show imeversible redox activity of the

MB/Ti: nanocomposite in the time scale studied and pro-
vide indications thay different mechanisms can take place in CV
electrochemical processes (MB desorpticnd with respect 1o phio-
tochemical reduction and chemical oxidation by smospheric
oxygen (non MB desorption).
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Supplementary data 1

TEM and associated SAED of the MB/TiO; nanocomposite material. Planes assignation are also
included.
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Supplementary data 2

Energy Dispersive Spectroscopy (EDS) X-ray microanalysis of the selected area in the MB/Ti0; sample

shown in supplementary data 1.
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Supplementary data 3

Representation of the proposed growth mechanism of the ¢ axis oriented MB/TiO; nanocomposite

material, where a planar representation of the MB cationic dye is used.
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Supplementary data 4

Photographs from a typical light-activated oxygen indicator fabricated using a MB/TiO; film: (a) As-
prepared MB/TiO; film, (b) Non-activated indicator: after spin-coating a solution of TEOA with the
encapsulating polymer (hydroxyethyl cellulose), (¢) UV-activated indicator and color recovery after
different time of exposure to oxygen under ambient conditions: (d) 4 h, (¢) 8 h. (1) 24 h, (g) 32 h and (h)

80 h.
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Abstract

Liguid phase deposition method is applied 1o one-step production of a hybaid matenial composed by dopaming DAY and Te. anatase, An
optimized amount of the enediol denvative is added 1o a Muonde tlania precursor aqueous solution m order 1o entrap this modifier within the
growing Tvds, yvielding o DATIO: nanecomposite material, Uniform, well-adhered and brown-colored thin films are deposited on imdium tin
oxibe covered glass substrate. The DATIO. hybrd material has been characterized by infrared spectroscopy, electronie microscopy, X-my
diffrnction and UV -vis spectroscopy. The formation of the hybnd material seems 10 be neasonably explained by linkoge of differemt To0s
nanccrystallites aking advantage of both enediol and amme groups of DA,

© 27 Elsevier BV, All nghts reserved

Keywandy: Titamium oxide; Dopamime, Coatings; Hybrid nenocomposite; Liguid phese deposition (LPD ) Ose-step deposition process; Low-temperahere deposition
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i. Introduction

Liquid phase deposition (LD} is a soft chemical technigque
applied initally 1o obtain amorphows titania films [1], bt
nowndnys is also employed to produce different oxides thin
films and powders [2-5). LPD is o process based on the controlled
hydrolysis of metallic fluoro-complexes. The sddition of o
fluoride scavenger such as boric acid shifts this chemical equi-
librium of hydrolysis to form the comresponding metal oxide. This
wet process allows the deposition of metal oxide thin films over
large and complex surfaces and the obtention of metal oxide
powders a1 relmtively low emperatures avoiding thermal posi-
treatments [2,3]. LPD preparation of titanium dioxide (Ti0s) thin
filmis and powders has been thoroughly studied by several groups,
with special emphasis in determine factors that control nucleation
and crystallinity [6-15].

Surface modification of Tl semiconductor particles has
attracted particular interest because of the application of these
maitenials in helds as diverse as electrochromic [16] and

* Cormesponding author. Tel: +34 93 58120 76; fax: +34 93 5812920,
E-maaail caclilress: davidpinglash.es (D, Guticres- Tauste )

(060 S - me fromt marter © 2007 Elsevier B, Al rights reserved.
oz DL DR, s 2007, 06, 165

photochromic [17] devices, and dye-sensitized solar cells [18].
Ti0s film or powder preparation and surface modification are
usually carried out separately in two steps, since common Ty
preparation methods require high temperatures that are incompa-
tibles with the organic modifiers [16,19]. One-step deposition
methods for hybrid Ti; materials are poorly reported in the
litcrature [20-22]. However, onc-step prepartion methods of
hvbrid material with more casily crystallisable oxides such as
Zn0 have been deseribed [23-25]. Therefore, development of
maore simple, low iemperaire and one-step methods applicable 1o
the preparation hybrid organic-TiO, films and powders should be
considened.

Compounds containing enediol units {eg. catechol and 113
dervatives, that play key roles in many biological reactions
[26]) have been known to chelate undercoordinated states of Ti
on the surface of TiD, with the optimal geometry, resulting in a
five-membered ring coordination complex [27,28]. These
clectron-donating bidentante ligands can confer new propertics,
shifting the optical response in the visible spectral region and
improving effectivencss for charge separation of nanocrystal-
line Tody (compared 1o unmodified semiconductor) [28,29].
The catechol denvate Dopamine (DA) has been widely studied
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as a robust biomimetic anchor for functional molecules, taking
advamage of the presence of both encdiol and alkyl-MH;
groups, [¥iverse applications including light-induced site-
specific TiO, redox chemisiry architectures [30-32), surface-
initiated polymerization o create antifouling coatings in metal
substrates [26], linkage of small biomolecules onto ferromuag-
netic FesOs nanoparticles [33] and DA selective moleculary
imprinted materials [34-36] have been deseribed.

The development of LPD technique has open a way for the
preparation of srganic-inorganic hvbrid materials. Deki etal, have
reported the LPD of alkyl sulfate and alkylbenzene sulfonate
surfactante/Ti0; [37] and copper phthalocyanine/Ti0, hybrid
films [3%]. Recemtly. we have described the preparmion of
methylene blueTiO: nanocomposite thin films used 1o fabricate
light-activated oxygen indicators [39]. In this paper, we repon an
one-step route o obtain DATIO: hybrd nanocomposite thin
films by the LPD technigue. Aluminum{ 1) nitrate was employed
a8 Muonde scavenger instead of the most commonly used boric
acwd, in order to increase the rate of film deposition [40].

1. Experimenial details
2.1, Reagents and substrate

Ammonmm hexafluorotitanate, aluminum nitrmte and DA
{analviical grade Aldnch, Panreac) were used as receivied
without further punfication. Acetone and cthanol {(Panreac)
were uscd for substrate cleaning. Water punified with a Milli-)
system (Millipore, conductivity< 0,05 pSlem) was employed.

The used substrate was [TO (In:04:5n) conducting plass
[3-18 (V=g 1.1 mm thick (Optical Filters). Subsirates were
cleaned just before performing the deposition process [40]: 5 min
ultrasonic cleaning in acetone, then 5 min in absolute ethanol, then
in 30%% nitric acid for 1 min and fnally in water for 5 more min.

2.2, Prepararion of films amd powders

DATIOr films were deposited on ITO-covered glass
placing verically the substrates into a polyethvlene vessel
containing the fresh precursor solution: 10 mb (NH, )2 TiF;.
[ mM ANNO)-9H-0 and 20 mM DA, at the natural pH of
the system (pH=2_0). The whole was sonicated for | min and
kept at 80 °C for 4.5 h. A mnge of DA concentrations between
I mM and 100 mM were also tnied, After deposition, films were
gently washed with water and dried with a nitrogen gas flow,
DATIOR powders were obtained (as byproduct) by scrapping
off a low-adhered films deposited on the surface of the
polvethvlene vessel, Powder samples were then collected with
the aid of water. separated by centrifugation, washed with
additional water and dried at 60 *°C. Blank Ti0: films and
powders were prepared under similar experimental conditions,
but without adding DA in the LPD precursor bath [40].

2.3, Characterization techinigioes

Attenuated Todal Reflectance Fourier Transform Infrared
{ATR-FTIR) spectra were performed with a Bruker apparaius
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{ Tensor model equipped with MK Golden Gate). The elemental
analyses (C, H, N) were carried out by the staff of the Chemical
Analyses Service of the Universitat de Barcelona on a Carlo Erba
CHNS EA-1108 instrument, Films surfice characteristics were
investigated by Scanning Electron Microscopy (SEM) on gold
coverad samples, using & Hitachi 5370 microscope (operating
volimge, [0-30 kY. For thickness measurements, samples were
cut into picces which results in breaking the TiO; film near the cut
cdge of the substrate. Films thickness was studied by SEM in
these edges, taking into consideration the sample inclination with
respeet to the electron beam, X-ray Diffraction (XRD) spectra of
powder samples were registered on a Rigaku Rodaflex RU-2008
diffractometer with Cu K., radiation, Grazing angle XRD spectra
of the deposited films were recorded wsing a Siemens D-500
apparatus with Cu K, radiation at incidence angle of 0.3, Electron
diffraction patterns and Tronsmission Electron Microscopy
(TEM} images were recorded i oa JEOL 2011 microscope
operating ot 200 kY. Samples for TEM observations were
prepared by serapping off thin films deposited on 1TO and
sonicated for 15 min in ethanol 1o detach aggregates of the
appropriate size for imaging, UV-vis absorbance data were
obtained with a Hehios series v spectrophotometer {Thenmo
Electron corporation), using the respective bane substrale as the
hillank.

