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Abstract

Titanium dioxide (TiO) in nanoparticle form has recently gained a lot of attention, in
both the scientific and industrial communities. This is due to the fact that it exhibits
various interesting chemical and physical characteristics, for example, a high
photocatalytic activity and the absorption of incident UV light. Many applications have
been developed so far, such as UV absorptive coatings, photocatalytically active coatings
and dye-sensitized solar cells (DSSCs), which make it possible to produce electrical
energy. In particular, the technology of DSSCs and photocatalytic coatings may be of
great importance in the field of photovoltaics, which is one of the fastest growing
technologies in the world. So far, the most promising photovoltaic technology has been
based on silicon semiconductor modules, whose working action is very dependent on the
cleanliness of the module surface, which determines the amount of absorbed incident
light. Dust and other impurities may lower the efficiency of the silicon module, making
the technology more expensive overall due to the required cleaning and maintenance.
This also lengthens the overall time for a return on the investment. The use of coatings
which would keep the Si module surface clean for a longer period of time could
considerably lower the maintenance costs. On the other hand, the relatively new
photovoltaic technology, the DSSCs, are based on cheap materials and technology and are
a serious candidate for the implementation of low-cost electrical energy acquisition.

The basis of both technologies, photocatalytic coatings and DSSCs, is TiO; in
nanoparticle form. The TiO, nanoparticles were developed using raw materials emanating
from the established Sulphate process of pigment production in Cinkarna Celje Inc. The
starting material was metatitanic acid. Using the principles of sol-gel and gel-sol
chemistry we transformed it into anatase (TiO;) nanoparticles in polycrystalline form.

The polycrystalline anatase nanoparticles were used in the photocatalytic coating,
which was applied to the surface of glass substrates. Then, the coating was analyzed for
its photocatalytic activity and the superhydrophilic effect by the use of contact angle
measurements and a quantitative method of terephthalic acid sodium salt degradation
using a spectrofluorimeter. The coating was also tested on commercially available silicon
modules. One module was coated with the photocatalytic coating and compared regarding
its efficiency with an uncoated module. The efficiency measurements showed that
initially the efficiency of the coated module is not lowered considerably, while long-term
tests that are taking place could prove beneficial in keeping the efficiency higher when
compared to the uncoated module.

The DSSC technology was based on using a special type of TiO, nanoparticles,
namely the monocrystalline form. Monocrystalline anatase nanoparticles were
synthesized by the hydrothermal method using gel-sol derived polycrystalline anatase
nanoparticles as the starting material. Monocrystalline anatase nanoparticles were then
used as a raw material in TiO, paste production based on the Pechini method. The paste
was deposited onto the conductive glass substrate and sintered, forming a photo-anode
which was used to construct the final DSSC. We have shown that by changing the initial
paste composition and monocrystalline TiO, type, various TiO, pastes can be formed,
effectively influencing the efficiency, which was in our case in the range of 0.5-2.3%.
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Povzetek

Titanov dioksid (TiOy) v obliki nanodelcev je v zadnjem casu pritegnil veliko zanimanja
tako raziskovalne, kot tudi industrijske sfere, saj izkazuje vrsto zanimivih kemijskih in
fizikalnih lastnosti, med katere sodita predvsem visoka fotokatalitska aktivnost in
moznost absorpcije UV dela spektra vpadne svetlobe. Temu primerno so ze razvili mnoge
visoko-tehnoloSke aplikacije, na primer UV zasCitne premaze, fotokatalitsko aktivne
premaze, mozno pa je celo pridobivanje elektricne energije =z uporabo
fotoelektrokemijskih soncnih celic. Tehnologiji fotoelektrokemijskih son¢nih celic in
fotokatalitskih premazov sta Se posebej zanimivi za podrocje fotovoltaike, ki je ena izmed
najhitreje rastocih globalnih tehnologij. Danes najbolj razSirjena oblika fotovoltaike
namre¢ temelji na uporabi Si polprevodnika v obliki modulov, katerih izkoristek je znatno
odvisen od ¢isto¢e povrsine, preko katere se zajema vpadna son¢na svetloba. Prah in
druge necisto¢e vpadno povrsino onesnazijo, kar sCasoma zmanjsuje izkoristek Si modula
in posledi¢no zviSa ceno tehnologije zaradi dodatne potrebe po vzdrZevanju ter zaradi
daljSega roka povracila vlozenih stroskov. Uporaba premazov, ki bi povrsino Si modula
ohranili dalj Casa Cisto, bi lahko znatno znizala stroSke njihovega vzdrzevanja. Po drugi
strani pa so fotoelektrokemijske soncne celice sorazmerno nova oblika fotovoltaike, Ki
temelji na uporabi relativno poceni materialov in tehnologije ter tako predstavlja resnega
kandidata za implementacijo nizko-cenovne tehnologije pridobivanja elektri¢ne energije.
Osnova obeh tehnologij, fotokatalitskih premazov in fotoelektrokemijskih son¢nih celic,
je uporaba nanodelcev TiO,. Te smo razvili na podlagi uporabe surovin, ki izhajajo iz
redne proizvodnje pigmenta TiO, po t. i. Sulfatnem postopku, ki je tehnoloski proces, kot
ga uporablja Cinkarna Celje d.d. V ta namen smo uporabili metatitanovo kislino in jo z
uporabo principov sol-gel in gel-sol kemijskih postopkov pretvorili v polikristalini¢ni
anatas v obliki nanodelcev.

Polikristalini¢ni nanodelci anatasa so primerni za direktno uporabo v fotokatalitsko
aktivnem premazu, ki Smo ga nanesli na povrsino steklenih substratov ter merili njihovo
fotokatalitsko aktivnost ter superhidrofilni efekt z metodo kontaktnega kota in
kvantitativno metodo meritve razgradnje natrijeve soli tereftalatne Kisline s
spektrofluorimetrom. Tak$en premaz smo preizkusili tudi v realnih razmerah, in sicer na
komercialno dosegljivih Si modulih. Eden Si modul smo oslojili s fotokatalitsko aktivnim
premazom in merili njegov izkoristek v primerjavi z referen¢nim Si modulom, katerega
povrsine nismo oslojili. Meritve so pokazale, da izkoristek oslojenega modula ne upade
znatno, predvidevamo pa, da bo dolgorocno testiranje, ki se $e izvaja, pokazalo, da se
izkoristek ohrani v ve¢ji meri kot v primeru neoslojenega Si modula.

Po drugi strani zahteva tehnologija fotoelektrokemijskih son¢nih celic posebno obliko
TiO,, in sicer t. i. monokristalini¢éno obliko nanodelcev. Te smo pridobili z uporabo
hidrotermalne metode, kjer smo kot izhodni material uporabili suspenzijo z gel-sol
postopkom pridobljenih polikristalinicnih nanodelcev anatasa. Monokristalini¢ne
nanodelce anatasa smo zatem uporabili za pripravo paste po Pechini metodi in iz paste s
sintranjem na prevodnem steklenem substratu izdelali fotoanode. Tem smo zatem dolocili
konc¢en izkoristek. Izkazalo se je, da lahko s spreminjanjem sestave osnovne paste in
oblike monokristaliniénith nanodelcev znatno vplivamo na konéni izkoristek
fotoelektrokemijske sonc¢ne celice, ki je v nasem primeru znasala od 0,5 do 2,3 %.
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1 Introduction

Renewable and environmentally sound energy production technologies are necessary for
the replacement of fossil fuels. Currently, most of the world’s energy derives from fossil
fuels, whose global supplies are dwindling and becoming ever more scarce. The scarcity
of fossil fuels has led to an increase in research in the field of renewable and sustainable
energy production. Besides wind and geothermal energy, one of the most successful
approaches for providing renewable energy is photovoltaics, which is one of the fastest
growing industries in the world, with an increase of 40 % per year [1].

Solar cells are an alternative energy source and have been utilized in various forms for
many years, converting the incident solar radiation into usable electricity. The most
common type of solar cells is based on doped silicon semiconductors with a p-n junction,
where a depletion region is formed leading to an electric field that separates the charges.
This charge separation produces an electric flow. The silicon-based photovoltaics are
commercially available and have so far been the most successful type of technology, but
they still lack economic competitiveness when compared to fossil fuels, since current
photovoltaic module cost is about $2/watt [1]. Although research and optimization of the
silicon-based photovoltaic technology is promising a reduction of price, it is still not clear
whether it will take over from the fossil-fuel-based technologies.

The advent of nanotechnology has provided alternative solutions. Nanotechnology
exploits the often dramatic differences between nanoscale materials and their bulk
counterparts. The differences arise primarily due to the fact that a large percentage of the
atoms in a nanomaterial occupy the surface, which alters the physical and chemical
properties significantly when compared to its bulk counterpart.

Titanium dioxide, TiO,, a material that can readily be made in nanomaterial form,
exhibits some unique physical and chemical characteristics that may prove useful in the
field of photovoltaics. Firstly, TiO, is already recognized as being one of the most
effective photocatalysts known today, being able to decompose organic pollutants and
also remove inorganic dirt due to its superhydrophilic effect. Therefore, it may be of
considerable importance to develop a photoactive coating that can be applied on the
already commercially available solar modules and thus providing a means to maximize
their long-term operational effectiveness.

On the other hand, third-generation-type solar cells show great promise in lowering the
price and at the same time increasing the efficiency of the photovoltaic technologies that
are yet to come (Figure 1).
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Figure 1. The efficiencies of different photovoltaic technologies [2]. The inset illustrates the aim
towards third generation solar cells: (1) low efficiency, high cost; (Il) low efficiency, low cost;
(1) high efficiency, low cost.

One of the third-generation solar-cell technologies is based on using TiO; in nano
form. These solar cells are the so-called dye-sensitized solar cells (DSSCs), also known as
photoelectrochemical solar cells or Gréetzel cells. The research in these cells surged in
1991 when efficiencies of 7.1-7.9 % were reported by Michael Gréietzel [3]. Today, the
efficiencies of the best prepared DSSCs have reached 11 % [4, 5]. One of the major
advantages of DSSCs is the fact that they consist of low-cost materials and a relatively
simple technology. They consist of a layered system with two electrodes, a photo-anode
with an active layer of dye chemisorbed TiO, nanoparticles and a counter electrode
which, in its most common form, is a platinum layer. Both the photo-anode and the
counter electrode are coated on a transparent conductive oxide layer on glass or some
other substrate. Between the two electrodes, an electrolyte is present which replenishes
the electrons in the active dye layer. Hence, besides developing a photoactive coating that
could be used to promote the long-term highly-efficient work action of conventional solar
cells, one major motivation for the work described was also the development of a suitable
type of TiO, nanoparticles that could be used to prepare a photo-anode for a DSSC.

To address both problems, we performed various synthesis methods to obtain nano-
TiO,, using materials emanating from the already established Sulphate process of the
pigment TiO, production set-up in Cinkarna Celje Inc. In particular, metatitanic acid in
various forms has proven to be the material of choice, which allowed us to synthesize
different types of nano-TiO, and was suitable for both photocatalysis and DSSC
application. Furthermore, in order to keep nanoparticles dispersed, all of the synthesis
methods were focused on producing only a water-based colloidal form of TiO,. Hence,
we have avoided the need to apply energy-consuming procedures of calcinations, which
inherently leads to nanoparticle agglomeration and also produces dust that may be
environmentally hazardous and thus raise health issues. The as-prepared TiO,
nanoparticles were used to develop the photocatalytic coatings and photo-anodes for
DSSCs and were tested and analyzed in order to optimize the nanoparticles into the best
possible form for both applications.
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1.1 TiO, polymorphs: structure and thermodynamic stability

Titanium dioxide (TiO,) occurs naturally in three major crystal structures, i.e., rutile,
anatase and brookite. While rutile and anatase exhibit tetragonal crystal structures,
brookite has an orthorhombic crystal structure. There are also a few other forms of TiO,
the monoclinic TiO, (B) which also occurs naturally, and a few other laboratory-made
TiO, forms which were synthesized under high-pressure conditions starting from rutile,
TiO, (1) (srilankite) [6] with a PbO, structure and TiO, (H) [7] with a hollandite crystal
structure.

The crystal structures of the three major TiO, polymorphs, rutile, anatase and brookite,
can be compared in terms of how the [TiOg] octahedra, the primary material building
blocks, are spatially arranged and distorted. The octahedra are linked entirely by edge
sharing in anatase, while the arrangements of [TiOg] octahedra in rutile and brookite
result from different combinations of corner and edge sharing [8-10]. The degree of
distortion of the [TiOg] octahedra differs slightly among the crystal structures. In bulk
rutile the respective apical and equatorial Ti-O bond length is 1.98 and 1.95 A, while in
anatase the two values are 1.98 and 1.93 A, respectively [8].

The three major TiO, polymorphs are illustrated in Figure 2.

(a) (b) (c)

{

Figure 2: Crystal structures of rutile (a), anatase (b) and brookite (c). The crystal structures of the
three polymorphs differ in how the [TiOg] octahedra connect to form the final structure.

The most important structural parameters of the three TiO, polymorphs are
summarized in Table 1 below:

Table 1: Structural parameters of anatase, rutile and brookite.

Phase Crystal a(Ad) | bA) | c(A) Atomic coordinates Space
system group
anatase tetragonal 3.7845 | 3.7845 | 9.5143 T1(0,0,0); 14,/amd
' ' ' 0 (0, 0, 0.208) !
rutile tetragonal 45937 | 4.5937 | 2.9587 (0,0,0); P4,/mnm

0 (0.305, 0.305, 0)

Ti (0.128, 0.098, 0.863);
brookite | orthorhombic | 9.1840 | 5.4470 | 5.1450 | O1 (0.008, 0.147, 0.182); Pbca
02 (0.229, 0.110, 0.530)
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As a bulk material, rutile is thermodynamically the most stable phase. Thermodynamic
calculations based on calorimetric data suggest that rutile is predominantly stable at all
temperatures and pressures up to 60 kbar, where TiO, (Il) becomes thermodynamically
favorable. Therefore, anatase and brookite are only metastable, but the small difference in
the Gibbs free energy (4-20 kJ/mole) between the three phases results in anatase and
brookite being as stable as rutile at ambient pressures and temperatures [10]. However, it
has been shown that the thermodynamic phase stability of TiO, is size-dependent. At
sufficiently low particle size values of the relative phase stability is reversed due to
surface-energy effects. It was demonstrated that rutile is stable for grain sizes larger than
35 nm, brookite is the stable phase for grain sizes ranging from 11 — 35 nm, while anatase
is the stable phase at grain sizes below about 11 nm [11]. This is in agreement with the
observation that anatase is the common product of the industrial scale Sulphate process,
where grain sizes for anatase range from 5 to 10 nm. But, in the case of the Sulphate
process, one must also keep in mind that the sulphate ionic species play a crucial role in
determining the crystal structure of the final product, since they influence the hydrolysis
and polycondensation reactions [12—15].

The stability of a specific polymorph is size-dependent. The reason for this observation
is that although the interior of a rutile crystal, thermodynamically the most stable phase
when in bulk size, is more energetically stable than that of either of the two other phases.
The calculated average surface enthalpy of rutile (1.93 J/m?) is actually higher than that of
brookite (1.66 J/m?) or anatase (1.34 J/m?) [11, 16]. Therefore, on the nanometer scale,
where a particle’s surface energy begins to dominate the total energy of formation, it
becomes more energetically costly to form the rutile phase. Consequently, one of the
other two polymorphs is favored, depending on the TiO, grain size.

1.2 TiO, characteristics at the nanoscale

TiO, is known for its many important physical and chemical characteristics that make it
one of the most versatile and widely used metal oxides. However, its importance only
grew when some striking applications became possible due to its enhanced properties at
the nano scale. One TiO, characteristic that makes it especially well-suited for
photocatalytic and similar applications is the ability to generate hydroxyl (OHe) and
hydroperoxy (HO;¢) radicals [17, 18]. The hydroxyl radical serves as a powerful oxidant,
while the hydroperoxy radical serves as a powerful reducing agent. Furthermore, from the
application point of view, one of the most important properties of all three polymorphs is
the fact that they are semiconductors. Their electrons occupy bands rather than discrete
energy states and possess an electrical conductivity that increases with increasing
temperature. This property, coupled with the previously mentioned photocatalytic
behavior, makes nano-TiO, an ideal material for photovoltaic application. As will be
discussed in more detail in later chapters, the band gap energy, Eq, of nano-TiO; has
values that enable high photocatalytic properties and, when in photoanode form, is
coupled very suitably with the energy states of other components in DSSC. The bandgap
energies of bulk rutile (3.0 eV; 4.8 x 10™*° J), bulk anatase (3.2 eV; 5.1 x 10™°J) and bulk
brookite (3.4 eV; 5.4 x 10™° J) were precisely measured and correspond to the maximum
excitation wavelengths of 410, 385 and 365 nm, respectively. It is also well-known that
these values are size-dependent. As the size of individual TiO, crystals decreases below ~
10 nm the confinement of the electrons to a very small volume leads to the so-called
quantization effects, one of which is also the increase in bandgap energy. Consequently,



Introduction 5

the electrical conductivity of nano-TiO; is expected to be slightly lower than that of bulk
TiO,[19].

1.3 TiO, nanoparticle synthesis methods

The synthesis of nanosized TiO, has been the subject of extensive research over the past
few decades. Various methods have so far been developed and product-wise differ a great
deal from one another since the final material is inherently dependent on the used reaction
parameters. The TiO, nanoparticles produced may differ greatly in terms of particle size,
morphology, crystallinity and surface chemistry.

Generally speaking, there are two distinctive approaches for nanoparticle preparation,
the top-down and bottom-up approaches [20]. The top-down approach is mainly based on
the mechanical treatment of bulk materials which transforms them into nanoparticles. The
top-down approach includes milling or attrition and lithography. The down side of the
top-down approach is the broad size distribution of the final nanoparticles, the presence of
impurities emanating from the milling medium, defects in structure, etc. On the other
hand, the bottom-up approach is mainly based on designing nanoparticles via chemical
reactions, where by controlling the reaction parameters and processes, like nucleation and
particle growth, one may easily produce chemically well-defined materials with a narrow
size distribution. Overall, the bottom-up approach techniques can be divided into [20]:

e thermodynamic equilibrium approach techniques
e Kkinetic approach techniques

With the thermodynamic approach, the synthesis process consists of the following
steps:

e generation of supersaturation
e nucleation
e particle growth

In the kinetic approach the formation of nanoparticles is achieved by limiting the
amount of reaction precursors or by confining the process in a limited space, such as
aerosol synthesis and micelle synthesis.

We will discuss only the bottom-up approach to TiO, nanoparticle synthesis.
Generally, the methods for nano-TiO, synthesis can be divided into three categories:

e aerosol pyrolysis [21-39]
e non-hydrolytic solution-phase reactions [40-47]
e hydrolytic solution-phase reactions [48-116]

Since the final TiO, nanoparticles differ in their characteristics based on the above-
mentioned general methods, it is very crucial to select a synthesis method to produce a
material with the most desirable properties for a particular application. Moreover, it is
crucial that a synthesis method is devised which would allow a cheap and simple method
for TiO, nanoparticle production, but also allowing a means of tailoring the material
according to a specific application.

The following sections provide an overview of the three general methods for nano-
TiO, synthesis, the typical characteristics of the material that is produced and the
advantages and the disadvantages of each synthesis strategy. At the end of the overview,
there will be an assessment of the various synthesis routes.
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1.3.1 Aerosol pyrolysis

The preparation of nano-TiO; in an aerosol requires thermal or laser-induced pyrolysis of
a titanium-containing precursor, usually either TiCl, or a titanium alkoxide (Ti(OR),) at
temperatures ranging from 200 to 1000 °C. In the case when TiCly is used, it is necessary
to conduct the reaction in the presence of either oxygen or water vapor, since oxygen
atoms are needed to produce the final TiO, material. The (non-stoichiometric) chemical
reaction can be written as follows [21]:

TiCl, +(0,,0°,H,0,0H")—famk_,Tio, +(Cl,, HCI) (1)

When an alkoxide is used as the precursor, it is possible to obtain TiO, even in a dry
atmosphere such as nitrogen, since the alkoxy groups of the alkoxide contain oxygen
atoms. A simplified chemical reaction may be written as follows [29]:

Ti(OR), —R™e"_,Tj0, + organics (2)

The pyrolytic apparatus produces TiO, nanoparticles via a simple reaction in which
firstly droplets of the precursor are formed by an aerosol generator. The droplets are then
transported by the carrier gas into the quartz reactor tube placed in a heater that produces
the desired reaction temperature. After the TiO, nanoparticles are produced inside the
furnace, they are collected by electrostatic precipitation, a technique that is based on the
electrostatic attraction between a positively charged plate and negatively charged particles
[23].

As a synthesis method, aerosol pyrolysis offers four advantages, namely:

e it is environmentally friendly since it produces a significantly smaller
amount of waste and byproducts than most wet chemical methods [39]

e high purity materials are produced whose grain size, phase composition
and surface area can be tuned easily by the selection of the appropriate
parameters (temperature, aerosol flow rate, precursor concentration, carrier
gas and feed stream [21, 22, 25, 29, 39]

e the equipment needed to perform the pyrolytic synthesis is simple and
inexpensive [23, 34]

o crystalline material is produced in a single-step reaction and therefore post-
reaction procedures are not needed

Although aerosol pyrolysis exhibits important advantages, it also has a very significant
drawback. That is, the material produced is always highly aggregated and consists of
particles with a grain size never smaller than about 15 nm. Both drawbacks are
undesirable when one wishes to produce high-surface area nano-TiO, for applications
such ?s photocatalysis, since the surface area of the powders prepared is between 10 and
50 m“/qg.

1.3.2 Non-hydrolytic solution-phase reactions

For photocatalytic and DSSC applications, high-surface-area TiO, nanoparticles are the
material of choice. Since the aerosol pyrolysis technique tends to form large, highly-
aggregated materials, the synthesis of a nanoparticulate TiO, with a large surface area
demands the use of wet chemical methods. Although these wet chemical synthesis
methods usually rely on hydrolysis reactions taking place in an aqueous environment,
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methods have been devised to synthesize nanocrystalline TiO; in the absence of water
[40-46]. Such non-hydrolytic methods involve elimination reactions at mildly elevated
temperatures ranging from 80-300 °C, between a titanium (IV) halide (usually TiCl4) and
an oxygen donor (titanium (1V) alkoxide, ether or alcohol) [40, 41, 44]. The overall
reactions for these three routes known as polycondensation, etherolysis and alcoholysis,
respectively, are listed below [44]:

TiX, +Ti(OR), — 2TiO, + 4RX (polycondensation) )
TiX, +2ROR - TiO, +4RX (etherolysis) 4
TiX, +2ROH > TiO, + 2RX +2HX (alcoholysis) (5)

The above reactions are by no means as simple as it would appear, but involve many
steps. With etherolysis and alcoholysis, the ether and alcohol molecules first react with
the halide group of some of the precursor molecules to create a Ti-OR functional group in
a process called alkoxylation. Afterwards, the alkoxide groups react with the remaining
titanium halide molecules, forming the Ti-O-Ti bonds [41]:

=Ti—-X+R-OR—>=Ti—-OR+R-X (6)
=Ti—-X+=Ti-OR—>=Ti—-O-Ti+R-X (7)

Furthermore, it was noted that the reactions (3) through (5) are only productive when
the reaction temperature is elevated above 80 °C. Lower temperatures do not yield large
amounts of TiO,, since the reactions are very slow and because other, competitive
reactions take place. In fact, the primary reaction at low temperatures is between the
precursor molecules in a ligand-exchange process (redistribution) that results in titanium
haloalkoxides [40, 41, 44]:

=Ti—-X+=Tir—OR—->=Ti—-OR+=Ti - X (8)
—Ti—X +R—OR »>=Ti—OR+R - X 9)
—Ti-X+H-OR—>=Ti—OR+H - X (10)

Because of the complexity of the above-presented reactions, one can expect that non-
hydrolytic TiO, synthesis is quite sensitive to reaction parameters such as precursor
concentration, choice of halide and alkoxy substituents as well as the reaction
temperature. Furthermore, in the case of etherolysis and alcoholysis, the overall reaction
should be dependent on the selection of the ether or alcohol. This sensitivity, on the other
hand, exerts considerable control on the final material properties. This is clearly the case,
since it was shown that by changing the solvent type (either diethyl ether, ethanol or t-
butyl alcohol) when reacting TiCl, at 110 °C, anatase, rutile and a mixed rutile-brookite
nano-TiO, were formed, respectively [40]. It was also shown that the reaction between
titanium (1V) isopropoxide (Ti(OPr)4) and various titanium (IV) halides in heptadecene
solvent yields anatase nanoparticles whose grain size was dependent and decreased both
with increasing the size of the halide substituent and with the inclusion of
trioctylphosphine oxide (TOPO) as a surfactant [43]. Furthermore, it was found that
TOPO influences the phase-pure products, whereas performing the reaction without
TOPO yields mixtures of anatase, rutile and brookite.

It is clear that the non-hydrolytic synthesis of TiO, nanoparticles is advantageous when
it comes to tuning the grain size and crystal structure of the end product. Furthermore,
non-hydrolytic reactions are advantageous since short reaction times are required (~5
min), the reaction temperature is relatively mild (80-300 °C) and very fine particles
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exhibiting low agglomeration having grain sizes ranging from 4 — 10 nm are produced
[43].

The major disadvantage of these reactions is the fact that they require a dry atmosphere
that prevents hydrolytic side reactions and that in some cases an additional thermal
treatment of the material is needed [40]. Also, although the use of surfactants such as
TOPO tends to promote the synthesis of phase-pure materials, their use inherently leads
to a surface covered nano-TiO,. This can be a major problem for such applications as
photocatalysis where the activity can be dramatically lowered if the TiO, surface is not
active. Application-wise, non-hydrolytic synthesis may be disadvantageous since because
performing the reactions in a water-free medium, the nano-TiO, produced is completely
dehydroxylated. The absence of surface hydroxyl groups greatly influences the
photocatalytic effect, since OH" radicals cannot be formed. The OH’ radicals are thought
to be the active species in the oxidative decomposition of adsorbed contaminants [47].

1.3.3 Hydrolytic solution-phase reactions

To produce nano-TiO, in a tailor-made fashion and with a hydroxylated surface, it is
necessary to turn to the hydrolytic solution-phase reactions. These reactions are numerous
and represent the most common approach for obtaining both bulk and nano-TiO,. The
reactions are very complex and may lead to very versatile materials. It is therefore useful
to divide these reactions on the basis of the type of underlying mechanisms that lead to
material formation as follows:
e sol-gel and gel-sol synthesis
o hydrolysis-based materials thermally treated in a post-reaction calcination
process
o acid-based hydrolysis
o surfactant-based hydrolysis
e hydrothermal synthesis

The hydrolysis reactions can be understood as being only an initial step in the nano-
TiO, synthesis, which in the case of a water-based solvent, is governed by the processes
of sol-gel and gel-sol chemistry. The hydrothermal synthesis, on the other hand, relies on
using water as a solvent in a high-temperature, high-pressure crystallization process
useful for producing well-crystallized materials.

1.3.3.1 The sol-gel and the gel-sol synthesis of TiO, nanoparticles

The sol-gel synthesis method, and the lesser known gel-sol synthesis method, may be
regarded as two of the most important procedures known today for the production of
heterogeneous metal oxides and mixed oxides in a tailor-made fashion.

The sol-gel process is a wet-chemical technique used to synthesize materials starting
from an appropriate chemical solution in which colloidal particles (the sol phase) form.
The colloid particles formed in the sol phase are of sizes ranging from 1 nm to 1 pm. The
process of sol-gel formation is based on the reactions of hydrolysis and polycondensation
of the appropriate molecular precursors occurring sequentially and in parallel [48, 49].

The gel-sol process is based on obtaining monodispersed particles in large quantities if
one takes advantage of a condensed, highly viscous hydroxide gel, which acts as a matrix
for the growing particles. The gel network prevents particle coagulation during formation
and is also a reservoir of metal and hydroxide ions. In addition, at the end of the
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dissolution—recrystallization process, the precursor gel is expected to disappear and leave
a monodispersed product with a yield of 100 %. Since a monodispersed sol is obtained
from a gel through a dissolution—recrystallization process in an inhomogeneous system, it
was named the “gel-sol method” [50].

The two processes are highly versatile and complex, which is to a large extent the
result of the unique properties of water. To understand the sol-gel and the gel-sol process,
one has to understand the underlying mechanisms and interactions between a water
molecule and metal ions in an aqueous medium [51].

Water acts as a powerful and effective solvent. This is due to its chemical composition
and large differences in the physical properties of hydrogen and oxygen. The oxygen
atom is more electronegative than hydrogen (yo = 3.5, x4 = 2.1 on the Pauling scale) and
consequently the electron density shifts toward the oxygen in the H,O molecule. Oxygen
therefore acquires a large partial negative charge resulting in a high water dipolar moment
(1 = 1.84 Debye) and a high dielectric constant when in liquid phase (¢ ~ 80). When
dissolved in water, metal salts MX; dissociate into ions M“*and X', respectively. Because
of the dipolar nature of water molecules, both ions are solvated. In the case of metal ions,
this leads to the formation of a [M(OH,)n]** complex. It is known that water molecules
also act as a Lewis base (a Lewis base is able to give away its electrons). Therefore, when
M-OH; bonds form, the electrons of the bonding molecular orbitals ¢ (3a;) are drawn
towards the empty orbitals of the metal ion. This electron transfer weakens the O-H bond,
resulting in water acting as a Bronsted acid:

M(OH,), " +hH,0 < [M(OH), (OH,), . ™ +hH,O0* (11)
[ ] [ ]

The parameter h is defined as the hydrolysis ratio and corresponds to the number of
protons that have been removed from the solvation sphere of the aqua-cation complex:

M? —OH, &M% —-OH +H" <& M* -0% +2H" (12)

This hydrolysis step is crucial in determining the chemical state of an individual cation
in a water medium. Depending on the hydrolysis ratio, the cation may form various
complexes, ranging from aqua complex [M(OH)\]*" (h=0) to neutral hydroxides
[M(OH)z]° (h=2) and even oxo-anions [MOx]®¥?" which form when all of the protons
have been removed from the coordination sphere of the metal ion. The hydrolysis ratio is
increased with the higher pH value and the oxidation state of the cation. This can be
represented by the pH-charge diagram as seen in Figure 3 below:
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Figure 3: The pH-charge diagram of a metal cation in a water medium [48]. Depending on the
pH value and the oxidation state, the cation may form various complex types.
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As can be seen from the pH-charge diagram the cations having a low positive charge
(Na', K*, Cs*, Ba*,...) exhibit a low polarizing power. Also, their electronegativity and
Lewis acidity are weak, resulting in only electrostatic bonding with water molecules. The
electrostatic bonds have a short lifetime. Therefore no deprotonation can occur and only
aqua-cation-type complexes are possible. On the other hand, small high-valent cations
attract electrons strongly and consequently aqua complexes are swiftly transformed into
more stable oxo complexes.