For comparative purposes, DA was adsorbed on Ti0s
Degussa P-25 (80% anmtase-20% rutile, kindly gifted by
Degussa). Adsorption equilibum was established at similar
conditions than those in the LPD bath from a suspension 10 mdd
TiOs P=25 and 20 mM DA, The initial pH was adjusted 1o 2.0
with diluted HCIOy and the suspension was kept ot 20 °C for
4.5 h. The powder obtmned was sepamted by ceninfugation,
washed with water and dned at 60 °C,

3. Hesults and discussion

Chur first goal was to find bath compositions and substrate
preparation procedures that allow the deposition of optically
rransparent and well-adhered coatings of a DATIO; hvbrid
material. For that purpose. several assayvs varying DA con-
centrations in the LPD precursor bath were carmed out. Using an
optimized 200 mM DA concentration in the bath, uniform and
brown-colored films were obtained. Films adhesion and stability
woere ascertained using ultrasound disruption.

Chemical equilibria of the LPD process are alicred after DA
addition. Although DA do not coordinute Al'" cations at the
acidic pH employed [41], the enediol chelate Ti*' cations in the
peecursor bath (as denoted by the brown-colored solution
obtained after DA addition), Ti*" complexation with DA shifts
LPD equilibria and make difficult the Ti0s formation, accond-
ing to Le Chatelier principle.

The additton of a very low DA concentration, leads 1o a very
poor incorporation of DA into the coating and practically almost
pure Tik film is obtained. On the other hand, when DA is
excessively concentrated in the precursor bath, the modificr
make difficult the initial nucleation step and the posterior TiO;
growth, Consequently, at DDA coneentration higher than 100 mM
no film deposition is observed.,
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Fig. L ATR-FTIR spectra ol {n) IATIO hybnd posider, (b) DA adsorbed on
Degussa P-25 amd (e) eommencial DA hydrochlorc sall Spectra (a) and (b ane
preseried with 2= amplification. Mean absorption peaks afe also masked with *.

The surface structure of the DA-Ti(, complex was studied
using infrared spectroscopy. Mon-coordimated DA (Fig. lc)
present strong and overlad nfrared absorption peaks at
~ 1600 ¢m ' (N-H bending and C=C ring streich),
~ 1495 em ' {aromatic-C-H bending and aliphatic primary
amine vibration, salt form) and ~ 1280 em ' (C-0 stretching
and aliphatic primary amine vibration) [11,42.43). Similar
infrared spectra are observed in the DATIOY hybrd thin flms
inot shown) and powders (Fig. 1a), and when DA is adsorbed
on Degussa P-25 (Fig. 1b). Signals at ~ 1280 and ~ 1495 cm '
appear in the DA coordinated materials with no absorption
frequency modification. In addition, broad absomption bands at
~1630cm ' that cannot be unambiguously discemned, ascribed
to contributions of O-H bending from adsorbed water
molecules [28] plus N-H bending and C=C ring streich
vibrations from DA are also ohserved in the modified materials,
Therefore, bidentate binding reported for the DA-TiO,
complex at the nanopanicules surface is also confirmed in the
DATIO; hvbrid material. It must be also poimed out thw DAS
Ti(s thin films present more nlense infrared signals than

200) (105)G211)
Lo

PESPRCE l i L'IHIII

(101} {004)

Intensity (arb. units)

Fig. 3. Genzing angle XRD of DATIO: () and T (b thin films and XRD of
AT () amd TiOh, (d) powiders.

samples obtained after absorption of DA on Ti0; P-25 in
similar conditions (pH and concentration), suggesting that DA
is incorporated in higher proportion in the former case. An
incorporation of 7% of DA in the hybrid material ean be cs-
timeated from elememal analysis of powder samples,

Surface morphology and thickness of DATIO; hybnd films
were studied by SEM (Fig. 2). DATIOx films (Fig. 2a) show
dense and compact substrle coverage. The films present high
optical transparency (see Fig. 4a, Trnsmittance UV -vis) and no
cracks were observed. The particle size in the DATION somples
is in the 10-50 nm mnge, being clearly lower with respect 1o
Tis snmiples [40]. These observations can be aseribed o the fact
that the adsorption of DA on the TiO); particles limits its growth,
A decrease in the mean particle size was also observed in our
previous work when hybrd TiO; films were prepared by LPD,
incorporating ihe cationic dye methylene blue [39]. An average
deposition rate of 110 nm/h is estimated taking into account the
films thickness (approximatcly 300 nm, Fig. 2c) and ihe
deposition time in DATIO, samples. For comparison, a
deposition rate of 130 nm'h was reported for TiO; blank films
[40]. SEM observations point 1o the fact that addition of DA in

Fig. 1 SEM photographs showing surface momphalogy and thickness of DATIC: samples deposited on ITO-glass: using 20 mM opiimal D concentration (n) and
() in the LPD procumsos baih; snd adiding excess of DA (30 mb) with respeet o the optimized DA concentration (b,
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Fig. 4. TEM and assocusted SAED of DAY (2§ and Tey (h) thin films,

thi: LPD precursor bath limits the particle size and also decreascs
slightly the avemge deposition mie of the film. When DA
concentration is slightly increased with respect to the optimal
modifier concentration, the lower nucleation density leads to the
deposition of a film thar consistis of hemispherical deposits
whose collupse can be clearly observed, presenting morphology
imegularities (see Fig. 2b)

XRD of DA/TIO, and Ti0), thin films and powders are shown
in Fig. 3, revealing peaks that may be assigned o the anatase
structure [40.44]. Wider diffraction signals arc observed in the
DATIOy samples, evidencing that the size of Ti); crysallites
{and also the mean particle size as was observed by SEM)
decreases in the hybrid material, In all cases, the relative
intensity of the ((04) and (2041) planes is noticeably mereased
with respect o the anatase standard patron corresponding o
complete random order [45]. The preferential ¢ axis growth is
charsetenistic of TiO: films and powders prepared by LD, and
has been attributed to the preferential adsorption of Nuoride 1o
planes parallel 1o this direction [40,46]. In addition, the film
samples (Fig. 3a and b) only present intensity for diffraction
poaks perpendicular to anatnse ¢ axis, e (004) and (105)
planes, cvidencing clear preferential TiO: nanocrystallites
orientation with respect to the substrate in the ¢ direction [40].
Miederberger ef al. reported that DA scems o favor o axis
growth, inducing the formation of neardy spherical Tid), paricles
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[22]. However, this fact is only partially observed in DATIO;
powder samples that present cqual intensities for the (004) and
(200) reflections, DA incorporation in Tid; LPD produces a
miaterial with both g and ¢ preferential growth, which means that
only slightly elongated crystallites are formed in the powder
samples (compare Fig. 3¢ and d). Nevenheless when the hvbrid
DATiIOy material is deposited on ITO substrate, dominating ¢
axis preferential Tid: orentation is obscrved.

TEM and Sclected-Aren Electron Diffraction (SAED)
studies were also camied out on DATION and Ttk thin films
(Fig. 4a and b, respectively). The diffraction pattems (assigned
to reflections of anatase Ti0,) indicate polyerystalline structures
ins both cases, Diffraction rings corresponding 1o lanice spacings
of 3.5, 2.4 and 1.9 A (assigned 10 (101), (004) and (200)
reflections, respectively) ane observed in the samples, The hyv-
brid DATO: matenial presents a continuous structure of lower
size¢ and more randomly onented nanocrystallites than bare
T, suggesting that DA can also link different TiO; crystal-
lites and promote aggregation during hybrid material deposi-
tion, taking advantage of both enediol and amine groups [47].
Consequently, this fact could limit the application of the as-
prepared hybrid material for anchorng functional molecules.
However, no clear evidence of changes of the amine siretching
frequencies was observed by infrared spectroscopy. Only iso-
lated ervstallines in an amorphous matrix were observed by
TEM in our previows work in which hybrid methylene blug/
T, films were prepared by LPD [39].