The pH-charge diagram is a good tool to predict the type of the complex a metal cation
may form in a water medium. The complex formation is the result of hydrolysis reactions
and is only the first stage in the process of sol-gel and/or gel-sol formation of the final
material. Depending on the type of the hydrolysis complex, sequential reactions take
place which are known as polycondensation reactions. These polycondensation reactions
are the result of versatile reactions that arise due to the reactivity of a specific complex, as
explained by the partial charge model, which will not be discussed here [48, 51].
Nevertheless, the partial charge model is a very useful tool to predict the chemical
reactions that take place in the sol-gel process and provides a guide for inorganic
polycondensation reactions.

Depending on the type of a specific complex and its reactivity, polycondensation
reactions take place. Polycondensation reactions may be explained via two simple
mechanisms that occur based on coordination (un)saturation [48]:

o if the preferred coordination of a metal cation is already fulfilled, the condensation
proceeds via substitution reactions:

X
M —OX +M —OY - M —O-M +OY (13)

o if the preferred coordination is not fulfilled, the condensation reaction proceeds
via addition reactions:

X
M -OX +M —0OY - M —O—M —OY (14)

The above reactions are simplistic and provide a general impression about the
polycondensation reactions. The principles of substitution and/or addition must be
analyzed on specific complexes that occur in an aqueous medium. According to the pH-
charge diagram, three types of precursors may be considered:

e 0x0-ions [MON]®N?"- according to the partial charge model, the partial charge of
the metal is usually slightly positive, while the partial charge of the oxygen is
strongly negative. Consequently, oxo ligands are very good nucleophiles but very
poor leaving groups. Polycondensation therefore occurs only via addition when
the coordination saturation is not fulfilled.

e aqua-ions [M(OH,)n]*" - the partial charge of the metal is usually strongly positive
and the charge of the water molecule is only slightly positive. Aqua ligands are
therefore not nucleophilic and may act only as leaving groups. Polycondensation
reactions do not proceed since there is no entering group.

e other precursors [MOnHan] @™~ with these precursors both nucleophilic ligands
(oxo or hydroxo) and leaving ligands (hydroxo or aqua) are present.
Polycondensation via substitution may proceed as soon as one hydroxo ligand
appears in the coordination sphere. Therefore, in order to get a condensed species
(sols, gels, oligomers, precipitates) one has to achieve conditions where the
hydroxo domain is possible for a certain metal salt [48, 51]. This can be done
either by adding a base or an oxidizer to an aqua precursor, adding an acid or a
reducing agent to an oxo precursor or even with thermolysis of an aqua precursor.
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Since polycondensation only proceeds with precursors in the hydroxo domain, it is
important to identify actual reactions in which the final material is formed.

One mechanism of polycondensation is olation [48, 51]. Olation is a reaction that leads
to the formation of a hydroxo or ol bridge of the type M-OH-M. Polycondensation
reactions of this type are possible with hydroxo-aqua precursors [M(OH),(OH)n]®9"
where x is less than N. This is basically a nucleophilic substitution, where M-OH
represents a nucleophile and H,O a leaving group. In the case when zero charged
precursors condensate via olation, a solid phase may form. The final type of material
produced is the hydroxide M(OH)z, provided that subsequent oxolation cannot take place.

The other mechanism of condensation is oxolation [48, 51]. Oxolation leads to the
formation of an oxo bridge of the type M-O-M. This may occur when the reacting
precursor does not contain a water molecule in its coordination sphere. The oxolation
reaction is typical for oxo-hydroxo precursors MO,(OH)n.] ™2 where x is less than N.
The oxolation reaction may be regarded either as a nucleophilic addition reaction or as a
nucleophilic substitution reaction. The latter is the result of nucleophilic addition
followed by elimination. The difference in the oxolation mechanism type is dependent
solely on the coordination saturation. When the coordination is not fulfilled, nucleophilic
addition takes place, but when the coordination is fulfilled, the nucleophilic substitution
takes place.

Oxolation is also highly dependent on the pH value of the reaction medium. Both acids
and bases may strongly catalyze the oxolation reactions, since hydroxide groups and
protons promote nucleophilic behavior and the elimination reaction, respectively. This is
also, in contrast to olation, the reason why oxolation occurs over a wide range of pH
values.

1.3.3.1.1 Hydrolysis-based materials thermally treated in a post-reaction calcination
process

This process is used when the sol-gel reactions (hydrolysis + polycondensation) produce
non-crystalline materials. Non-crystalline materials form due to specific reaction
conditions that promote olation reactions. The amorphous material has to be thermally
treated in order to obtain a crystalline TiO,. To some extent, one can control the grain size
of the crystalline product, either by selecting a low or high calcination temperature.
Generally, coarser grains are obtained at higher temperatures [52]. Depending on the
hydrolysis conditions, anatase is crystallized from the amorphous phase at calcination
temperatures between 250 and 400 °C. Transformation into rutile phase takes place at
higher temperatures, usually between 500 and 1000 °C. The temperature for phase
transformation is dependent on the conditions under which the amorphous phase was
formed. Above 500 °C the amount of rutile gradually increases and the amount of anatase
decreases [53, 54]. Because the phase transformation from anatase to rutile occurs over a
considerable span of temperatures, varying the heating time and temperature provides a
means to obtain anatase-rutile mixtures with tunable compositions. This has proven to be
useful when preparing a mixed-phase TiO, material that has an optimal photocatalytic
effect [55].

Although calcination is a relatively simple way of obtaining crystalline TiO,, it is
nevertheless disadvantageous because of severe agglomeration or even aggregation. Also,
the grain size increases considerably with high-temperature calcination and only rarely
produces grain sizes smaller than 15-20 nm. This reduces the specific surface
considerably.

In this thesis we refer to an agglomerate as a particle in which the subunits are
connected with each other mainly through physical bonding and can be broken when
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subjected to stronger attraction forces or changes in the surface charge. An aggregate, on
the other hand, is a consolidated particle in which smaller crystallites are connected
mainly with strong ionic bonding. An aggregate cannot be broken down into individual
subunits.

1.3.3.1.2 Acid-based hydrolysis

An alternative to calcination is to produce TiO, nanoparticles directly during the course of
sol-gel/gel-sol reactions by promoting the oxolation reactions that yield crystalline
materials. Generally, these reactions proceed in the presence of strong acids (HNOs,
HCI,...) or surfactants at temperatures ranging from 60 to 100 °C. Acids and surfactants
do not only catalyze the formation of crystalline TiO, but also act as peptizing agents.
Peptizing agents stabilize the individual nanoparticles, which prevents their
agglomeration and enables control over particle growth, morphology and also allow the
formation of a colloidal sol.

The most common acids encountered with acid-based hydrolysis are of the mineral
type, namely HCI, HNO3; and H,SO,. Depending on the reaction conditions, these acids
allow the synthesis of TiO, nanoparticles with versatile morphologies, specific surface
and a predefined crystal structure. The mechanism by which acids exhibit their effect is
mainly by directly influencing the Ti (V) complex type and by altering the pH value of
the reaction medium. The acid anions that are introduced into the reaction medium may
serve as ligands in the coordination sphere of the Ti (V) ion and thus directly influence
the mechanisms of polycondensation. This is done by influencing how the Ti (IV)
octahedra spatially approach one another and condense into oligomers and finally into
particles. This is crucial for the determination of the crystal structure of the final material.
Furthermore, the protons introduced by the acid strongly influence the hydrolysis ratio
and thus the polycondensation reaction type. The influence of both protons and acid
anions will be discussed in detail for a particular mineral acid type, as follows.

1.3.3.1.2.1  The effect of the pH value/oxonium ion concentration

The pH value of the reaction medium probably has the most profound effect on the end-
material characteristics. As was discussed before, the pH value directly determines:

e the Ti (IV) complex type and thus the mechanism by which it reacts in
polycondensation reactions. This is because the pH value directly influences the
hydrolysis ratio. The hydrolysis reaction is an equilibrium type protolytic reaction
and can be discussed on the basis of the LeChatelier principles. When the proton
concentration is changed, i.e., by adding an acid or a base, the hydrolysis ratio
changes. The hydrolysis ratio will be higher for basic conditions, and vice-versa.
Since the polycondensation reaction is directly dependent on the complex type,
namely on the ratio of ligands (oxo, hydroxo and aqua ligands) in the coordination
sphere, the control over the pH value has to be strict. This is especially important
with TiO, nanoparticle synthesis where one has to control the formation of a
crystalline product and the final material’s crystal structure (determining whether
rutile, anatase or brookite will form). In the case of anatase the nuclei form via a
polycondensation reaction between complexes having a larger ratio of water and
hydroxide ligands. On the other hand, rutile is formed with the growth of nuclei
that are formed by the polycondensation reactions between complexes that have a
high hydrolysis ratio (no water molecule ligands, few hydroxide ligands) [9, 15,
56]. The effect of the pH value (OH molar concentration) on the TiO, phase is
shown in Figure 4.
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acidic conditions, low number of OH ligands corner-shared bonding, rutile favored
OH OH OH OH
\OH OH /‘k\ OH OH . OH
2 OH OH 7 OH OH 0 OH
OH OH OH OH

neutral to basic conditions, high number of OH ligands edge-sharing bonding, anatase favored

Figure 4: Influence of the pH value on the crystallization of TiO, from hydrolytic
reactions [9]. Acidic conditions, under which the number of OH- ligands is small, tend to
favor the corner sharing among [TiO] octahedra that is characteristic for the rutile crystal
structure. The increased number of OH" ligands under neutral or basic conditions favors
edge-shared bonding which is characteristic for the anatase crystal structure. Ligands
other than OH" are simply denoted L.

e the Ti (IV) octahedra polycondensation speed. It was determined that the
polycondensation reaction speed is lower when performing the reaction at low pH
values and higher when performing it at higher pH values. The reason for this is
the fact that protons are able to electrostatically bind directly onto the Ti (IV)
complex giving it a positive charge. The positive charge of a complex causes an
electrostatic repulsion with other complex species in the nearby reaction medium,
thus slowing the polycondensation reaction. The slower polycondensation reaction
promotes the formation of TiO, with the rutile crystal structure. On the other hand,
the polycondensation reactions tend to be faster at higher pH values, which
promotes the formation of TiO, with the anatase crystal structure [56, 57].

e the course of specific, mainly gel-sol type, reactions where a TiO, gel or some
other condensed material is used. The protons promote the peptization effect and
also deoxolation reactions which inherently leads to [TiOg] octahedra
rearrangement. This promotes the synthesis of either rutile or anatase type TiO,
[58, 59, 60].

e the nanoparticle size. The protons are able to bind directly onto the surface of the
growing TiO, particle and in moderately acidic or basic conditions an adsorption-
desorption equilibrium is established. This changes the surface chemical
composition and consequently the surface energy of the growing particle. When
the surface charge density is high (the pH value is different than the point of zero
charge (PZC) pH value), the surface energy is strongly decreased. Consequently,
the particle size decreases because the energetic penalty to develop a surface is
notably reduced [61].
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1.3.3.1.2.2  Synthesis of TiO, nanoparticles using H,SO,

H,SO, is a very strong mineral acid, which acidifies the reaction medium by adding two
protons/oxonium ions. The protons exhibit the above-mentioned effects on
polycondensation reactions in which the final material is formed. Nevertheless, it is the
anions that may play an even more significant role in the material formation process. This
is due to the fact that anions, contrary to protons, directly determine the Ti (IV) complex
type and its chemical composition, since they act as ligands.

The sulphate anion is one such case. It is well known that the sulphate ion, when
present in a sufficiently large amount, promotes the formation of TiO; in anatase crystal
form. The sulphate anion may be regarded as a phase-specific promoter. This phase-
specific promotion arises because the sulphate ion can directly adhere onto the already
present Ti (IV) octahedra via two electrostatic bonds with hydrogen atoms on corner-
positioned oxygen atoms. When TiO; nuclei form in the course of polycondensation
reactions, they tend to adopt the anatase crystal structure. This may be due to the fact that
doubly bound sulphate anions act as a steric hindrance, which renders it impossible for
the [TiO¢] octahedra to nucleate into linear chains, which are specific for rutile crystal
structure. On the other hand, the zig-zag nucleation of octahedra is possible, and thus
anatase is the only product possible [15, 16].

The phase-specific promotion action of the sulphate anion is demonstrated in Figure 5.

N

+@ -2H,0 < rutile nucleus (a)

anatase nucleus

=0 H 0,0
'S

Figure 5: A scheme of possible precursor transformation into anatase when the sulphate ion is
present in the reaction medium. (a) The TiOg octahedra arrangement determines whether a rutile
or an anatase nucleus will be formed. (b) The sulphate ion interacts with the [TiO¢] octahedra
hydroxy! groups. (c) Two [TiOs] octahedra share an edge in the presence of the sulphate ion and
form a dimer. (d) The third [TiOg] octahedra can bind to the dimer only on the side edge by which
an anatase nuclei forms [15].
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On the other hand, the sulphate anion may act directly as a ligand in the coordination
sphere of the Ti (IV) ion. It is possible that a specific complex forms, such as
[Ti(OH)>S04(0OH,),]°, that condenses into anatase nuclei [62].

Although the sulphate anion tends to promote the formation of anatase TiO,, there are
some indications that it is not appropriate for TiO, nanoparticle synthesis. Peptization of
amorphous TiO, with 0.5 M H,SO,4 produced a well-crystalline anatase material, having a
grain size of around 5 nm. But its specific surface was very low, even less than 10 m?/g.
This was attributed to the tendency of the sulphate anion to complex strongly with
titanium ions, encouraging the growth of anatase particles in a way that greatly reduced
the porosity of the final product [63].

1.3.3.1.2.3  Synthesis of TiO, nanoparticles using HCI

The synthesis of TiO, nanoparticles with HCI is not well covered. Nevertheless, it is
known that hydrochloric acid strongly influences polycondensation reactions by
providing protons and chloride anions, which both influence the course of the reaction. In
the case of HCI, the reactions tend to produce phase-pure rutile material [59]. The
mechanism by which HCI promotes rutile-specific product formation is devised and was,
to some extent, already discussed. The phase-specific TiO, formation is generally
considered based on the formation of a specific Ti (IV) complex. When anions are
present, the Ti (IV) complex of the form [M(OH)n(OH2)ns]*™* may be transformed into
a [M(OH)L(X)(OH2)n-n1]“™™* type complex, where X represents an anion [48]. The
anions acting as ligands may completely change the initial complex form by changing the
ratio of the water and hydroxide ligands. This in turn may change the type of the
polycondensation reaction (olation or oxolation) and the geometry by which the Ti (I1V)
octahedra polycondense into particles. In either case, the anions promote oxolation
because when present as ligands they possibly substitute for water molecules, which, as
was already mentioned, may not be present in the coordination sphere in order for
oxolation to take place.

The complex type responsible for the formation of rutile nanoparticles is considered to
be of the [Ti(OH)Cl3(OH,)-]° type. Interestingly, the brookite-type promoting complex
differs only slightly and is considered to be [Ti(OH),Clo(OH,),]° [64]. There is yet no
clear evidence that HCI is suitable for the synthesis of anatase nanoparticles.
Nevertheless, it seems crucial that an appropriate amount of HCI is present in the reaction
medium, since this allows the production of a phase-specific product.

The chloride anion also influences the morphology of the nanoparticles. The
underlying mechanism for this morphology-dependent effect is probably linked to the
specific properties of the TiO, crystal structure. The crystal structure of both anatase and
rutile is tetragonal, which means that the crystal planes differ in their properties, namely
in their surface energies. The surface energies of rutile crystal planes {011}, {110},
{100} and {221} were calculated based on the atomistic simulations and are 1.85, 1.78,
2.08 and 2.02 J/m? respectively [65]. The difference in crystal plane surface energies
probably results in different adsorption affinities for species in the surrounding reaction
medium. Therefore, the ratio of adsorption for chloride ions versus Ti (IV) octahedra is
specific for a specific crystal plane and consequently the polycondensation of the
octahedra will take place preferentially on the crystal plane having the higher surface
energy.

This results in the formation of an anisotropic nanoparticle [66, 67].
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1.3.3.1.2.4  Synthesis of TiO, nanoparticles using HNO3

The synthesis of TiO, nanoparticles with HNO3 was studied exhaustively. It seems that
HNO3; was especially well covered when it comes to acid reflux reactions. Many different
titanium precursors were tested in reflux reactions, yielding TiO, with variable properties.
When titanium isopropoxide was refluxed in 0.56 M HNO; at temperatures up to 60 °C,
needle-like rutile nanoparticles were formed. The same reaction at a higher temperature
(90 °C) yielded highly agglomerated anatase nanoparticles [68]. Similar, temperature-
dependent results were obtained when amorphous TiO, was refluxed with 0.1 — 0.5 M
HNOs. At room temperature, the material was a mixture of rutile and anatase, while at
higher temperatures the material was mostly anatase containing a small amount of
brookite [63].

On the other hand, it was also shown that HNO3 can also provide phase-pure materials.
When refluxing TiCl, aqueous solutions in concentrated (15 M) HNOj3 one can produce
rutile nanoparticles with an anisotropic morphology [68]. The authors did not provide an
explanation for the anisotropic morphology of the obtained nanoparticles, but considering
the effect that the chloride ion has shown to have, it would be reasonable to assume that
the same effect is possible for NO3" anions.

However, the temperature seemed to play a significant role in the determination of the
TiO; nanoparticle crystal structure. This can be understood if one takes into account that
the ionic product of water (K,) is temperature dependent. So when performing a reaction
in a mildly acidic medium at a higher temperature the ionic product of water increases
significantly and consequently a great number of hydroxide ions form (the concentration
of oxonium ions stays relatively unchanged since most of the protons are contributed by
the acid). This in turn may affect the polycondensation reactions and to some extent
determine the form of the final product [15]. There is also some proof that the nitrate
anion could act as a ligand and form Ti (IV) complexes similar to the ones that the
chloride anion forms [69]. Therefore, the nitrate anion could act in the same manner as
the chloride anion.

It seems that the acid type profoundly affects the final TiO, nanomaterial
characteristics. This is because the ions present in the acidic medium tend to determine
the chemical behavior of the reaction medium, i.e., the type of reactions that will take
place, and also determine some other nanoparticle characteristics, such as particle
morphology and size. The latter is a consequence of the fact that the particles produced
are in colloid form. Therefore, their physical characteristics (zeta-potential, surface
charge,...) are determined by the ionic strength of the surrounding medium. When nuclei
form and the particle growth phase occurs, the ions determine the colloid particle
electrical double layer. Depending on the properties of the electrical double layer,
aggregation of crystallites takes place at a specific stage during their growth. Depending
on the ionic strength and on the ions present, the aggregation stage may occur sooner or
later, the result being polycrystalline nanoparticles of different size [48].

This effect can be observed when performing the sol-gel/gel-sol reactions in the
presence of an appropriate water-soluble ionic salt. It was shown that by adding sodium
chloride (NaCl) the TiO, nanoparticles are smaller in size [62, 66, 67, 70].

1.3.3.1.3 Surfactant-based hydrolysis

Like acids, surfactants possess a threefold purpose:
e they promote the formation of crystalline TiO,
e they ensure a small particle size
e they stabilize individual particles against agglomeration
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Many synthesis methods involving various surfactants were already developed. When
performing room-temperature hydrolysis of titanium (IV) n-butoxide in n-butanol solvent
in the presence of para-toluenesulfonic acid (PTSH) and acetylacetone, followed by aging
at 60 °C, monodisperse, non-agglomerated anatase nanoparticles with grains ranging from
1 -5 nm were obtained [71].

A particularly popular class of surfactants used with nano-TiO; synthesis comprises
tetra-alkylammonium hydroxides (general formula NR;"OH"). These hydroxides have a
twofold effect. Since they have a basic pH value, the sol-gel reactions proceed in a way
that favors anatase production. Secondly, the NR," ion associates with the negatively
charged TiO, nanoparticle surface forming a stable sol [72—75]. Recently, a wet chemical
method was developed based on using the tetramethylammonium hydroxide (TMAH)
surfactant that by simple variations in its concentration enabled control over particle size,
morphology and also organization of TiO, crystallites. The process is a simple
straightforward reaction involving the formation of amorphous TiO, from an alkoxide
precursor in a dilute aqueous TMAH solution followed by refluxing under inert gas for 6
h [72]. The results obtained in this experiment indicate that the tetraethylammonium
cation (N(CHa),") adheres preferentially with the (101) crystal plane, thus preventing the
addition and polycondensation of new Ti(IV) octahedra to the (101) surface during crystal
growth. This results in the formation of anisotropic anatase nanoparticles. Furthermore, it
was discovered that size tuning is possible by changing the size of the alkyl substituent on
the tetraalkylammonium cation. The synthesis of nano-TiO, in the presence of
tetramethyl-, tetraethyl- and tetrabutylammonium hydroxide leads to the formation of
anatase with a grain size ranging from 40 to 20 nm [74, 75]. A possible explanation for
this phenomenon could be that a larger alkyl substituent is more effective in preventing
collisions among primary anatase nanoparticles and therefore prevents their growth.
Another possible explanation could be that larger alkyl substituents reduce the likelihood
of an OH" ligand being donated to a Ti (IV) d° complex ion present in the reaction
medium, which in turn reduces the likelihood of condensation reactions between such
complexes to create Ti-O-Ti bonds and form solid TiO,. Either way, it is clear that
particle size control is possible to a greater or lesser extent by changing the alkyl
substituents.

Some experiments were also made where multiple surfactants were employed. In such
cases, one surfactant may act as a catalyst for the formation of crystalline material, while
the other might serve to prevent agglomeration. For example, stable dispersions of nano-
TiO, were made by hydrolyzing titanium (IV) isopropoxide in the presence of both
cetyltrimethylammonium bromide (CTAB) and tetramethylammonium hydroxide
(TMAH). In this case CTAB was the stabilizer and TMAH the catalyst. It is interesting
that as-prepared nano-TiO; is reported to have an extra small grain size, among the
smallest reported in literature, being around 2 nm in size [76].

As was described with the above provided examples, the surfactant-based hydrolysis
methods seem to be very suitable for the preparation of nano-TiO, with very small grain
size in the form of stable colloids. Yet, despite the extremely high specific surface area of
these nanoparticles, their application comes into question since their surfaces are covered
with surfactant molecules. This hinders or even eliminates the photocatalytic activity of
such materials. Therefore, further purification methods have to be employed in order to
prepare an application-wise suitable material. Such purification methods are most
commonly salting out, washing, centrifugation and dialysis, which are all labor-intensive
and time-consuming. Hence, an additional disadvantage of the surfactant-based
hydrolysis reactions is generally a great amount of hazardous aqueous waste.
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1.3.3.2 The hydrothermal synthesis

One of the most popular techniques in hydrolysis-based preparation of nano-TiO, is the
hydrothermal processing. This method is based on using elevated pressures and
temperatures in the presence of water to prepare the final well-crystalline product.
Properly addressed, this technique is termed solvothermal processing where a liquid other
than water is used as the solvent, even if water is present for hydrolysis [77]. Although
some researchers use the two terms interchangeably, this presented work will use the term
“hydrothermal’’ to describe any high-temperature, high-pressure water-based solution-
phase reaction.

Hydrothermal crystallization is carried out in a sealed autoclave, an example of which
is shown in Figure 6 below.

Figure 6: A typical autoclave used for laboratory hydrothermal synthesis experiments.

Autoclaves are usually made of stainless steel or titanium, but it is also possible to
purchase vessels made from corrosion-resistant alloys that allow us to perform reactions
under highly acidic or basic conditions. A possible wide-spread alternative is to use a
Teflon liner that protects the vessel’s interior during reactions where the reaction medium
IS corrosive or aggressive in some other way. However, since Teflon melts at around 250
°C, it cannot be used in reactions above 250 °C.

In a hydrothermal reaction, a heating mantle or an oven is used to raise the temperature
above the standard boiling point of the solvent, at which point the evaporating solvent
begins to generate an internal pressure. This pressure, which arises exclusively due to the
refluxing solvent, is known as autogenous pressure. The temperature needed for
crystallization under hydrothermal conditions depends on the material. To produce
hydrothermally-prepared nanocrystalline TiO,, temperatures ranging from 150 to 350 °C
are most commonly used. These temperatures are well below the temperatures
encountered with calcination. The corresponding pressures depend on the filling volume
of the autoclave. A high filling volume of 85 % corresponds to a pressure of 120 bar at
220 °C or even around 300 bar at 240 °C. Lower filling volumes of about 50 % result in
much lower pressures of about 10 — 15 bar at around 200 °C. Hydrothermal reaction times
may be short (2 h) but are generally quite long (1 — 2 days).

Hydrothermal processing using either amorphous TiO, or a titanium-containing
precursor has been shown to be an ideal method for obtaining nano-TiO, with small grain
sizes and a high specific surface as well as high crystallinity [9, 72—75, 78-114]. Usually,
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hydrothermal processing is performed on a suspension or a slurry of amorphous TiO;
obtained via hydrolysis of TiCl, or a titanium (IV) alkoxide. It is however possible to
combine the hydrolysis and crystallization step in a single-vessel process. This is
accomplished by injecting a solution of the precursor into a pre-heated autoclave or by
initially placing the precursor (dissolved in an organic medium) and the hydrolysis water
in separate regions of the autoclave so that they only come into physical contact when the
water boils upon heating. This is a controlled hydrolysis with a limited amount of water in
an organic solvent. The final product is a very fine anatase with crystallite size ranging
from 10 to 30 nm and a high specific surface (50 — 280 m?/g). Correspondingly, the
photocatalytic performance of such materials is very good as well. This is because of the
presence of a large number of surface sites for adsorption [81, 83, 84, 87, 94, 114]. The
formation of such small nanoparticles was attributed to the low solubility of TiO; in
organic solvents, the consequence of which is that anatase nanocrystals, once nucleated,
are unlikely to grow to an appreciable size via dissolution and precipitation (Ostwald
ripening).

The importance of the amount of water needed for hydrolysis and particularly the
molar ratio of water to precursor is nevertheless still undisclosed due to different
hydrothermal reactions so far performed and the variety of materials that have been
produced. For instance, it has been observed that when performing the hydrothermal
reaction using amorphous TiO, made from an alkoxide, an increase in the water-to-
alkoxide ratio correlates with a decrease in the grain size in the final product. This could
be due to the fact that a higher water content results in a more rapid hydrolysis rate, which
favors the nucleation of new particles over the growth process of the existing particles
[90]. However, this proposed correlation may not be as simple as that. It was reported that
when performing the hydrothermal synthesis of anatase in the presence of HNO3 or HCI,
finer particles were formed when the ratio of water to alkoxide was low rather than high
[115]. This result was attributed to hydrogen bonding between the freshly formed anatase
particles which would be enhanced at higher water-to-alkoxide ratios. This consequently
encourages the aggregation of the nuclei into coarse primary particles. Nevertheless, it is
clear that under a given set of conditions, one can change the properties of the final
material by manipulating the water-to-precursor ratio while simultaneously understanding
other reaction parameters that influence the physical characteristics of TiO».

As is the case with other hydrolytic-based methods, it is possible to selectively obtain a
particular crystalline phase in a hydrothermal reaction by adjusting the pH of the reaction
medium. As was already noted, acidic conditions promote the rutile phase, while the
neutral or basic conditions promote anatase phase formation. It was also noted that the
hydrothermal reaction temperature may, to some extent, determine the phase purity of the
final material. The temperature range 210-240 °C appears to be optimal to obtain anatase,
whereas rutile and brookite impurities are observed when performing the synthesis
outside the stated temperature range [85, 90, 96, 116].

When the hydrothermal synthesis is performed without a surfactant, the nanoparticles
form loose agglomerates, while no aggregation seems to occur. A major setback
regarding the hydrothermal synthesis is that the TiO, formed rarely exhibits a very large
surface area. Also long aging times and sometimes the use of harmful organic solvents are
clearly disadvantageous when trying to produce a chemically-wise pure material in large
guantities.
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1.3.4 Synthesis methods summary

Introduction

The various types of methods to produce nano-TiO; that were described in this section are
summarized in Table 2.

Table 2: Summary of the various synthesis methods used to obtain nanocrystalline TiO».