Typical U'V-vis tmnsmittance spectra of DATOy and Tio,
films ane shown in Fig. 5. TiO; films are highly transparent in the
visible region and only present the absorption comesponding 1o
the semiconductor band gap (Fig. 5, dotted line). A noticeable
decrease in tansmittance in the visible region is observable in
DATIOr coatings (Fig. 5, solid line) with respect to bare Ti0,
films. due to the brown coloration of the hybrid films, Mever-
theless, electron injection from the ground state of the DA dye to
the conduction band of TiCh by photomduced charge-transfer
exeitation of the DA-TiO, complex is described in the litesanire
[29.48], being the comesponding absorption in the visible range
strongly dependent on the panticle size, morphology and surface
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Frg. 5. UV-vis massmimsnce spoctra of DATION (solkd liee) snd T, (domed
ling) thin films on I TO-covensd glass
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states [28]. DATION hybrid films preserve the chamcteristic
absorption oscillations in the visible range due to their regular
morphology, according 1o SEM observations.

4. Conclusions

In the present work, o one-step and low temperature pro-
cedure to obtain DATIOr nanocomposite thin films on 1TO-
covered glass by LPD is presented. The materdal formation can
be explained by linkage of Ti0, crystallites by enediol and
amine groups of DA,

DA incorporation in the growing Tic), limits the size of both
anatase crystallites and the main panicle of the nanocomposite,
and slightly decreases the average deposition mie of the lms,
Moreover, tvpical ¢ axis anisotropy of TiDs prepared by LPD 1=
altered in the hybrid matenal; slightly elongated crystallites are
formed with both a and ¢ axis preferential growth in powder
samples. However, ¢ axis preferential T orientation of thin
films on ITO is attained during the film deposition, Infrared
spectra suggest that DA is incorporated in DA/TH), nanocom-
posite material in higher concentrations with respect to surface
absorption on P-25,

The focus of our interest in the future investigations will be
the development of applications of the promising DATION
hybnd nanocomposite matenal.
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PART 4.4:

ALL-IN-ONE IONIC LIQUID LIKE PRECURSOR
SOLUTIONS FOR TiO, POWDER PREPARATION

Publication 5:

Hexafluorotitanate salts containing organic cations: use as a reaction
medium and precursor to the synthesis of titanium dioxide.

Chem. Commun. 2007, 4659-4661.
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4.4.1. INTRODUCTION

Ionic liquids (ILs) are organic salts with low melting points (<100°C) that have
received great deal of attention in many areas of chemistry and industry due to their
potential as green recyclable alternative to conventional organic solvents in
electrochemical, engineering and synthetic applications [1-4]. ILs present unique
properties (tunable by selection of appropriate cation and anion) such as extremely low
volatilility, wide liquid temperature range, good thermal stability, good dissolving
ability, excellent microwave absorbing ability, high ionic conductivity and wide
electrochemical window [5,6]. The formation of the liquid phase in ILs may be guided
by the same principle governing the melting point of classical ionic compounds such as
NaCl [7]. The much lower melting points of ILs compared to inorganic salts can be
generally attributed to the cationic components, as a consequence of their low charge
density (giving rise to weak Coulombic attraction forces) and steric difficulties to be
fitted into a lattice [3,5]. It is worth emphasizing that the molecular flexibility and/or
asymmetry built into at least one of the ions also opposes to the strong charge ordering

due to the ionic interactions that would normally cause the system to crystallize [7,8].

Typical ILs are based on the combination of such asymmetric cations presenting
low charge density (see some examples in Figure 4.4.1) with a great variety of anions
such as [BF4], [PFe], [AICL], [(CF3S0,):N], [CF3SOs], [CF3COO] or [CH3COO]
[4,7,9]. In principle, any charged cation and anion (including double charged species)
could give rise to ILs [4]. However, 1,3-dialkylimidazolium cations have became the
most extensively employed because of resulting ionic liquid systems present air and

water stability and are liquid over a wide range of composition [4].
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Figure 4.4.1. Cations most commonly used in ionic liquid systems (R refers to alkyl chains).
Adapted from reference [4].

Unfortunately, widespread application of ionic liquids could be limited by
inherent cost and purity issues, being their recyclability an economic imperative [10].
Abbott et al. have proposed deep eutectic solvents as alternative low-cost ILs by mixing
quaternary ammonium salts with either hydrated (Cr) [11] and anhydrous halide salts of
metals (Zn, Sn, Fe) [12,13] or hydrogen bond donors (such as amides, carboxylic acids
or alcohols) [10,14]. As general view, ionic liquids are more expensive than
conventional organic solvents, but it is thought that recycling them would result in
processes economically viable [4]. However, Seddon et al. have recently reviewed
industrial applications of ILs derived in many cases from close cooperation between
academia and industry [4]. For instance, the industrial giant BASF designed the
BASIL™ process (Biphasic Acid Scavenging utilizing Ionic Liquids) used for
producing  alkoxyphenylphosphines from chlorophenylphosphines and the
corresponding alcohol (see Figure 4.4.2). In this multi-ton process, HCI generated as
by-product is scavenged by I-methylimidazol, in situ yielding the IL

1-methylimidazolium chloride that forms a biphasic system allowing IL recycling [15].
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Air Products Inc. has designed the GASGUARD® technology for preparing high purity

gases via complexation in 1,3-alkylmethylimadazolium based ionic liquids. Lewis
acidic (e.g. BF5(g)) and basic (e.g. PH3(g) or AsHj3(g)) gases are stored in ionic liquids
presenting the opposite Lewis acid-base behavior (i.e. basic ILs with [BF4] and acidic
ILs with [Cu,Cl3] or [Cu,Br3], respectively). Finally, gases are recovered by means of
vacuum [16]. IoLiTec (Ionic Liquid Technologies) commercializes ionic liquids and
develops practical applications such as electrolytes for DSSCs consisting in common

cations in combination with iodide and triiodide anions [17].

pure liquid product
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Figure 4.4.2. The BASIL™ process for preparing alkoxyphenylphosphines from
chlorophenylphosphines and the corresponding alcohol [15].

In the context of inorganic synthesis, ILs have opened up a way for the
crystallization of these materials, since they present several key advantages with respect
to conventional solvents [1,2,7,18]: (i) ILs can have low interface tensions, resulting in
high nucleation rates [2]; (ii) ILs dissolve many species since it provides both
hydrophobic and hydrophilic regions [1]; (iii) ILs facilitate inorganic synthesis from
very polar precursors under ambient conditions and under anhydrous or water-poor
conditions [1,18]; (iv) Most important, ILs can act as entropic drivers since they exhibit
self-organization as extended hydrogen bond network [2,7]. Thus, the modification of
classical TiO, synthetic routes (i.e. sol-gel from Ti-alkoxides or TiCly hydrolysis)

employing imidazolium-based ILs have been reported for preparing TiO, directly
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crystallized at low temperature, with different phases and morphologies [6,18-24]. For
instance, Antonietti ef al. reported the synthesis of spherical anatase nanoparticles with
spongelike morphology from TiCly hydrolysis in a mixture of water and
1-butyl-3-methylimidazolium tetrafluoroborate (80°C, 12 hours aged) [24].
Kimikuza et al carried out low-temperature interfacial synthesis of hollow
amorphous TiO, microspheres by means sol-gel reactions in immiscible
toluene/1-butyl-3-methylimidazolium hexafluoroborate mixtures [18]. However, ILs are
typically employed as additives in mixtures with conventional solvents in these works,

only partially exploiting the potential synthetic pathways in ILs.