Synthesis Reaction Crystallite .
method temp/eorcature size / nm Advantages Disadvantages
e environmentally
friendly .
Aerosol e high e large particles
: 200 — 1000 > 15 o e severe
pyrolysis crystallinity agalomeration
e tunable phase 99
composition
e short reaction
Non- times e oOrganic
: e fine particles org
hydrolytic 80 — 300 4-10 e minimal ligands on
solution-phase . particle
reactions agglomeratlon surface
e high surface
area
Hydrolytic e high
solution-phase | 500 — 1000 crystallinity e large particles
reactions (during > 15 e tunable phase e severe
followed by | calcination) composition agglomeration
heat treatment e easy synthesis
e fine particles
e minimal e surfactants on
. agglomeration surface
Slf\r(;;dct ;r:t- e high surface . mayI produce
area arge
hyﬁfsﬁc 60-100 | 2-10 e high quantities of
solution-phase crystallinity Was.te
reactions e tunable e sometimes
morphology and long reaction
phase times
composition
o fine particles
e high surface
Hydrothermal 150 — 350 8130 area e some
synthesis e easy synthesis agglomeration
e high
crystallinity

It should be noted that although some methods have clear technical advantages
(reaction time, the amount of waste,...) over the others, the question of whether a
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particular method is advantageous material-wise, often depends primarily on the intended
final application. In the case of the present work, two major objectives were set. One was
the synthesis of a photocatalytically active TiO, intended for photocatalytic coatings, and
the other the synthesis of TiO, that would best-suit the DSSC application. Both
applications are intended in general for photovoltaics. Furthermore, as was already noted,
we had to develop TiO; for both applications based on raw materials emanating from the
established Sulphate process of pigment production in Cinkarna Celje, Inc. in a way that
agglomeration, aggregation and possible dusting of the final material would be avoided.
Thus, only the water-based colloid formation of TiO, suits the above-mentioned
limitations.

The synthesis methods that would be appropriate and were used in TiO, synthesis
experiments throughout the course of the proposed investigations were the sol-gel and the
gel-sol acid-based hydrolysis and the hydrothermal processing. With these methods
various materials may be produced that differ in their basic characteristics, namely
morphology, particle size, crystal structure and crystallinity. This, however, may provide
a great deal of possible materials that can be tested for either photocatalysis or DSSCs and
consequently enables us to experimentally determine the material-of-choice for a given
application.
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1.4 TiO, in photovoltaics and photocatalysis

One of the aims of the present work was to develop a nano-TiO, material that could be
used in the field of photovoltaics. The use of nano-TiO, for photovoltaics can be
understood in terms of two possible applications.

Firstly, nano-TiO, has become the material-of-choice for third-generation-type solar
cells, so-called dye-sensitized solar cells (DSSCs), whose technology is based on the use
of relatively cheap materials.

Secondly, nano-TiO, can be used for a photocatalytic coating that could be beneficial
when applying it onto the surface of the silicon solar modules. By exerting the ability to
degrade organic pollutants and the ability for inorganic pollutants to be rinsed off due to
the superhydrophilic effect, the efficiency of the modules could be preserved over a
longer period of time.

The two possible applications of nano-TiO, in photovoltaics are briefly described in
the following section.

1.4.1 Dye-sensitized solar cells (DSSC)

DSSCs have a relatively simple structure shown in Figure 7.

Glass

TCO
\

Platinum ————

Electrolyte

Glass

Figure 7: A schematic representation of the components of the working DSSC.

The DSSC consists of five layers working together to produce and transfer electrical
current. The top electrode is usually a glass substrate coated with a transparent conductive
oxide (TCO) and a dense barrier layer that hinders recombination. Dye molecules are
adsorbed onto the surface of a wide-bandgap semiconductor film that is deposited or
grown on the barrier layer. The semiconductor acts as the electron-transfer material while
the dye represents the photoactive layer. An electrolyte fills the interlayer spacing
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between the film and the bottom electrode and acts as a reducing agent for the dye and
enables the renewable process. The counter electrode consists of a sputtered layer of
platinum on a TCO-coated glass substrate. The DSSCs work is similar to the
photosynthesis process, with the dye acting in the same manner as chlorophyll. The dye is
excited by sunlight so that a high energy conversion may occur [117-119].

Every one of the five layers in the DSSC has a specific role in enabling the cell to
function well. The electrode substrates are designed for mechanical strength and must
have a maximum light transmission, since the amount of light activating the dye
molecules determines the cell output. A suitable substrate for DSSC is TCO-coated glass
where the TCO most commonly consists of fluorine-doped tin oxide with a thickness of
about 0.5 pm and an electrical resistance of about 8-10 Q/cm? [120]. Other doped oxides
are also utilized, such as indium-doped tin oxide (ITO) since empirical studies show that
the fluorine-doped tin oxide markedly increases efficiency. The work function (the work
function, WF, is defined as the energy required to remove an electron from the Fermi
energy level of the surface to the vacuum level) of the metal on the counter electrode
determines the output voltage. Platinum, which is most commonly used, has a work
function of about 5.6 eV and provides a large potential output voltage. If, for example,
gold were used instead, a 0.5 V loss in photovoltage would occur since gold has a WF of
just5.1eV.

The sensitizer, a dye monolayer, is the active layer in which an electron is shifted to a
higher energy level upon solar irradiation. The dye layer must be very thin, preferably one
molecule in thickness. This is because only the dye molecules which are in direct contact
with the semiconductor and the electrolyte can transfer charge. Any additional dye layer
may actually impede electron transfer from the electrolyte to the dye molecule causing a
less than optimal operation of the DSSC [121, 122]. A monolayer coverage on a high-
surface semiconductor is ideal as it allows the maximum possible absorption of photons.
Also, with a dye monolayer, there are minimal losses which can arise because of a
relaxation of the excited state electron, since there is always a semiconductor surface
nearby to accept the electron into the conduction band [123].

The dye molecule absorbs the photon causing the electron excitation from the ground
state (HOMO orbital) to the carboxylate ligand by metal-to-ligand charge transfer
(MLCT). Afterwards, electron injection occurs as the electron is injected from the
carboxylate ligand into the semiconductor conduction band. The injection process is very
swift as it is carried out in a period of a few picoseconds. This is because the n” orbital of
the carboxylate ligand overlaps with the conduction band of TiO, [123, 124]. The electron
injection from the ligand to the TiO, conduction band is favoured energetically, as the
conduction band’s energy is lower than the lowest unoccupied molecular orbital (LUMO)
energy of the dye. Also, the electron injection is favoured in terms of entropy, since once
the electron is injected into the conduction band it is averaged over many states. Because
of the two mentioned reasons the back reaction is not favoured. Electron injection is
reported to be hindered by impurities in the semiconductor, such as iron or some other
dopant. Experiments have shown that this effect may be lessened if a high-purity layer of
TiO, is deposited on the already existing TiO, photoanode, which is most often done by
hydrolyzing titanium tetrachloride. This causes the surface area to increase, since if the
hydrolysis is done correctly, small TiO, particles form and cover the photoanode surface.
The increased surface area and the presence of high-purity material promote electron
injection [125].

The sensitizer must be designed for maximum absorption across the solar spectrum,
must contain ligands that adhere readily to the semiconductor surface, must enable a high
efficiency transfer of the excited electrons to the conduction band and must have a high
reduction potential so that reduction is rapid compared to relaxation [126].
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The energy levels of the sensitizer must be well matched with the energy levels of both
the semiconductor and the electrolyte. The excited state of the sensitizer should lie just
above the semiconductor conduction band in order for electron injection to be a low
energy and rapid process. The ground-state energy level of the sensitizer should be just
below that of the electrolyte and should be of sufficient reduction potential to be easily
reduced by the redox couple. The sensitizers most commonly used are the N3 dye
(Ru(4.,4'-dicarboxylic acid-2,2’-bipyridine),(NCS),), the black dye (Ru(2,2',2"-(COOH)s-
terpy)(NCS)3) and the N719 dye, which are shown in Figure 8.

(@) (b)

HO OH

(n-Bu)sN O'OC COOH

COO N (n-Bu)s

Figure 8: The chemical structures of the most commonly used dyes for DSSCs [128]. (a) The N3
dye. (b) The “’black dye’’. (¢) The N719 dye.

The black dye and the N3 dye have so far given the highest efficiency DSSC that is
10.4 % and 10.6 %, respectively [126, 127]. Figure 9 shows the external spectral response
curve of the photocurrent for a nanocrystalline TiO, solar cell sensitized by N3 and black
dye with the I/l3” redox mediator, where the incident photon-to-current conversion
efficiency (IPCE) is represented as a function of the wavelength. The IPCE is obtained by
the following equation:

1240(eVnm) - J__ (1A/ cm?)

~—~-100 (15)
A(nm) - g(£W /cm*)

IPCE (%) =

where Jg is the short-circuit photocurrent density for monochromatic irradiation, A is
the wavelength and @ is the monochromatic light intensity. The IPCE can be regarded as
the number of electrons generated by light in the external circuit divided by the number of
incident photons.
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Figure 9: Spectral responses (IPCE) of N3- and black dye sensitized TiO, solar cells [128]. It can
be clearly seen that the IPCE values of the two dyes are very high in the visible light spectra. If
we take into account all the losses due to light adsorption, the IPCE value is near unity which
means that nearly the entire incident light is transformed into the electron flow.

As shown in the Figure 9, solar cells having N3— or black dye as sensitizers can
effectively convert visible light to electrical current.

The N3 dye responds to the light of wavelength between 400 to 800 nm, while the
black dye responds to light with a wavelength between the near-IR region and 950 nm.
The IPCE of the N3-dye-sensitized solar cell reaches 80% at 550 nm and exceeds 70% in
the region from 450 to 650 nm. If we also take into consideration the light loss due to
reflection and absorption by the FTO glass substrate, the IPCE is of a value between 90-
100% which indicates that the DSSC is highly efficient in solar energy conversion [126,
128]. IPCE can also be defined as:

IPCE = LHE - ¢, -, (16)

LHE=1-T =1-10"* (17)

The LHE is the light-harvesting efficiency, ®iy; is the quantum yield of electron
injection and 1 the efficiency of collecting the injected electrons at the back electrode. If
the ®inj and nc are equal to unity, then the IPCE is determined only by the LHE (1-T) of
the dye absorbed on the TiO; film, where T is the transmittance of the DSSC.

The electrolyte is comprised of reduction-oxidation (redox) molecules that reduce the
sensitizer after photoexcitation and are themselves reduced at the counter electrode. The
redox couple must have a reduction potential between the platinum work function and the
sensitizer reduction potential, which creates a driving force for electron transfer. The most
common electrolyte type used ever since the early stages of DSSC development is the
iodide/triiodide couple [121]. It is produced simply by mixing iodine with an iodide salt
in an appropriate solvent, such as acetonitrile [129]. Adding guanidinium thiocyanate to
the electrolyte screens the coulombic interactions between the dye molecules, producing a
more dense dye layer that decreases recombination losses [126].

At the platinum electrode, the electrons that have passed through the electrical circuit,
are donated to the redox couple. The redox couple than reduces the excited sensitizer
molecule which enables continuous operation. The sensitizer must be reduced rapidly
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because as soon as it replenishes an electron to the ground state, the excited electron may
not relax, which would result in losses. Generally speaking, the relaxation process of the
excited electrons does not occur because the electron injection process is very rapid and
takes place in a matter of picoseconds (t < 7 ps) [125]. Furthermore, the metal-to-ligand
charge transfer that occurs before electron injection is much more rapid in the forward
direction. Some other redox couples such as (SCN),/SCN" and (SeCN),/SeCN" have a
higher reduction potential than iodide/triiodide and have also been tested, but the final
DSSC efficiencies were drastically lower. This is most likely due to a slower dye
regeneration rate [130, 131].

All of the electrolytes discussed above have a common problem. Namely, the final
DSSC may eventually degrade because they are all liquid type electrolytes. Although the
liquid type electrolyte allows complete filling of all of the pores and small crevices in the
photonoade, it often degrades in air and/or under thermal stress making sealing of the cell
a very difficult task, which must be done perfectly so that the cell may have a long
lifetime. Specifically, degradation occurs after a short period at 80-85 °C, causing a
problem for the DSSC’s use in outdoor conditions [126]. The degradation is caused by the
crystallization of the iodide salt. Hence, a great deal of research is being focused on solid-
state electrolytes that avoid both leakage and degradation. Polymer matrix electrolytes
offer fewer leakage problems but still have degradation issues as well as low efficiency
because of their slow ionic conductivity [132-134]. Nanocomposite gel electrolytes
combine both the solid state and the liquid state of the electrolyte. A typical
nanocomposite gel electrolyte encompasses a mixture of inorganic material, such as
silica, with its inner pores filled with an organic material that acts as the active ionic
conductor [135]. The organic component can be optimized for the speed of ionic
conductivity, but percolation conditions are necessary to allow for the greatest
conductivity. In this way the liquid is more stable because there is a lesser chance of
environmental degradation.

The semiconductor photoanode is probably the most important part of the DSSC and
is being intensively researched in order to better understand and enhance the final
efficiencies. The mesoporous, wide-bandgap semiconductor is adhered on the TCO/glass
surface and is responsible for the transfer of the electrons from the dye molecule to the
TCO electrode. Experiments have shown that TiO, provides the highest efficiencies. In
particular, zinc oxide has been utilized as a possible alternative to TiO,, but experiments
have shown that it provides a lower current conversion efficiency and takes much longer
to adsorb the dye onto its surface than TiO, [136]. The lower efficiency of the ZnO-based
DSSC seems to be the consequence of lower dye-to-semiconductor electron injection or a
consequence of an increase in recombination losses [136]. Some other materials have
been investigated as well, such as SnO,, Fe,03, Nb,Os, CdS and CdSe, but in every case
the efficiencies were lower than with TiO, [137-140].

The most important properties of the photoanode include mechanical strength, uniform
thickness, high surface area and rapid dye adsorption throughout the film. High surface
area is one of the main features, since the current output is directly related to the amount
of dye molecules adsorbed on the TiO; film. A high-surface-area film can be produced by
using nanoparticles which increase the roughness factor of the electrode by over 1000-
times and consequently the surface area may increase to 100 m%g [126]. TiO.
nanoparticles also promote electron transfer even without being additionally doped to
achieve better electrical conductivity. This is because the addition of the injected electron
allows the TiO; to become an n-type semiconductor (the Fermi level is raised).

A very large number of reports and review papers exist about the production of
titanium dioxide in various forms (particles and films), providing detailed information
about how to make nano-TiOz suitable for a photoanode layer in DSSCs. Sol-gel methods
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[141, 142], dispersion methods [125], and hydrothermal growth methods [143] among
many others, have all been used and investigated, accentuating the need to control the
thickness of the deposited nano-TiO, layers with regard to their particle size, surface area,
the porosity of the formed photoanode layers, the pore size and their distribution, together
with the need to know the activity of the surface sites of the formed nano-TiO, particles.
Gritzel used mesoporous thin films of spherical titanium dioxide and achieved a DSSC
efficiency up to 10.6 %. The corresponding TiO, nanoparticles, which were made via the
hydrothermal sol-gel synthesis from a titanium isopropoxide precursor [144], are well
formed and have a narrow particle size distribution. TiO, in nanoparticle form is
commercially available in the form of a suspension and dispersion; for example, P25
(Evonik), consists of approximately 80 % anatase and 20 % rutile, while a sol-gel
produced nano-TiO, usually consists of only anatase, due to a heat-treatment at 450 °C.
Anatase is mostly the material-of-choice for DSSCs.

Although a great deal of work has been centered on providing an optimal solution for
the production of a homogenous, well-adhered and highly-porous TiO; film, there are still
remaining problems to be solved, which are mainly of technological type. Namely, all of
the methods presented are complex, time-consuming and labour-intensive. These
problems, on the other hand, have so far proven to be critical when it comes to setting-up
the DSSC technology for a possible large-scale production. Therefore, new methods must
be used that would enable a low-cost, rapid TiO, layer production. Among these new
methods the TiO, paste preparation methods have shown great promise. TiO, paste
preparation is based on using TiO, nanoparticles as a raw material that is mixed into an
appropriate solvent, a binder and a dispersing agent. Upon mixing a fine and homogenous
TiO, paste is formed and can readily be applied onto the substrate and then thermally
treated to form the final photoanode. Although some TiO, paste preparation methods may
be time consuming [145], the ones based on the Pechini method could prove to be
efficient and relatively cheap. They also provide easy handling and fast preparation [146].
What is especially important with the sol-gel based Pechini TiO, paste preparation
method is the fact that it can readily be used for nano-TiO; in the form of water
suspensions and/or slurries. These advantages were the reason to accommodate this
preparation method to produce TiO, pastes for DSSC preparation in the course of this
thesis.

1.4.1.1 DSSC energetics

The energy diagram and the electron transfer path of the most common type of DSSC is
shown in Figure 10. Generally, the working performance of a DSSC is based on the
kinetics of the electron-transfer reactions. Electrons are injected from the dye into the
Ti0O, and the hole is injected into the electrolyte. Therefore, charge separation and charge
transport occur in different media and are spatially separated. A more detailed description
of the process is as follows [123, 128]:

e the dye becomes photo-excited which results in the injection of the
electrons into the conduction band of the TiO;

e the electrons diffuse toward the back contact (FTO — SnO,:F) and
consequently reach the counter electrode through the external load and
wiring

e the excited state of the dye is short-lived since it is reduced by the
electrolyte present and is usually comprised of an organic solvent
containing a redox system, such as the iodide/triiodide couple. The
regeneration of the dye forbids the electrons injected in the conduction
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band from flowing backwards and therefore become lost in the process of
sunlight conversion.

o the oxidized redox mediator, the I3 ion diffuses to the counter electrode
and is re-reduced to the I" ion over the Pt surface

Therefore, no net chemical reaction occurs because every oxidation reaction at the
photoelectrode has a corresponding reduction reaction at the counter electrode. Overall,
electric power is generated without any permanent chemical reaction. The performance of
the DSSC is predominantly based on four energy levels of the components [128, 147]:

e the excited state (approximately LUMO) and the ground state (HOMO) of
the Ru dye photosensitizer (or some other photosensitizer)

¢ the Fermi level of the photoelectrode which is located near the conduction-
band level

e the redox potential of the redox mediator (I/13") in the electrolyte solution

The photocurrent obtained from the DSSC is determined by the energy difference
between the HOMO and the LUMO of the photosensitizer (the HOMO-LUMO energy
difference corresponds to the band gap for inorganic semiconductor materials). The
smaller the HOMO-LUMO energy gap, the larger the photocurrent because of the
utilization of the long-wavelength region in the solar spectrum.

The energy gap between the LUMO level and the conduction-band level of the TiO,
film, AE,, is important and the energy level of the LUMO must be sufficiently negative
with respect to the conduction band of the TiO, film (must lie higher than the TiO,
conduction band) in order to inject electrons effectively. In addition, substantial electronic
coupling between the LUMO and the conduction band of the TiO, film also leads to
effective electron injection. The HOMO level of the complex must be sufficiently more
positive than the redox potential of the 1/13" redox mediator to accept electrons effectively
(AEy). The energy gaps, AE; and AE,, must be larger than approximately 200 mV in order
for the optimal electron-transfer efficiency to be achieved.

Another characteristic of the DSSC is the photovoltage. It is developed by the energy
gap difference between the Fermi level of a TiO, electrode and the redox potential of the
I'/15” in the electrolyte solution. The conduction band level of the TiO, photoelectrode and
the redox potential of I'/13” are estimated to be -0.5 V versus a saturated calomel electrode
(SCE) and 0.4 V versus the SCE, respectively. In the case of DSSC using a TiO;
photoelectrode and I/13" redox mediator, the maximum open-circuit photovoltage upon
illumination is expected to be approximately 0.9 V, depending on the components of the
electrolyte solution because the Fermi level of the TiO, photoelectrode depends on the
species and concentrations of the electrolyte components [123, 128, 147].

It should be noted that at least 100-200 mV of the photovoltage is needed as a driving
force for the electron-transfer reactions. Another voltage drop (0.4 V) can be accounted to
the reduction of the photoexcited dye by iodide. This significant voltage drop directly
pinpoints the possible adjustment that could be made to increase the photovoltage above ~
0.7 V, but so far no other candidate has proven to be as efficient with the kinetics of dye
interception and electron uptake as the /13" couple.
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Figure 10: Energy diagram and operating principle of a DSSC [128].

Solar energy-to-electricity conversion efficiency (n) under white light irradiation (air
mass; AM 1.5) can be obtained from:

— ‘]sc 'Voc - ff (18)
l,-100

lo is the photon flux (approximately 100 mW/cm? for AM 1.5), Js. is the short-circuit
photocurrent density, V. the maximum photovoltage (open circuit voltage) and ff the fill
factor. The fill factor is defined as the ratio of the actual maximum obtainable power to
the product of the open circuit voltage and short circuit current and is used in evaluating
the performance of solar cells. The power, P, produced by the solar cell is determined by
the product of the maximum photocurrent density (short-circuit current density, Js), the
maximum photovoltage (open-circuit voltage, V), and the fill factor (ff).

Pmax = ‘]sc 'Voc - ff (19)

The value of Ji depends on the sensitizer light absorption efficiency and on the
electron injection efficiency. The value of V, is determined by the energetics of the
system. The theoretical maximum attainable V. is determined by the energy difference
between the conduction band and the electrochemical potential of the redox couple.
Recombination reactions will in effect reduce both V.. and Js. Therefore, the
performance of the DSSCs depends on both the thermodynamic properties of the
materials as well as on the kinetics of the reactions occurring in the DSSC.

The nanoporous nature of the TiO, allows for migration of the redox couple throughout
the metal oxide network, which is crucial for efficient dye regeneration. However,
injected electrons near the surface can be captured by the oxidized species in solution (I3
resulting in reverse charge flow. This process can in principle take place not only at the
TiO, interface, but also at the TCO back contact. This deleterious reaction is often
referred to as the dark current and can be estimated by the electrochemical properties of
the DSSC in the absence of illumination.
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1.4.2 TiO,-mediated photocatalysis

One of the most studied and environmentally significant applications of nano-TiO, is
heterogeneous photocatalysis, i.e., light-induced chemical transformation of gas- or
pollution-phase species on the surface of a solid catalyst, which is usually a
semiconductor. The first indication that TiO, may act as a photocatalyst came when
experiments were done in which a TiO; electrode was used to photochemically split water
into producing hydrogen gas [148]. Although hydrogen production using a TiO; electrode
Is interesting due to possible clean-energy production, the most significant photocatalytic
application for nano-TiO, however is still the photooxidative degradation of organic
species in air and in wastewater systems. So far, TiO, has been widely recognized as the
best semiconductor photocatalyst used for oxidative remediation of water contaminated
by various organics [47]. Depending on the organic contaminant, it may be only partially
oxidized, forming an innocuous or less harmful species, while in some other cases the
photocatalytic oxidation may result in complete mineralization, i.e., the pollutant being
completely converted to CO, and H,O and other simple inorganic molecules [149].

1.4.2.1 Basic principles of TiO,-mediated photooxidation in aqueous solutions

1.4.2.1.1 Steps in photocatalysis

TiO, photocatalysis efficiency depends on many physical variables, which include grain
size, phase composition, surface area, defect sites, extent of surface hydroxylation and
surface modification. These variables are discussed in more detail in this section, but in
order to understand how and why TiO, physical characteristics influence the
photocatalytic efficiency, it is first necessary to understand the underlying mechanisms of
photocatalysis on the molecular level. Figure 11 is a schematic illustration of the events
taking place on the surface of TiO, upon organic pollutant (denoted A) degradation in an
aqueous environment.
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Figure 11: Schematic representation of the elementary steps in TiO,-mediated photooxidation. (a)
Adsorption of the pollutant (A). (b) Photoexcitation (exciton formation). (c) (I) Exciton
recombination (blue arrow) or (1) reduction of the adsorbed oxygen (red arrow). (d) Oxidation of
A to B (final product of A oxidation) by valence band holes (I) or by trapped holes. (I1) (e)
Desorption of B.
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First, the reversible adsorption of the pollutant A on the TiO, surface takes place due
to electrostatic or chemical bonding:

A— A(ads) (20)

Depending on the nature of the adsorbate and the TiO, material, an adsorption
equilibrium may be established after an hour or may take several days. This points to the
fact that the pollutant adsorption may be an essential step for effective photooxidation,
which suggests that TiO,-mediated photocatalytic reactions are indeed dominated by
processes that occur on the semiconductor particle surface rather than between free
species in the solution [17, 47, 149, 150].

In the next step, the aqueous TiO, + adsorbate suspension is irradiated with ultraviolet
light of energy Es, which is equal or greater than the TiO, material’s bandgap energy Ej.
This results in the excitation of the valence band (VB) electron to the conduction band
(CB). The excitation results in the creation of an electron/hole (e7/h™) pair (exciton), the
lifetime of which is a critical determinant of a photocatalyst’s efficiency:

hv+TiO, > TiO, +e” +h" (21)

The excited electron may either recombine with the hole and heat is generated or can
go on to reduce an adsorbed electron acceptor, most likely molecular oxygen [17, 47, 151,
152]:

e +h" — heat (22)
e” +0,(ads) —» O, (ads) (23)

In the absence of electron- or hole-trapping species on the TiO, surface, the exciton (e’
/h* pair) recombination will occur in 10-100 ns. However, the reduction of the surface
adsorbed oxygen is a much slower process and requires 1 ms or more [17, 153]. In order
for the CB electron to participate in the reduction of oxygen or any other electron
acceptor on the surface, exciton recombination must be inhibited.

This may happen via trapping of the electrons and/or holes at thermodynamically
favourable states (designated e; and h;) between the VB and CB. Charge-carrier trapping
can occur either in the presence of a surface adsorbed charge scavenger (hole trapping by
surface hydroxyl groups on the time scale of ~ 10 ns) or at a surface defect site (electron
trapping at a coordinatively unsaturated Ti** resulting in Ti** formation which occurs on
the time scale of ~ 10 ns) [149]. In order to compete with the very rapid process of
exciton recombination, the charge trapping sites must readily be available, i.e., charge
scavengers and/or defect sites must be present either at the surface or within the TiO,
particle volume.

If the charge-carrier sites are present, then the photogenerated hole will have sufficient
time to initiate the oxidative degradation of A to some other species B. This, in principle,
may occur via two different mechanisms. One is a direct hole advance in which the
untrapped VB hole itself reacts with A to produce B (Equation (24)). The other possibility
is that a hydroxyl-mediated attack takes place in which the hole reacts with a surface
adsorbed hydroxyl group to produce a reactive radical (most likely OH") which only then
oxidizes A to B (Equations 25 and 26):

h* + A(ads) — B(ads) (24)

h* + OH~(ads) — OH" (ads) (25)
OH* (ads) + A(ads) — B(ads) (26)



32 Introduction

These interfacial charge-transfer reactions, in which the adsorbate degradation occurs,
typically require about 100 ns, which is again comparable or slower than charge-carrier
recombination. Hence, the trapping of either photogenerated electrons or holes is a
prerequisite for efficient photooxidation.

After the photooxidation, when A has been chemically converted to species B, the
latter desorbs from the TiO, surface and diffuses into the solution:

B(ads) —» B (27)

Again, it should be noted, that depending on the chemical nature of A and B, the time
scale for adsorption and desorption may vary greatly, which affects the efficiency of
degradation considerably. For example, if A adsorbs only weakly, than the probability of
the oxidation will be low. Likewise, if species B is adsorbed strongly, than the long time
of B desorption will effectively prevent A’s adsorption, again causing low oxidation rates.

As was described previously, it is the exciton formation that is primarily responsible
for the photooxidation of various adsorbed species. But there is still some debate on the
chemical nature of the actual species that causes photooxidation. For now it is believed
that the primary oxidation species is the OH’ radical, which is the result of a reaction
between a photogenerated hole and a surface hydroxyl group [17].

This was confirmed by the identification of various hydroxylated intermediates during
various organics’ photodegradation [154-158] by transient absorption and emission
spectra as well as electron spin resonance (ESR) studies that indicate photogenerated hole
trapping by OH groups present on the TiO, surface [159-161]. It was also discovered that
photocatalytic performance is improved for anatase and rutile when the number of surface
hydroxyl groups is large [155, 162, 163]. But still there is a great deal of evidence that
species other than the OH' radical may play an important or even dominant role in
photocatalysis. One strong candidate that provides photocatalytic action is the superoxide
radical, O,", formed via a reduction of adsorbed oxygen by a photogenerated electron
[164]. Again, the trapping of the electron must first take place in order to avoid
recombination, since we have already mentioned that the direct reduction of surface
oxygen tends to be too slow. Otherwise, oxygen is an effective trap for CB electrons,
since the CB of TiO, is almost isoenergetic with the reduction potential of oxygen. In
some cases it was even found that the photocatalytic activity was completely suppressed
when oxygen was not present [47].

It is recognized that both the hydroxide radical, OH’", and the superoxide radical, O,", act
as photocatalysis-enabling species. A general scheme representing their action in
photocatalysis is provided in Figure 12 [47].
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Figure 12: A general scheme of TiO,-mediated photocatalytic performance. Both, the hydroxide
radical, OH’, and superoxide radical, O,", perform in photocatalytic reactions.

But, in order for the TiO, material to be as an effective photocatalyst as possible, two
conditions must be met. Firstly, the reactant molecule must be adsorbed onto the surface
of the catalyst effectively. Secondly, the recombination of the photogenerated holes and
electrons must be inhibited so that the charge carriers are available for surface redox
reactions. Therefore, the dependence of a photocatalyst’s activity on its physical
characteristics can be best understood in terms of how such properties influence the two
critical phenomena, adsorption and charge separation.

1.4.2.1.2 The effect of crystallite size, surface area and agglomeration on the
photocatalytic action

Heterogeneous photocatalysis takes place on solid particle surfaces, which makes the
overall efficiency highly dependent on the total surface area available for adsorption. It is
reasonable to prepare nano-TiO, in non-agglomerated form in which the nanoparticles
have a maximum possible surface area. As was mentioned previously, some surfactant-
based and acid-based synthesis methods allow the production of nanoparticles in low or
even non-agglomerated form. But, producing nano-TiO, in non-agglomerated form is not
the only goal one has to achieve in order to produce a highly photocatalytic material.
Properties that influence charge separation have to be taken into account as well.