On the other hand, some authors have just recently described a few examples of
synthetic strategies for materials preparation based on the so-called “next generation” or
“all-in-one” ILs that act as solvent, template and precursor at the same time [1,25-27].
In these systems, a metal center is directly included in either the cation or the anion
constituting the corresponding IL, whose controlled destabilization gives rise to the
desired inorganic. It is thought these precursor media can benefit low-temperature
crystallization of inorganic compounds, since “all-in-one” ILs present a self-organized
structure in the liquid state that is analogous to the alkylimidazolium-based ones and,
hence, these novel IL media can be seen as “pre-organized” precursors. In this sense,
one can thus imagine a rich and versatile chemistry following this strategy: exploring
how to prepare ILs including a metal center and destabilizing them in order to prepare
the desired inorganic with a defined phase, morphology and/or chemical composition
[1]. For instance, Dai et al. controlled the morphology of ZnO nanostructures obtained
by ionothermal treatment of a IL consisting of [Zn-(NH;R)4][(CF3SO;),N] in
tetramethylammonium hydroxide at 110°C [26]. Taubert et al. prepared CuCl
nanopellets by reducing [N-dodecyl-pyridinium],[CuCl4] ILs with an ascorbic acid
derivate (85-145°C, 24h) [25]. However, to the best of our knowledge, no “all-in-one”

synthetic approach had never been achieved for preparing titania.
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In Publication 5: Hexafluorotitanate salts containing organic cations: use as
a reaction medium and precursor to the synthesis of titanium dioxide. Chem.
Commun. 2007, 4659-4661, the knowledge of ILs and Liquid Phase Deposition was
combined for preparing TiO; nanoparticles. Firstly, [NR4]>TiF¢ stable IL-like precursor
solutions with only a small fraction of water were produced by the straightforward
modification of commercial hexafluorotitanic acid (HFTA) with organic derivates
containing a tetraalkylammonium cation. And secondly, TiO, nanocrystalline was then
obtained at low temperature (85°C) by destabilizing this [NR4],TiFs precursor solutions
in analogous way to classic LPD procedures with boric acid (that is, as previously

commented, the common fluoride scavenger in the major part of LPD studies).

4.4.2. MAIN RESULTS AND DISCUSSION

In the first step, [NR4],TiFs IL-like precursor solutions were prepared with two
different quaternary ammonium salts by reacting with HFTA in a 2:1 molar ratio in a
Teflon-covered plastic bottle, according to Equations 4.4.A and 4.4.B. Betaine (Bet;
(CH3)3—N+—CH2—COO' or strictly the betainium BetH" cation obtained after carboxylate
protonation) and choline (Cho"; (CH3)3;-N"-CH,-CH,OH) chloride were initially chosen
as cheap and easily accessible cationic building blocks for forming the titania IL
precursor. The melting point of the resulting solutions depended on the NR," cation:
[Cho],TiF¢ precursor solutions were stable even at room temperature, whereas
[BetH],TiF¢ ones became solid at temperatures lower than 60 °C. Both
tetraalkylammonium compounds are commodity chemicals produced annually on a
multi-ton scale, being specially relevant their use as animal feed additives or
additionally in the case of the betaine, as precursor for the synthesis of surfactants [5].
BetH™ and Cho' cations only differ in the carboxylic acid and hydroxyl groups,
respectively and, in fact, the former is a metabolite that is formed by oxidation of

choline [28].

2 Bet + H,TiF¢ —> [BetH],TiFs (exothermic) (44.A)
2 ChoCl + H,TiFs —> [Cho],TiFs + 2 HCI (endothermic) (4.4.B)

151



PART 4.4: IL LIKE PRECURSOR SOLUTIONS FOR POWDER PREPARATION

It is thought that the resulting highly concentrated [NR4],TiFs precursor
solutions (only 21 wt.% of water content) are similar to ILs. The ions concentration of
such [NR4],TiFs solutions was clearly higher than in IL co-solvent assisted TiO,
synthetic approaches [19-21]. Our precursor media possess certain parallelism with the
deep eutectic mixtures (hydrated metal salts and choline chloride, so-called “ionic liquid
analogues”) described by Abbott et al. [11]. In such deep eutectic mixtures, the water
content ranged, depending on the composition, from 25 to 35 wt.% although its origin

arises from the hydrated nature of metal halides employed.

In the second step, stoichiometric 1.5 equivalents (with respect to Ti) of the
fluoride scavenger boric acid were added to the as-prepared [NR4],TiFs precursor
solutions and a low-temperature (85°C) aging treatment of the mixture was carried out
for variable time periods (from 18 to 90 h). The clear initial solution gradually became
turbid and nanocrystalline TiO; as final product was thus formed with this strategy, that
can conceptually be seen as high-concentration LPD (Equation 4.4.C). The samples
finally evidenced a quasi-solid “cheese-like” appearance (see Figure 4.4.3). The product
was then dispersed in water, and TiO, was recovered by centrifugation and thoroughly
washed with water. The non-dried samples formed a colloidal aqueous dispersion,
whose aggregation was easily avoided by adding either acid or base. It is worth
emphasizing here that TiO, yield was almost 100% and, most important, the ratio TiO,
mass obtained/volume of the reaction mixture was really advantageous (approximately
1 g/10 ml). It is believed that this point could be specially interesting from an industrial
point of view, since it represents a clear advantage with respect to other reported
low-temperature nanocrystalline TiO, preparation procedures, in which diluted

precursor solutions are commonly employed [19,29-31].

2 [NR4],TiF¢ (aq) + 3 HsBO; (s) —> 2 TiO,(s) + 3 [NR4]BF, (aq) +... (4.4.C)
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Figure 4.4.3. Final quasi-solid TiO, paste with
“cheese-like” appearance (from [Cho],TiFs medium) in
the 30 ml Teflon-covered plastic reactor employed.
Titania yield was almost 100%; TiO, mass
obtained/volume of reaction mixture was lg / 10ml,
approx.

The positive role of the tetraalkylammonium cations in the precursor became
evident at this point, since the blank experiment (i.e. direct reaction between HFTA and
H;BOs under similar experimental conditions) gave rise to the preparation of a titanium
oxyfluoride instead of nanocrystalline titania. The result of the blank experiment was
consistent with previous studies of high-concentration aqueous LPD (see zone (III) in
Figure 1.7.1, Section 1.7) [29,32]. In addition, it was also found that boric acid
presented higher solubility in the [NR4],TiFs media rather than only in HFTA, also

supporting the IL-like behavior of the initial precursor mixture.

4.4.2.A. Materials characterization

One common drawback in titania preparation procedures employing
imidazolium-based ILs is the cleaning post-treatment i.e. habitually, the entrapped IL
and other organics are extracted for long times by refluxing or hydrothermally
processing the as-prepared TiO, in an organic solvent such as acetonitrile [19-22].

Alternatively, although our approach for titania preparation simply included short time
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water extractions as cleaning procedures, no important contamination was found as seen
by ATR-FTIR spectroscopy (see Figure 4.4.4) and C, N elemental analysis (in the
1.5-2 wt.% range).

100

% Transmitance

70 Ll v Ll
4000 3000 2000 1000

Wavenumber (cm'1)

Figure 4.4.4. ATR-FTIR spectra of the water-cleaned nanocrystalline TiO, prepared from
[NR4],TiF¢ destabilization with boric acid. [NR, ] = BetH" (solid line) and Cho" (dashed line).

As-prepared TiO, materials were additionally characterized by means of XRD,
TEM and nitrogen adsorption/desorption. Significant differences were found by
employing BetH" and Cho" as tetraalkylammonium cations under similar experimental
conditions (Table 4.4.1), supporting the idea that each cation had a specific directing

growth role in the final TiO; formed.
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Table 4.4.1. Summary of XRD, TEM and nitrogen adsorption/desorption characterization of
nanocrystalline titania, prepared from [NR4],TiFs destabilized with boric acid at 85°C during
different aging times. “Estimated from (101) anatase reflection using the Scherrer equation.

Characterization  [NR;]=BetH"  [NR;]=Cho" [NR;]=Cho" Comment
(18h) (18h) (90h)
XRD anatase anatase/TiO,-B  almost pure no typical ¢ axis
[crystallite size]® [~8 nm] anatase preferential growth
of LPD
HR-TEM spherical irregular irregular
[crystallite size] nanocrystallites distribution distribution -
[5-7 nm] [10-60 nm] [10-100 nm]
+ nanorods
[~15x60 nm]
nitrogen
adsorption/desorption  [~200 m%/g] - [~110 m%/g] -
[BET surface area]

To summarize, on one hand, BetH" gave rise to a narrow size distribution of
quasi-spherical anatase nanocrystals (5-7 nm) that do not evolve after a preparation time
of 18 h. On the other hand, a mixture of anatase and TiO,-B polymorphs was obtained
after the same aging period but using [Cho],TiF¢ precursor solutions instead. However,
in this latter case, almost pure anatase was observed for samples treated for longer times
(90 h), suggesting a transformation from TiO,-B to anatase phase during the process of
synthesis. Moreover, titania nanorods consisting of ordered and twinned needle-like
crystallites were also observed (see Figure 4.4.5) in samples aged 90 h from
choline-based precursor solutions, which are potentially interesting, e.g. in DSSCs,
since they have already shown inherently good electron transport properties [33,34]. It
is thought the observed differences can be reasonably explained by the coordination
capability of the carboxylate group of betaine toward metal ions and/or metal oxides,

that is better than the aliphatic alcohol function of choline [5].

155



PART 4.4: IL LIKE PRECURSOR SOLUTIONS FOR POWDER PREPARATION

Figure 4.4.5. HR-TEM image and simulated
electron diffraction pattern of a titania
nanorod observed in samples obtained from
[Cho],TiFs precursor solutions destabilized
with boric acid for 90 h. Simulated electron
diffraction  pattern  evidenced  quasi-
hexagonal symmetry. Corresponding lattice
spacing was 2.37 A, which can be assignable
to either anatase (004) or TiO,-B (401)
reflections, according to JCPDS ~ 21-1272
and  35-0088  patterns, respectively.
HR-TEM image simulations are currently
under investigation in order to discern
crystalline structure.
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It is assumed that some controversy can be surely derived from the “all-in-one”
method for preparing TiO, in terms of affinity/contradiction with respect to Green
Chemistry principles. The main drawback of the method is the toxicity and the
corrosive character associated to both HFTA and the concentrated IL-like precursor
solutions. On the other hand, high-yield titania crystallization was carried out at low
temperature with no special equipment and, organic solvents were replaced by low-cost
chemicals and only a water-based cleaning procedure was employed. In addition, a key
advantage of the method is its inherent versatility since: (i) the crystal size and structure
of the final product can be varied by carefully choosing a cation within the large
tetraalkylammonium family of compounds; (ii) the commercial availability of H,ZrFe
and H,SiF¢ makes the method potentially suitable for the preparation of the respective
metal oxides in a analogous way; (iii) the destabilization process can be MW-activated,
decreasing the reaction times from hours up to minutes and (iv) one-step synthesis of
TiO, functionalized with enediol derivates has been achieved. IL-like nature of the
resulting [NR4]BF4 by-product can be reasonably considered, whose recovering might

result in a product with added value. Certainly, although special care should be taken in
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the manipulation of the media, the IL-like precursor solutions method is specially
attractive and open the door to further investigations, whose preliminary results are

promising.

4.4.3. CONCLUSIONS

[NR4],TiFs stable IL-like precursor solutions with only a small fraction of water
are produced by the straightforward modification of commercial hexafluorotitanic acid
(HFTA) with organic derivates containing a tetraalkylammonium cation.
Nanocrystalline TiO, is quantitatively prepared by [NR4],TiF destabilization with boric
acid at low temperature (85°C) in a high-concentration LPD process. The crystal size
and structure of the final titania product has shown to be dependent on the
tetraalkylammonium cation present in the initial IL-like precursor solution. As relevant
result, residual organics seem to be removed only by means of water cleaning
procedures without requiring, for example, refluxing in an organic solvent for long
times. The versatility, simplicity, low-cost as well as low-temperature processing
represent important advantages of the proposed method and reasonably justify further

investigations in the field of metal oxides synthesis.
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The straightforward modification of commercial hexafluorof-
tandc acid with organic dervatives containing a tetraalkyl-
ammonium cation produced stable precursor solutions with
only a small fraction of water, which were then used as a
reaction medium for the synthesis of nanocrystalline TiO,.

In ke scarch for low cost and casy 1o implement methods (o
prepare nusocrystalling tlanium dioxide (Te0,), we ane exploring
the use of new techmiques that avoid the use of organic solvenis
andior controlked atmespheres, Tith, is a strategic matenial, with
numeTos applications in the arcas of coatings and sensors. 1s use
in photocatslysis and dye-sensitized solar cells (DSSCs) s
especially relevant to the solution of scveral problems, such as
witler contamination and energy supply. Henee, the scarch for new
preparation methods that allow confrol over the mecrostructural
and morphological parameters, and thus the properties of Titk, is
encouraged. In this Communication, we describe how the simple
modification  of commercial  hexafloorotitunic peid (HFTA)
(60 wis in water, Alkirich) with organic denvatives contiining @
tetraalkylimmonium cation produces stuble precursor solutions
that mchude only o small fraction of water, These titania
precursors, aficr reacting with bonc acd (a common fuornde
scavenger) af low lemperature (85 C), were quantitatively
transformed into nanocrystalline T,

lonic liquids (ILs) are new tooks Tor designing alicrative
sirategies in chemicl symibesis and separation processes, Severil
advantages have also been established for materials preparation.
For instance, Ils can stabihze noanoparticles, they work as
termplates in reobie crvsallizaton and allow matenials that are
usuilly produced under hydrothermal conditions to be preparned in
now-pressurized reactors’ The direct crystalliastion of ik, at
low temperature with comples, morphologics like microsphencs, in
presence of ILs based on the butylmethylimidazole cation, has
been reported,”

Oiher described matenals preparation methods ane based on [Ls
with o metal center, which simultuncoasly acl as a sobvent,
mokscular precursor and  crvsial growih driving agent.t This
atrsctive “allin-one” synthesis sirtegy, never reported before for
Te: preparation, has been pursued in this work, The wse of salis

* Ppparimmeni de Ohaimica, Dniversidag Auwtimonn de Burcelimr,
Campres UAR, O80T Bellarerm, Spafa

Eanail Jose Antorie, Avifom@unbess Fox +34 93581 2000,

Tel: 434 G581 2176

vt de Ciemciar de Moterinkes de Barrpelona, CSIC, Campury AR,
93 Belaternr, Spoin

+ Electronie supplementary infommation (ESI) available; Details of the
characienzation technigues emploved and additional ﬁgunp: (Fiz. 51 amd
520 Sew DO M I03WDTIRSTE:

containing a hexafloorotitanaie amon and a teiraalioylammoninem
cation, present in numerous 1L, his boen explored. These salts
were prepansd from commercial, low cost and casy o handke
chemicals such s HFTA® and two organic derivatives: betaine
(Bet: MeyN"-CHO0,7) and choline (Cho™; MeyN™-CH,
CHAOH) chiloride,

Betiudne, whach can act as a base, forming the HBat™ cition iafter
carboxylate profonation, wis firsthy chosen for assay. Inoa tvpical
synthesis procedure, 293 g (249 mmolp of Bet was dissolved i
335 g (122 mmal) of a 60 wis HFTA solution in an exothermic
renction. The container was a plastic bottle, internally coverad with
Teflon and heated in a double boiler. The obtuined viscous
(HBet)::TiFs solution, contaiming oaly 21 wits of water, was
stable over 60 "C. Due 1o the low proporon of wialer present,
the obtained medium can be considered smilir 1o that of [Ls,
and expecially close to those formed from hvdrted tmustion
mictal sibis” The concentration of ions was alko higher than in
previously descnibed TeDs preparation proceduns, in which ILs
were wsed only as minor components of the mital reaction
—

HFTA and, most frequently, the derived ammonium salt are
wsed 10 produce Tick, films by the Liquid Phase Deposition (LPD)
method.™ In this proces, boric acid is cmployed as a fluoride
scavenger, ulbowing a controlled hydrolysis of the precursoer. In this
work, a smilar procedure was used fo imnsform the mew
{HBet):TiF,, procursor into Telh, |3 equivalenis of boric acd,
with respect 10 Ti, were added o the solution, The maxture was
aged at 85 "C over 18 b, and graduwlly scquired a white paste
texiure, The sample did not evolve after this aging period. [t was
then dispersed in water, and the solid part was separated by
centrifugation and thoroughly washed wath water. The TeO, yickd
was almost 1002 The non-dried samples formed @ colkoidal
aqueons suspension, winch was casily stabilized agamst ageregi-
tion by the addition of a diluted base (N(CHq 1 .OH) or acid (HCL,
HCH).

Clanmcterization by high-resolution  1mnsmission  clectron
mscroscopy (HR-TEM; Fig. 1a) showed thin the obtained material
conssted of namocrystals (5-T am) with a nurrow seze distribution.
A selected-anen chectron dulrsction amalysis of the sample (Fig 1b)
pointed 1o the anatase crystal phose.