In the case of grain size, it is not entirely clear whether a decrease in crystallite size
affects charge-carrier dynamics in a way that may increase or decrease the photocatalytic
activity. There is some disagreement about whether the size quantization effects (effects
arising from the quantum confinement of charge carriers in particles with crystallite size
of less than 10 nm in diameter) would promote or inhibit exciton recombination [149]. On
the one hand, the exciton charge carriers are confined to a small volume which makes the
probability for recombination high because of charge close proximity [165]. On the other
hand, the charge carriers can migrate more easily onto the surface and access charge-
trapping sites in small particles than in larger ones [166]. What makes things even more
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complicated is that site quantization in semiconductors results in an increase in the energy
of the CB, which again can either decrease or increase the photocatalytic activity. Since
the CB energy increases while the VB energy stays unchanged, the bandgap energy is
increased with small particles compared to larger ones. Consequently, a small crystallite
sized material absorbs a lesser amount of incident light, resulting in a less effective
photocatalyst [165]. The increase in CB energy results in the increase of the redox
potential for reactions taking place at the semiconductor surface, namely for the reduction
of molecular oxygen by CB electrons. This is why there is a greater energetic driving
force for at least one of the elementary reactions essential for efficient photocatalysis
[167, 168].

Given the numerous competing and/or complementary effects stated above, it would
be reasonable to expect that an optimum dimension (D*) should exist where the
photocatalytic activity is at its maximum. Indeed, some of the D* dimensions have been
identified but differ in value significantly. A D* value of 11 nm has been reported for the
photodegradation of aqueous chloroform by hydrothermally prepared anatase [169]. A D*
value of 5-6 nm has been reported for the gas-phase photooxidation of 1-butene over
anatase nanoparticles prepared by an acid-based sol-gel reaction [168]. A D* value of 25-
40 nm has been reported for phenol decomposition using TiO, prepared by flame
pyrolysis [165]. Because of the great variations in D* values it is hard to say whether the
optimal crystallite size depends more on the reaction or on the preparation method, but
nevertheless it is clear that the photocatalytic activity of TiO, can be optimized by tuning
the crystallite size, which results in the tuning of both the material surface and the
electronic properties.

1.4.2.1.3 The effect of crystallinity and phase composition

It is known that in order for TiO, to exhibit a photocatalytic effect, it must be highly
crystalline and must have no or a negligible amount of amorphous phase. A more
intriguing question however is which of the TiO, polymorphs, rutile, anatase or brookite,
is best suited for photocatalytic reactions. Most researchers consider anatase to be the best
photocatalyst of the three polymorphs [17, 47, 150, 167]. But it was also shown that for
specific photocatalytic reactions and under specific reaction conditions rutile can compete
or even outperform anatase [149, 170-172].

Also, brookite, although seldom studied, has shown itself to be highly photocatalytic
for specific aqueous redox reactions, such as the dehydrogenation of isopropanol and
silver metal decomposition from silver salt solutions [173].

Clearly, it is impossible to identify a single TiO, polymorph that is a superior
photocatalyst under all conceivable circumstances. Nevertheless, some insight regarding
the advantages and disadvantages each polymorph possesses in photocatalysis can be
obtained by examining the electronic, structural and surface properties of each phase.

142131 Anatase versus rutile

Anatase and rutile have different surface, structural and electronic properties which affect
their photocatalytic activity and are summarized in Table 3 [174].
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Table 3: Summary of some physical properties that influence the photocatalytic activities of
anatase- and rutile-phase TiO,.

Anatase Rutile
Size of some commerciall
available particles (nm) ) <50 >200
Bandgap energy (bulk) (eV) 3.2 3.0
Maximum excitation 385 410
wavelength (hm)
Adsorptive affinity for high low
organics
Relative hole trapping rate 10 1

An examination of individual properties listed in Table 3 reveals that there are
competing contributions from various physical characteristics to the overall photocatalytic
activity for anatase and rutile.

1.4.2.1.3.2 Bandgap energy

Bulk anatase has a bandgap energy, Eq, of 3.2 eV, which corresponds to an excitation
wavelength A of 385 nm. The bandgap energy of bulk rutile is slightly smaller (Eg4 of 3.0
eV and A of 410 nm), which means that rutile absorbs more of the incident light because it
ranges further towards visible light spectra than bulk anatase.

But, as is known for nanoparticles constituted of very small crystallites, quantization
effects may become important. That is, bandgap energies change and become slightly
larger than with bulk counterparts. This is also true with very small crystallites of anatase
and rutile, respectively, where both exhibit a blue shift (an increase) in bandgap energies.
This shift is estimated using the approximation given below [175]:
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AEq is the bandgap shift, h is the Planck constant (h/2m) of 1.1 x 10 Js, r is the
particle radius (m), m, and my the respective masses of an electron and a hole in a
photogenerated exciton, e is the elementary unit of charge (1.6 x 10™° As), ¢ the dielectric
constant of TiO, photocatalyst (48 for anatase and 114 for rutile) and Ery the effective
Rydberg energy given by:
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It has to be noted that equations 28 and 29 may only be used in case that the
nanoparticles are spherical and monodisperse. With anisotropic nanoparticles or
nanoporous micron sized particles, equations 28 and 29 do not provide an adequate
approximation for the bandgap shift.

Although the above equations are not always found to be accurate for experimental
studies, they are nevertheless qualitatively accurate in predicting bandgap shifts for
spherical and monodisperse nanoparticles. These shifts are of an order of a few tenths of
an eV for TiO, nanoparticles exhibiting quantization effects [176]. It should be noted
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however that even if size quantization effects and the corresponding bandgap shifts are
taken into account, rutile is still expected to have a smaller bandgap than anatase.

Therefore, on the basis of bandgap value alone it should be expected that rutile is a
more efficient photocatalyst than anatase. But as was already mentioned, this is clearly
not the case. It is evident that other factors play a more decisive role for the photocatalytic
activity of the two phases.

1.4.2.1.3.3  Charge carrier dynamics and redox potentials

It was already noted that quantization effects not only influence the semiconductor’s
bandgap but also affect the energetic driving force for the reduction of surface-adsorbed
oxygen by CB electrons. It was found that the anatase CB is sufficiently negative for the
reduction of oxygen, whereas that of rutile is very close to the oxygen reduction potential.
This means that O, reduction on a rutile surface may be too slow to compete effectively
with exciton recombination.

This eliminates the possibility of holes participating in an oxidative process on the
rutile surfaces [167]. Whether or not size quantization must be taken into account, the
simultaneous and competing effects of less efficient light absorption and more
energetically favorable redox potential (associated with a larger bandgap value) is
important in determining the relative photocatalytic efficiency of anatase and rutile. Since
anatase was experimentally shown to have a higher photocatalytic activity, it is likely that
the larger redox potential arising from a bandgap increase should be more important than
anatase’s smaller range of UV light absorption.

Furthermore, when it comes to oxygen reduction potential, the rutile phase is less
capable of efficient oxygen surface adsorption, which makes exciton recombination even
more profound. This is in accordance with the fact that anatase shows a higher hole-
trapping ability than rutile, which makes recombination in anatase comparably far less
possible. This again helps to explain its general higher photocatalytic activity [47, 174].

1.4.2.1.3.4  Crystallite sizes and surface areas

The typical crystallite sizes and the corresponding surface properties of anatase and rutile
are quite different. There are already quite a few commercial nano-TiO, types which are
either in powder or colloid form, but in any case the average crystallite size for anatase is
far less than that for rutile. One reason for this large difference in crystallite size lies in
the fact that a thermodynamically stable phase is size-dependent, which makes anatase the
most stable phase for crystallite sizes below 11 nm [11]. It is therefore much more
difficult to prepare rutile with very small crystallite sizes. Because rutile generally
consists of larger particles than anatase, the specific surface area is also usually smaller.
The difference in surface area and the fact that anatase shows a higher adsorption
efficiency for oxygen and organic components, could partially account for the higher
photocatalytic efficiency of anatase.

It should also be noted that the photocatalytic activity is often reported on a per gram
basis. It is therefore not always clear whether one TiO, phase performs better than the
other because of surface area differences or because of some other effect related to their
basic structural and electronic properties. It was found that with the degradation of
aqueous 2-chlorophenyl the anatase phase was more efficient than rutile when compared
on a per gram basis, but has proven to be similar in photocatalytic activity on a per
surface area basis [172]. This again does not mean that anatase and rutile will exhibit
comparable activities, since activity in general is dependent on both the reaction and
physical properties not only on the surface area.
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14.2.1.35 Mixed phase TiO, photocatalyst

Since the rutile phase shows a relatively poor photocatalytic activity when compared to
anatase, it would be expected that the incorporation of rutile into an anatase sample would
have a deleterious effect of the overall photocatalytic activity. However, numerous studies
and experiments involving both commercial and research-related nano-TiO, have
revealed that the opposite is often true. There appears to be a specific synergistic effect
between anatase and rutile in a mixed-phase photocatalyst, which most certainly has to
arise from the enhancement of charge separation after photo-induced exciton formation
[55, 177-179]. The exact mechanism by which this charge separation occurs is on the
other hand somewhat controversial. When studies were made using a commercially
available P25 powder (Evonik) which is a mixture of 80 % anatase and 20 % rutile, it was
postulated that photo-excitation occurs in anatase while rutile acts as an electron sink.
This leaves the photogenerated VB holes free to access surface trapping sites [179]. This
model is illustrated in Figure 13.
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Figure 13: A proposed mechanism for charge separation in anatase-rutile mixtures [174]. (a)
Anatase absorbs incident light while rutile serves as an electron sink. (b) — (c) Rutile absorbs
incident light while anatase serves as an electron sink.

The theoretical basis for such an assumption is that the rutile CB is lower than that of
anatase, which makes it energetically favorable for a photogenerated electron to migrate
from anatase to rutile CB. But this explanation fails to account for the electron trapping
sites either at the surface or within the anatase particle volume. These sites occupy even
lower energy levels than the rutile CB and would therefore be more likely to represent
possible trapping sites than an adjacent rutile particle [174]. EPR studies on the P25
material were the basis of an alternative explanation regarding rutile-anatase synergy. The
EPR data indicate that once an exciton is formed in P25, electrons are transferred from
the rutile CB to energetically low trapping sites in anatase. To put it in other words,
photoexcitation occurs in rutile, while anatase serves as an electron sink and holes
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migrate to the lattice and/or surface trapping sites in the rutile particle where the exciton
was first created [174]. The holes can then directly or indirectly oxidize the adsorbed
organic molecules. In parallel, the transferred electrons migrate to the anatase surface
where they reduce the adsorbed oxygen or some other electron acceptor. Therefore, the
presence of both anatase and rutile in P25 tends to have a twofold positive effect. One
effect is that rutile, which has a smaller bandgap than anatase, absorbs light over a greater
wavelength range. The second effect is that the presence of energetically favorable
electron trapping sites in anatase facilitates photogenerated electron transfer from rutile to
anatase, effectively inhibiting exciton recombination. However, this effect can only arise
when the two phases are in close contact with one another and when rutile crystallites are
small enough for the electrons to migrate across the particle volume and access an
adjacent anatase particle before recombination occurs. Therefore, not every mixed-phase
TiO, photocatalyst is superior to phase-pure TiO,.

1.42.1.3.6  Morphology effect on photocatalytic activity

The study of how particle morphology and specifically, the dominant crystallographic
facets in anisotropic particles affect the photocatalytic activity is a matter of discussion.
Studies on a ZnO photocatalyst have indicated that the morphology may indeed enhance
or reduce activity depending on the dominant crystallographic facet.

With ZnO, the photocatalytic decomposition of acetaldehyde proceeds more efficiently

on the (1010) surface than on the (0002) surface [180, 181]. Similar studies have not been
done for TiO,. However it should be noted that water adsorption theoretical studies
suggest that specific crystallographic facets may be more photocatalytically active than
others. This is dependent on whether a water molecule adsorbs to a surface primarily
dissociatively (either as H" either as OH") or non-dissociatively (as a molecule). In
particular, it is more energetically favorable for the anatase (101) surface to adsorb water
non-dissociatively than dissociatively [182, 183]. The consequence of the latter surface
property is that there are fewer OH™ groups available that can form photocatalytically
active OH’ radicals. On the contrary, the anatase (001) surface is likely to adsorb water
dissociatively. This suggests it is better suited for photocatalysis in which the OH’
radicals play a crucial role [183].

1.4.2.2 Photo-induced superhydrophilicity (PSH) — a helping hand to clean
surfaces

It was recently discovered that TiO, may exhibit the so-called photo-induced
superhydrophilicity (PSH) which was observed during water wettability experiments in
which a TiO, layer was illuminated with UV light [184]. The surface wettability is
generally evaluated by the water contact angle (CA). The CA is defined as the angle
between the solid surface and the tangent line of the liquid phase at the solid-liquid-gas
interface. A TiO, layer that is not exposed to UV light usually shows a CA of about
several tens of degrees, which is mainly dependent on surface roughness. When the
surface is exposed to UV light, water on the TiO, layer begins to show a decrease in CA
and finally spreads flat across the surface [185, 186].

After some time the CA drops to almost 0 and the surface is termed superhydrophilic.
After UV illumination is removed the CA begins to gradually increase, but the
superhydrophilic state can be restored by exposing the surface to UV light once more.
The change in CA was explained by surface changes in TiO, upon UV illumination that
cause the formation of a metastable phase which exhibits a very low CA. The nature of
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the metastable phase itself has not been fully explained yet, but it is believed that it is
caused by an increase in the number of hydroxyl (OH) groups on the TiO; surface [187].

The main species responsible for PSH are the photogenerated holes [187]. It is possible
that the photogenerated holes in TiO; diffuse to the surface and are trapped at lattice
oxygen sites. Most of these photogenerated holes are consumed in reactions with the
adsorbed organics directly, or with water molecules which results in OH" radicals.
However, a small portion of the trapped photogenerated holes may react with TiO, itself
by breaking the bond between the lattice titanium and oxygen ion with the coordination of
water at the titanium site. The coordinated water molecule releases a proton for charge
compensation and consequently a new OH group forms. These OH groups are singly
coordinated to the titanium ion and are believed to be less thermodynamically stable
compared to doubly coordinated OH groups. Consequently, the surface energy of the
TiO, layer covered with these less-stable OH groups is higher than that of the TiO,
surface with its initial OH groups. The water droplet consequently spreads almost
instantaneously across such a surface causing the observed CA decrease regarded as the
PSH. This effect is of great importance for a possible removal of inorganic dirt and dust
particles that would otherwise be unaffected by the TiO, photocatalytic effect.
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2 Aims and Hypothesis

Titanium dioxide (TiO,) is one of the most versatile inorganic chemicals in the world.
When in nano form it exhibits various interesting chemical and physical characteristics,
for example, a high photocatalytic activity and absorption of the incident UV light. This
makes it ideal for many technological applications, among others for photocatalytically
active coatings and the so-called dye-sensitized solar cells (DSSCs). Both applications are
very interesting in the field of photovoltaics, which is one of the fastest growing
industries in the world. However, the two applications require a specific nano-TiO; type.
For photocatalytic coating a nano-TiO, with a high specific surface, anatase crystal
structure and small non-agglomerated particles is the material of choice. The nano-TiO,
particles may be either poly- or monocrystalline. On the other hand, with DSSCs, the
nano-TiO; has to have a high specific surface area, anatase crystal structure and must be
in the form of small monocrystalline particles.