Samples doed ot 83 °C presmted a candy-like aspect duwe 1o
particke aggregation. The small s and clean surface of the
obtned nanoparticles faalitoted their sntenng al very low
femperatures. According to ATR-FTIR charmctenztion (not
shown), the oblamed TiO: contained only traces of organic
spevies; below 1594 according clemental analvsis i, M) XRD
anakysis (Fig. 2a) confirmed that the precipatited solid was inatise.

This journal is & The Royal Society of Chemilstry 2007
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Fig. 1 Represeniatne HR-TEM photographs.

Inbamsity (arbitrary units)

26 degrees

Fig. 2 XRD} patierns of Tid: sampks obiaingd (rom (a) (HBeip:Til5,
and from (b)) (Cho)TiF, Symbok hetween traoes signal the posatsons of
the peiks corresponding 1o anatiase [¥) and TiO-B (I

The sze of the nanopartickes, cstimated from the peuk width
{Scherrer equation) of the XRD pattemn. agreed with the value
obtaimed from TEM churacterization. Preferential growth of ((04)
is usmilly observed in anatise grown by LPD" However, this
preferential growih was noi observed in the propared samples,
dencding that ibe prowih mediom vused differad significantly from
that of a diluted squeous solution, The low temperature ™, gas
adsorpliondesorption  isotherm (BET analysis) of the Tidd,
nnoparticles showed o H2 tvpe hysteresis boop, charactensiic of
mesoporous maderials (Fip 3a) The pore sie disinbution,
calculated from the adsorption branch (Fig 3h),' denoted the
presence of pores in the 3-8 nm range. The cstimated value of the
specific surface anea (5,) was around 200 m® g~ ",

Under similur experimental conditions, but in e absence of
the HBet" organic canon, the reaction beiwoeen concentraied

00 02 04 08 0B 10
Relative Pressure [PIP,)
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10 100
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Fig. 3 (n) The Ny gas ncdsorptson (L] Fdesorpison () sotberm and (b)
the pore s distribution caleulnsed from the sdsorption branch of the
wotherm of T, samples obtamed from (HBet), TiF..

HFTA and bone acd (mitilly oaly padially dessobved)
produced o ttaniom  oxviluonde. This compound could be
desorbed as HTOF; according (o the similaniies between s
XRD panem and that of the cormesponding (MELTIOF; and
other structurally related compounds (Fig. S14L" It should be
taken mie mocount that, n our expenments, there was no
ammommam  source, HTOF; 5 conssdered to be o product
of the thermal decomposttion of (MHTROF. although no
direct preparation method has been described.™ Therefore, i
can be concluded that the HBet" cation enhonced the
solubility of bonic acid in the concentruted HFTA solution,
allowing complete defluonmution of the precursor and simulta-
maous control of the sue of the preapioied partiches. This fact 1s
considered to be cntical for the formation of nanccrystalline
aruakivss,

In a second assay, the synthesis of Ti0; was performed
under similir experimential conditions, bat using the Cho™ cation
instead of Bet. A (ChokTiF, solution was preparcd from HFTA
and ChoCl, and HCT was Bberaicd as a gas. This path was
preferuble to the reaction between HFTA and choline hvdroxide,
which is highly exodhermic and produces additional water, The
obtainad viscons (ChokTiF, soluton was stable, even at room
temperature, After the addition of boric ackd and thermal
treatrnent al 85 °C over an aging penod of 18 h, o mixiure of
anatase and Ti0-B polvmorphs wis obtained (Fig. 2bk Upon
increasing the reaction time o 90 h, almosd pure analis: was
aobtmned (Fig. 2e). HR-TEM (Fig. 52%) confirmed the cosxstence

4650 | Chem. Sommun, 3007, 4659-4661
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of TiD-B and snstase after 18 b The Ty particles obiained
after 90 h were Brger and mose irregular than those ohtained using
the HBet™ cation, which led to a wider pore sie distribution and
lower 5,

I supmmary, nanocrystalline TiOy was produced by adding
organic derivitives, such as betine or choline chlonide, to
commercial solutions of HFTA and using boric acid os a
defluorinating agent. Although precautions shoukd be taken due
to the toxiaty and cormosive chamader of both the precursor
and fMuondes, the method presents numerows advantiges: all
chemicals used are low cost, no organie solvent 1s needed, neither
an inert atmosphiers nor pressurited reactors ane regquired, and the
by-products can be washed with water. The ratio between Tid,
viehd and the required reaction velume is also advintageous, The
aim of this Communication has been to describe i generic methad
for the preparation of nanometrc crvstal of Tes, A key
advantage of this method B its versatility, since the crvaal sze
and structure of the final product can be modified by carcful
chotee of organic caton. Due to s high ionic content, the
precurser mixture is, remarkably, able to absorb MW mdiation,
and usimg this hesting procedune, the me necessary (o produce the
nanopartickes can be significantly redsced from hours 1o minutes,
The method can abo be wed o prepare ogame capped
nisnopartichs i oa single step, ez by adding an enediol, such ds
citechod, to the initial soluton. A comprehensive study will be
reponed elscwhere,

This work wais supporied by the Spanish National Plan of
Research (CTQINS-02808PR) praject),
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Hexafluorotitanate salts containing organic cations: use as a reaction
medium and precursor to the synthesis of titanium dioxide

By David Gutiérrez-Tauste, Xavier Doménech, Concepcion Domingo and José A. Ayllén*

Electronic Supplementary Information

Experimental Details

Electron diffraction patterns and Transmission Electron Microscopy (TEM) images were recorded in a
JEOL 2011 microscope operating at 200 kV. Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR) spectra were performed with a Bruker apparatus (Tensor model equipped with MKII Golden
Gate). The elemental analyses (C, H, N) were carried out by the staff of the Chemical Analyses Service of
the Universitat de Barcelona on a Carlo Erba CHNS EA-1108 instrument. X-Ray Diffraction (XRD)
spectra of powder samples were registered on a Rigaku Rotaflex RU-200B diffractometer with Cu K,
radiation.

Textural characterisation of the samples was performed in a Micromeritics ASAP 2000 instrument. The
Brunauer-Emmett-Teller (BET) surface area and pore size distribution of the titania samples were
obtained from nitrogen adsorption/desorption isotherms at 77 K. A sample (0.1-0.3 g) was outgassed
under vacuum for 8 h at 393 K prior to each measurement. In the calculation of the pore size distribution
for TiO, samples, cumulative surface areas calculated from the pore volume and the pore diameter were
consistent with the specific surface areas obtained by the BET method.*' The mesopore size distributions
were calculated by applying the Barret-Joyner-Hallenda (BJH) ** method to the adsorption branch of the

isotherms.

(sl) Sing, K.S.W.; Everett, D.H.; Haul, R.A.W.; Moscou, L.; Pierotti, R.A.; Rouquérol, J.;
Siemieniewska, T. Pure Appl. Chem. 1985, 57, 603.
(s2) Barret, E.P.; Joyner, L.G.; Halenda, P.P. J. Am. Chem. Soc. 1951, 73, 373.
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Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2007
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Figure S1. XRD pattern of a sample obtained from direct reaction between concentrated H,TiFs and

boric acid.

Figure S2. Representative HR-TEM image of a sample obtained from (Cho),TiFs after reacting with

boric acid at 85°C for 18 h, showing the coexistence of anatase and TiO,-B.
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CHAPTER 5: CONCLUDING REMARKS

Solving technological limitations of titania concerning conventional
high-temperature processing is necessary. In this work, novel low-temperature
preparation routes for TiO, (and organic/TiO;) powders and films have been explored
following Green Chemistry guidelines. The as-prepared materials have been focused on
practical applications in Dye-Sensitized Solar Cells and actuating materials. General
conclusions and perspectives drawn from the work carried out can be summarized as

follows, according to their respective Part in the foregoing Chapter 4:

PART 4.1: UV PREPARATION METHOD OF TiO, POROUS
PHOTOELECTRODES FOR DSSCs

e To the best of our knowledge, all-plastic DSSCs in which TiO, porous
photoelectrodes are processed by means of low-temperature strategies still
remains quite low (max. n=7.4%) with respect to conventional high temperature
annealing of rigid devices on thermostable substrates (~11%). Hence, further

investigations in this research area should be attempted.

e Our proposal based on chemical necking of commercial P-25 nanoparticles via
additional TiO, generated from UV degradation of a molecular precursor
presents comparable features with respect to standard high temperature

post-treatment in relatively large area devices.

PART 4.2: ALTERNATIVE FLUORIDE SCAVENGERS FOR TiO, LPD

e Fluoride scavengers others than boric acid for LPD are poorly reported in the
literature. In this work, AI(IIT) and Fe(IIl) cations have been firstly studied for

this role.
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Polycrystalline anatase TiO, films have been deposited with relative low times
(3h) at a temperature of 80°C on glass and ITO-glass. However, AI(IIl) seems
the most suitable cation, since it has presented the highest average deposition
rate, evidencing no incorporation of the cation within the film (by means of

XPS), in contrast to Fe(III).

Controlled glass corrosion by means of an aqueous solution of hexafluorotitanic
acid has demonstrated positive effects as seed pretreatment for favoring
posterior TiO, nucleation. Thus, homogeneity as well as degree of substrate
coverage are enhanced in the subsequent TiO, LPD. One could infer this
pretreatment might be of general use for improving quality of LPD deposits on

glass.

PART 4.3: ONE-STEP ORGANIC/TiO, HYBRID THIN FILMS
PREPARED BY LPD

As proven in MB/TiO, and DA/TiO, materials, organic substances presenting
either electrostatic affinity toward a fluorinated surface or chelating capability
toward Ti(IV) sites at the surface are suitable candidates for one-step
hybrid/TiO, Liquid Phase Deposition. Thus, LPD broadens horizons toward
hybrid materials since TiO, synthesis is performed at low temperatures, not

inducing thermal decomposition of organics.

By means of entrapping organic substances within the growing titania, hybrid
nanocomposite materials exhibiting different properties (i.e. nucleation, crystal
growth, morphology, applications, efc.) can be reasonably expected. In this
sense, novel actuating (or self-actuating) materials could be explored following

similar strategies.



CHAPTER 5: CONCLUDING REMARKS

PART 4.4: ALL-IN-ONE IONIC LIQUID LIKE PRECURSOR SOLUTIONS

FOR TiO; POWDER PREPARATION

[NR4]oTiFs IL-like precursor solutions destabilized with boric acid at
temperatures as low as 85°C have achieved direct preparation of nanocrystalline
Ti0,, suggesting a triple role of the media: solvent, precursor and crystal growth
directing agent. It is worth emphasizing that, to the best of our knowledge, this

all-in-one strategy had never been reported before for TiO,.

Although toxic and corrosive nature of the media seems to unfit Green
Chemistry principles, inherent simplicity, versatility, low-cost and advantageous
Ti10; mass yielded/reactor volume ratio can be related to the desired guidelines.
Further studies are justified since the method can be potentially designed from
[NR4],MF¢ (M=Ti, Si, Zr and NR4+=tetraalkylammonium cations) solutions,
which could also be activated by microwave irradiation. Besides, one-step
catechol capped TiO, nanoparticles have also been achieved, also suggesting a

general via of organic/inorganic materials could be explored.
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ANNEXE

This section includes additional studies regarding to the preparation of
nanocrystalline titania by destabilizing [NRy4],TiFs IL-like precursor solutions
(INR,; ]=BetH", Cho") with boric acid at low temperature. It continues with the work
done in Publication 5: Hexafluorotitanate salts containing organic cations: use as a
reaction medium and precursor to the synthesis of titanium dioxide. Chem.
Commun. 2007, 4659-4661. First, the effects of varying temperature and time of the
corresponding aging treatment on the titania crystallization process are briefly addressed
in Annex A.l. Second, further studies of such home-made titania nanoparticles carried
out at Material Science Laboratory of SONY Stuttgart Technology Center GmbH
(Germany) are summarized in Annex A.2 (XPS characterization) and Annex A.3

(application in Dye-Sensitized Solar Cells).

A.1. TEMPERATURE AND TIME EFFECTS ON
TITANIA CRYSTALLIZATION

As commented in Section 4.4, the crystal size and structure of the final titania
produced by the IL-like precursor solutions method can be modified by carefully
choosing the tetraalkylammonium cation. In a set of systematic experiments, a range of
temperatures (65-120 °C) and aging times (18-90 h) were also tested for both BetH" and

Cho" cations.

On one hand, no significant dependence on the experimental parameters
temperature and time was found in the case of BetH' cation. Thus, as shown in
Publication 5, similar quasi-spherical nanoparticles with a relative narrow size
distribution of 5-7 nm were obtained in all cases. Most probably, coordination of the
carboxylate group of BetH' cation is responsible of such controlled crystallization
process [1]. On the other hand, destabilization of [Cho],TiFs precursor solutions with

boric acid exhibited a richer crystallization chemistry.
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Figure A.1. XRD patterns of titania nanoparticles prepared from the destabilization of
[Cho],TiFs precursor solutions (1 equivalent) with boric acid (1.5 equivalents): (a) temperature
dependence, preparation time of 18 h; (b) time dependence, T=65°C. JCPDS patterns of pure
anatase (21-1272) and TiO,-B (35-0088) are also included.

First, the dependence of the as-prepared titania nanoparticles from the
[Cho],TiF¢ precursor solutions on aging temperature became evident for samples treated
for 18 h (Figure A.l.a). Aging temperatures below 100 °C gave rise to an irregular
mixture of anatase and TiO,-B phases. Nevertheless, taking into consideration the
intensity of the peaks corresponding to each phase, the anatase/TiO,-B ratio between
samples treated at 65 °C and 85 °C was approximately equivalent. According to
Scherrer equation, wider XRD signals of samples aged at 65 °C evidenced smaller
crystallite size as a consequence of a lower aging temperature. In principle, one might
consider that this effect can be ascribed to a decrease in media viscosity with
temperature [2]. Alternatively, at the highest temperature tested (120 °C), stronger and
narrower XRD signals assigned to pure anatase phase were observed. In this case, it is
believed that the lower viscosity in combination with the increasing precursor media
concentration (due to a significant water evaporation) gave rise to a situation in which

formation of anatase crystallites was favored.
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Second, it was also found that growing titania nanoparticles prepared form
IL-like precursor solutions based on choline suffered an evolution depending on
treatment time at a certain temperature. As example, Figure A.1.b shows the evolution
according to the aging time of a sample prepared at 65 °C. Taking into consideration the
intensity of anatase and TiO,-B XRD signals, we suppose a growing mechanism of the
final large anatase crystallites by self-assembly of initial anatase and fresh anatase
crystallites derived from a TiO,-B transformation. It is thought that XRD and TEM
studies of early stages might clarify how these phenomena occur and allow us to
propose a low-temperature one-step synthetic approach toward the preparation of pure
Ti10,-B. This metastable polymorph has attracted attention as host material for lithium
storage [3,4] or humidity sensor material [5]. Unfortunately, TiO,-B is generally
prepared by three-step procedures (including solvothermal treatments of precursors in
high-concentration NaOH aqueous solutions, followed by acid-washing and annealing
treatments), in which the final product consists of anatase/TiO,-B bicrystalline mixtures

[5-7].

A.2. XPS CHARACTERIZATION

The composition of the as-prepared and sintered titania nanoparticles (at 450°C
for 30 min, as in Annex A.3 for DSSCs preparation) was studied by means of XPS.
Samples were prepared on FTO-glass by placing a drop of a 2% ethanol based
suspension and drying at 85°C, a process that was repeated three times in order to
maximize substrate coverage. Degussa P-25 reference samples for comparative
purposes were prepared in the same way. The measurements were done on a Kratos
Axis Ultra system with a monochromated Al K, X-ray source and a charge neutralizer.
All the binding energies were referenced to the Cls peak at 284.8 eV. As expected, the
XPS results showed that titania samples contain not only Ti and O elements, but also
some F, N and C contamination (Table A.l). According to ATR-FTIR results
commented in Publication 5, no significant N and C contribution assignable to NRy4"

cations was found in the as-prepared samples. It has to be taken into account that XPS

peaks for Cls are always observed due to the adventitious hydrocarbon [8,9]. However,
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the N content was significantly decreased after sintering due to the thermal

decomposition of residual tetraalkylammonium derivates.

Table A.1. XPS composition analysis (at.% and Ti/F ratios) of titania samples prepared from
[NR4],TiF¢ IL-like precursor solutions destabilized with boric acid at 85°C (aging times are
indicated in brackets). *As-prepared, "sintered at 450°C for 30 min.

Sample F 0] Ti N C Ti/F
=Bet . . .
[NR, ]=BetH" 8.6 53 26 1.7 10 3.0
(18h)*
= (0] . .
[NR, ]=Cho" 11 50 26 1.5 11 2.3
(18h)*
= (0} . . .
[NR, ]=Cho" 9.0 53 27 1.2 11 3.0
(90h)*
[NR, ]=BetH" 1.0 59 28 0.6 8.7 28
(18h)°
[NR, ]=Cho" 0.8 60 29 0.6 9.8 35
(18h)°
[NR, ]=Cho” 1.1 59 29 0.5 9.9 26
(90h)"

The interest was then centered in the fluorine content, that is the most usual
contaminant in TiO, materials prepared by LPD [8,9]. Although it has been previously
noted that fluorine is practically not detected at the surface of FTO by XPS [10], blank
experiments under the same experimental conditions were carried out in order to be on
the safe side. The maximum F contribution from the FTO (Fpro at.% max.) was
calculated for each sample, taking into account the observed Sn at.% in the samples and
the Sn/F ratio obtained in the FTO. In the worst case, the at.% of the observed fluorine
was 24 times higher than the Frro at.% max. Hence, no significant contribution in the F
signal was assured. The titania samples presented in all cases (as-prepared and sintered)
F1s XPS symmetric signals centered at 685 eV, a value of binding energy associated to

fluorine chemisorbed on the TiO, surface (=Ti-F) [11-14]. Fluorine can be partially
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eliminated by soaking the samples in 0.1 M NaOH for 1 night. In principle,
substitutional F-doping in TiO, is dismissed since no peak located at 688 eV was
observed, at least in the near surface region sampled by XPS (i.e. up to 10 nm
[8,10,15]). Whereas noticeable amount of fluorine was detected in the as-prepared
samples (only presenting a Ti/F atomic ratio of 2-3), peak intensities for Fls decreased
significantly (T1/F=25-35) when the annealing treatment was carried out (also with no
F-doping). In fact, F-doping thermally induced at 450 °C from initial surface
fluorination has been reported to occur for longer sintering times (4 h) [16]. Most
probably, during the sintering process fluorine element in the as-prepared materials
gradually evaporates as HF gas [8]. However, no total fluoride disappearance was
achieved in any case. At this point, became evident that the followed water-cleaning
procedure allowed almost total NR," removal (as seen in Section 4.4) but was not
effective enough for eliminating chemisorbed fluorine. However, surface fluorination of
Ti0; could be desirable in photocatalysis since oxidation pathways via hydroxyl radical

have been found to effectively improve their quantum yield [17-20].

A.3. APPLICATION IN DSSCs

Titania nanoparticles prepared by destabilizing [NR4],TiFs IL-like precursor
solutions with boric acid at 85°C were tested in laboratory scale DSSCs. Sandwich type
solar cells were built as follows (see Figure A.2.a). A 30 nm TiO, blocking layer was
formed on FTO-glass by spray pyrolysis. Home-made TiO, nanoparticles were
deposited on this blocking layer by repeating 8 times a process consisting of spraying
2% ethanol based suspensions and drying at 80°C on a hot plate for 10 min.
Afterwards, the photoelectrodes were sintered under standard conditions at 450°C for
half an hour as in XPS analysis) and subsequently sensitized with red dye Ru 535 TBA
molecules®, by means of self-assembly from a 0.3 mM solution in ethanol for 1 night.
The samples were dipped in ethanol to desorb any excess of dye and, after drying, the

porous layer was then interpenetrated with an acetonitrile based liquid electrolyte

® cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II)-
bis(tetrabutylammonium)
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containing the redox I3/I" couple ([I5]=186 mM). Finally, TiO, photelectrodes were
assembled with a Pt mirror counter electrode placing a 30 um spacer between them.
Current-voltage characteristics were registered under illumination with white light from
a sulfur lamp (IKL Celsius, Light Drive 1000) at an intensity of 100 mW/cm?®. The
spectral mismatch factor, in comparison with sunlight, was evaluated to be about 0.7 for
this lamp. In order to assure reliability of the measurements, at least five DSSCs were

tested for each type of nanoparticles.

b

[NR,']=Cho* [NR,]=Cho"
(18h) (90h)

Figure A.2. (a) Laboratory scale DSSC once assembled, active area of 0.24 cm’ (b)
Macroscopic and SEM observations of TiO, photoelectrodes after sintering at 450°C for 30 min
according to the type of nanoparticle and aging time employed.
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Porous titania photoelectrodes were successfully prepared via the low-cost and
additive-free approach simply based on spraying a suspension of the corresponding
home-made nanoparticles in ethanol. On the contrary, the desired porosity of the TiO,
layers has to be habitually adjusted by burning a certain amount of organic content in
the initial paste [21-23]. Samples with high transparency were obtained from titania
nanoparticles prepared from [Cho],TiF¢ IL-like precursor solutions (Figure A.2.b),
whereas nanoparticles obtained via the [BetH],TiF¢ route cracked during the
consecutive spraying processes as a consequence of aggregate packing due to their
small size and presented a hazy appearance. Therefore, no good electrical contact was
expected in this latter case. SEM observations of [Cho],TiF¢ photoelectrodes show the
presence of roughly shaped titania nanodisks in samples aged for 90 h. The formation of
such nanostructures can be ascribed to two different self-assembly mechanisms of the
nanoparticles either during storage of the suspension or during the sintering process.
Further SEM studies are now being carried out to address the influence of the storage

time of the titania suspensions in both ethanol and water.

The average performance of the devices built are summarized in Table A.2. As
expected, particles prepared from [BetH],TiF¢ precursor solutions exhibited the worst
overall efficiency. However, DSSCs fabricated with choline-derived nanoparticles
presented remarkable performances in terms of Jsc, Voc, FF and . The highest value of
power conversion efficiency (8.5 % approx.) was obtained for TiO, nanoparticles
prepared from [Cho],TiFe IL-like precursor solutions destabilized with boric acid for
18 h. It is somehow surprising that such thin titania porous photoelectrodes (only 5 pm
approx. and with surface area similar to samples aged at 90 h) showed high current
density (17.6 mA/cm?). In principle, according to MSL experience, one could have
expected lower current density values since, as revealed UV-Vis spectroscopy, the
amount of dye chemisorbed within the layer was limited. In fact, although optimal
thickness of the TiO, porous layer mainly depends on the initial titania paste, sintering
process and electrolyte, best power conversions have been usually found in devices with
thicker films [24,25]. Therefore, improved power conversion efficiency can be

reasonable expected by increasing the film thickness. In addition, it is known that
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designing optimal structural engineering of the devices (e.g. tandem cells [26] or
incorporation of scattering layers [27]) results in enhanced power conversion

efficiencies.

Table A.2. Average performance parameters of DSSCs employing titania nanoparticles
prepared from [NRy4],TiF¢ IL-like precursor solutions at 85°C (aging times are indicated in
brackets).

Sample Thickness Surface Jsc Voc FF (%) n (%)
(pum) area (mA/cm?) (mV)
(m’/g)

[NR, ]=BetH" 8.8 150 14.5 689 66 6.6
(18h)

[NR;]=Cho" 4.9 100 17.6 744 65 8.5
(18h)

[NR;]=Cho" 6.9 110 15.6 742 68 7.8
(90h)

The promising conversion efficiencies achieved justify further studies in the
application of TiO; nanoparticles obtained via [Cho],TiF¢ IL-like precursor solutions in
DSSCs, broadening the horizons of the “all-in-one” TiO, preparation method presented
in Publication 5. Considering the total knowledge accumulated so far, one might
consider additional questions taking as starting point nanoparticles obtained from
[Cho],TiF¢ IL-like precursor solutions destabilized with boric acid at 85 °C for 18 h:
(1) Is there any synergic effect in the bicrystalline anatase/TiO,-B structure?; (ii)
According to the literature, TiO,-B phase is metastable and slowly transforms into
anatase at temperatures above 400-500°C [28,29]. So, does this phase transformation
occur during the sintering process carried out? Are the electrical contacts in the
photoelectrodes improved as a consequence of that?; and (iii) Does the remaining
fluorine chemisorbed on the titania surface after sintering have a positive role in the

DSSCs working mechanism?
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