In view of this, the primary aim and goals of the conducted research were the synthesis
and processing of nano-TiO, material that would best suit the two applications,
respectively. The synthesis and processing of the nano-TiO, material had to be conducted
using only raw materials which emanate from the Sulphate process of pigment production
set up in Cinkarna Celje, Inc. Also, the synthesis methods used should not lead to the
production of powder phase materials. Therefore, any thermal treatment must be avoided,
since it can lead to agglomeration, aggregation and dusting of the final material. The final
nano-TiO, materials should be made in an optimal form and used for the two
applications: the photocatalytic coatings and DSSCs.

The main hypothesis was that when using various synthesis methods, nano-TiO, with
different physical and chemical characteristics can be formed. The synthesis methods we
used were the sol-gel method, the gel-sol method and the hydrothermal method, which are
all based on the synthesis reaction which takes place in an aqueous medium. These
synthesis reactions differ in the nano-TiO; type that they produce. The final nano-TiO,
particles may differ in morphology, particle size, crystal structure and crystallinity. This,
however, may provide a great deal of possible materials that could be tested for either
photocatalysis or DSSCs and consequently could enable us to experimentally determine
the material of choice for a given application.

The more specific aims and goals of the conducted research were as follows:

e To develop water-based synthesis methods for nano-TiO, particles that could
enable the production of materials that differ in morphology, particle size, crystal
structure and crystallinity.

e To determine the possible crystallization and growth mechanisms for nano-TiO,
for every specific synthesis method that was used.

e To analyse and test the final nano-TiO, materials and determine their most
important characteristics. A special emphasis was made on the use of electron
microscopy techniques. Besides analysing their basic physical properties, also the
photocatalytic activity of the raw materials was measured.

e To use the specific nano-TiO, type and prepare a photocatalytically active coating
that can be used on various substrate surfaces. The coating was used on
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commercially available Si solar modules and was tested for the possibility to
prolong the surface cleanliness. This would be beneficial in maintaining a higher
light-to-electricity conversion efficiency.

To use the specific nano-TiO, type and prepare a TiO, paste. The TiO, paste was
then used to prepare the final DSSC photoanode. The photoanode is one of the
main components of the DSSC and was used with other commercially available
components to assemble the final DSSCs. The DSSCs were then tested for their
final efficiency.
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3 Materials and Methods

3.1 TiO, nanoparticles synthesis

3.1.1 Precursors for TiO, nanoparticles synthesis

The precursors used for the TiO, nanoparticles synthesis all originate from the established
Sulphate process of the pigment TiO, production set-up in Cinkarna Celje, Inc. The
following precursors were used: titanyl sulphate (TiOSQO,), metatitanic acid and sodium
titanate.

Metatitanic acid is produced in the process of ‘’black-liquor’’ hydrolysis, the latter
being produced by dissolution of ilmenite ore or a titanium-rich slag by concentrated
sulfuric acid. The hydrolysis conditions of the black liquor lead to the production of a
highly agglomerated material with the chemical formula TiO,-H,0O [18]. The metatitanic
acid is crystalline and is composed of very small nanocrystalline particles with a diameter
of about 5 nm [188, 189]. The crystallites have an anatase crystal structure and form
nanosized aggregates that are 60 to 100 nm in size, which themselves are connected into
large agglomerates a few micrometres in diameter. The aggregates are bound in the larger
agglomerates by sulphate ionic bridges [188].

Titanyl sulphate (TiOSO,) is the main titanium form in the black liquor solution and is
readily hydrolyzed into metatitanic acid during TiO, pigment production. On the other
hand, a chemically-wise purer form of titanyl sulphate can be produced by dissolution of
the already formed metatitanic acid using concentrated sulfuric acid. The latter titanyl
sulphate form was used to carry out the experiments of TiO, nanoparticles synthesis.

Sodium titanate is produced under specific reaction conditions using the metatitanic
acid as the starting material. The chemical formulae of the sodium titanate used in our
experiments are not known. Depending on the reaction medium and the reaction
conditions the sodium titanate forms may differ significantly in morphology, particle size
and crystal structure. In order to carry out the experiments of TiO, nanoparticles
synthesis, different forms of sodium titanate were used.

3.1.2 TiO; nanoparticle synthesis methods

The TiO, nanoparticle synthesis was approached using “’wet’’ chemical methods in
which the final material is produced in colloid form only. No additional thermal treatment
was applied and so the nano-TiO, was prepared in a form defined by specific reaction
parameters and the chemical nature of the precursor used.
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The “’wet’” chemical methods used for nanoparticle synthesis were the sol-gel
synthesis, the gel-sol synthesis and the hydrothermal synthesis.

3.1.2.1 Sol-gel synthesis of TiO, nanoparticles

The sol-gel synthesis of TiO, nanoparticles was performed on a laboratory-scale reactor
system of the HWS type (1 L and 10 L) equipped with stirrer CAT R100CT, Knick pH
meter, thermal regulation Lauda E312 with Pt resistance thermometer, HEIDOLPH pump
and automated data acquisition (temperature, pH, mixing speed). The reactor system
shown in Figure 14 allowed a controlled synthesis of nanoparticulate material, since all of
the main reaction parameters (pH, T, stirring speed) can be adequately monitored and set
via a computer interface connection.

The sol-gel synthesis was carried out using the titanyl sulphate solution. The titanyl
sulphate solution was produced in the course of pigment TiO, production and had a molar
concentration of 2.1 M which is equivalent to about 336 g/L TiOSO,4. Two approaches
were used to carry out the sol-gel synthesis method.

In the first approach, the titanyl sulphate solution was used as-prepared and was
subjected to specific reaction conditions during which the hydrolysis and particle
formation occurs. The main parameters changed during the course of the sol-gel synthesis
using native titanyl sulphate solution was the dilution ratio (the amount of water added)
and the reaction temperature.

The second approach was based on transforming the titanyl sulphate solution into a
highly-voluminous hydrolyzate by carrying out neutralization with sodium hydroxide (4 —
17.5 M). The neutralization of titanyl sulphate at lower temperature leads to the
production of the so-called ortotitanic acid (alpha titanic acid), rather than to the
formation of metatitanic acid (beta titanic acid). Ortotitanic acid (TiO,-(H,0), or
Ti(OH)4) may be prepared in amorphous form by keeping the temperature of the reaction
mixture during the course of neutralization relatively low (lower than 50 °C). The
ortotitanic acid was rinsed thoroughly with deionized water in order to remove the ionic
salts (sodium sulphate) produced during neutralization and other water-soluble salts that
are present in the native titanyl sulphate solution. The amorphous ortotitanic acid was
used to prepare a Ti (IV) aqueous solution by dissolving it in a mineral acid. Hydrochloric
acid (HCI, 37 % w/w) and sulfuric acid (H2SOg, 98 % w/w) were used for the dissolution
of ortotitanic acid, producing an acidic aqueous TiCl, solution and Ti(SO,), solution,
respectively. It must be noted, that the chemical formula of the Ti(IV) ion compounds
formed in the dissolution step are not accurately known and will rather be regarded as the
most probable complex form that may form in this process. The as-prepared Ti (IV)
solutions were used for the sol-gel synthesis of nano-TiO, by carrying out the
experiments in reaction conditions at which the solutions controllably hydrolyzed and
formed the final crystalline materials. The main parameter varied in the sol-gel synthesis
method was the volume amount of mineral acid added to dissolve a fixed amount of
ortotitanic acid. The amount of mineral acid added effectively determines the final Ti(IV)
molar concentration and probably also the type of the Ti (IV) complex formed, since the
molar ratio of various ligands that form the Ti ion coordination sphere differs
significantly depending on the chemical composition of the reaction mixture.
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Figure 14: The reactor system set up in Cinkarna Celje laboratory used to carry out the sol-gel
and gel-sol synthesis reactions.

3.1.2.2 Gel-sol synthesis of TiO, nanoparticles

The gel-sol synthesis of TiO, nanoparticles was carried out in the same laboratory-scale
reactor (Figure 14) using metatitanic acid. Two approaches were used to carry out the
experiments. The first approach was based on using the metatitanic acid as the material
from which nanoparticles of anatase were produced in a straightforward way via a simple
ionic reaction using a barium chloride (BaCl,) aqueous solution. The second approach
was based on using the metatitanic acid as the precursor for sodium titanate synthesis.
Sodium titanate was then used to produce the final TiO, nanoparticles by applying
specific reaction conditions.

The first approach, the ionic reaction using barium chloride solution, can hardly be
regarded a typical gel-sol reaction, since the reactions taking place are simple
precipitation reactions arising due to the fact that barium ions form hardly soluble
precipitates with the sulphate ion. Nevertheless, the colloid (sol) form of anatase
nanoparticles is formed in this reaction starting from a highly-viscous gel (metatitanic
acid), therefore making use of the term gel-sol reaction a little bit less dubious. The basis
of this approach is the fact that the sulphate ions, holding the anatase aggregates tightly
together in the metatitanic acid agglomerate, are removed when barium ions are added in
sufficient amounts. Hence, the metatitanic acid agglomerate breaks apart, releasing the
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individual anatase aggregates which due to their high zeta potential form a very stable
colloid [188].

The metatitanic acid is formed during the black liquor hydrolysis under specific
reaction conditions which inherently determine its final form. The reaction condition that
most profoundly influences the metatitanic acid form is the amount of anatase seeds used
to inoculate the black liquor [188, 189]. The anatase seeds are prepared separately by
hydrolysing a 0.25 M titanyl sulphate solution at 80 °C and are added into the black liquor
prior to its hydrolysis. It is well-known that inoculation seeds exhibit various positive
effects on the process of particle formation due to specific mechanisms of secondary
nucleation [70]. Therefore, the quantity of anatase seeds added was varied in order to test
the influence on the produced metatitanic acid type and consequently on the type of
anatase nanoparticles (aggregates) produced in the following ionic reaction. The amount
of anatase seeds that was added was varied through 0.1 — 1.8 % (regarding the TiO,
content in the black liquor) in order to produce different metatitanic acid types. The
various forms of metatitanic acid having a mass concentration of about 370 g/L TiO,,
were subjected to ionic reactions using barium chloride solutions with a molar
concentration ranging from 0.25 to 1.4 M. It should be noted that the barium chloride
molar concentration does not influence the final anatase nanoparticle properties since the
latter are determined in the course of metatitanic acid preparation. The various types of
anatase nanoparticles produced will be named type A anatase nanoparticles throughout
the thesis.

The second approach is based on performing a typical gel-sol reaction using sodium
titanate as the starting material, which is produced from metatitanic acid in a complex
reaction. Two sodium titanate types were used, namely type ST1 and type ST2.

Type ST1 sodium titanate was provided by Cinkarna Celje and it was used without any
further purification. A known amount of the precursor was poured into a beaker and then
mineral acids were added drop-wise until a specific acid concentration was achieved. The
reaction mixture was then heated to temperatures ranging from 50 to 100 °C and stirred
slowly for 3 hours. The final product was an aqueous suspension of nanoparticles.

To investigate the effect of temperature on the end product characteristics we carried
out the synthesis reactions varying only the temperature of the reaction medium while
keeping all other parameters constant (hydrochloric acid concentration 70 g/L, TiO;
precursor concentration 120 g/L). The temperatures used during the synthesis reactions
ranged from 50 to 100 °C.

We investigated the effect of supersaturation by changing the amount of the precursor
in the reaction while keeping all the others constant (hydrochloric acid concentration 70
g/L, reaction temperature 80 °C). The precursor concentration was varied between 60 and
180 g/L (calculated as TiO,).

Most of the experiments were carried out using hydrochloric acid in order to determine
its effect on the produced TiO; nanoparticles. We prepared different samples varying the
hydrochloric acid concentration while keeping other parameters constant (temperature at
80 °C, TiO; precursor concentration at 120 g/L). The hydrochloric acid concentrations
were set at 40 g/L (1.1. M), 50 g/L (1.35 M), 60 g/L (1.64 M), 70 g/L (1.91 M), 100 g/L
(2.7 M), 130 ¢g/L (3.5 M) and 160 g/L (4.4 M).

Also, experiments were carried out using nitric and sulfuric acid instead of
hydrochloric acid. Other reaction parameters were kept the same (80 °C, precursor
concentration of 120 g/L), only the acid concentration was varied and was set at 70 g/L
and 130 g/L with nitric acid which equals 1.15 and 2.1 M, respectively. The sulfuric acid
concentration was varied and was set to 50 g/L and 100 g/L, which equals about 0.5 M
and 1 M, respectively.
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The gel-sol-derived TiO, nanoparticles using type ST1 sodium titanate will be named
type B1 nanoparticles throughout the thesis.

Type ST2 sodium titanate was also provided by Cinkarna Celje and it was used
without any further purification. Based on the experience gained with the gel-sol reaction
using ST1 sodium titanate, the reactions were performed using the hydrochloric acid
(HCI, 37 % w/w) and sulfuric acid (98 % w/w). The HCI acid concentration was varied
and ranged from 20 to 150 g/L, which equals 0.55 to 4.1 M, respectively. The sulfuric
acid concentration was varied and was set to 50 g/L and 100 g/L, which equals about 0.5
M and 1 M, respectively. The TiO, concentration was also varied and ranged from 60 to
180 g/L. A known amount of the precursor was poured into a beaker and then HCI was
added drop-wise until a specific concentration was achieved. The reaction mixture was
then heated to a temperature ranging from 50 to 100 °C and stirred slowly for 3 hours.
The final product was an aqueous suspension of nanoparticles showing good dispersion
and a bluish haze. The gel-sol derived TiO, nanoparticles using type ST2 sodium titanate
will be named type B2 nanoparticles throughout the thesis.

3.1.2.3 Hydrothermal synthesis of TiO, nanoparticles

The hydrothermal synthesis was carried out using a laboratory-scale autoclave to produce
a highly crystalline nanoparticulate TiO, material. The starting material for the
hydrothermal synthesis (HTS) was an acidic suspension of TiO, nanoparticles (250 g/L)
that was, prior to HTS, stabilised with a dispersant (sodium polyfosfate, NasP3010) and
neutralised with a NaOH solution (17.5 M) to the pH value ranging from 7 — 11.
Stabilization using a dispersing agent was crucial in order to avoid nanoparticle
agglomeration during neutralization. This sustains the high specific surface area of the
precursor material which is important so it’s dissolution in the HTS process is carried out
relatively fast. The TiO, concentration prior to performing the HTS was varied from 50 —
400 g/L. The parameters of HTS were also varied, namely the temperature ranged from
180 — 240 °C and the reaction time from 3 — 24 h. The filling volume of the Teflon liner
was about 50% which correspond to pressures of about 12 bar at 180 °C and 20 bar at 240
°C. The heating to the desired temperature was done by placing the laboratory autoclave
(similar so the one in Figure 6) in an oven that was set to the specific temperature at
which the hydrothermal reaction took place. The as-prepared TiO, nanoparticles will be
named type C nanoparticles throughout the thesis.

3.2 Si solar module testing and manufacture of photocatalytic
layer

The preparation of a TiO, layer on glass was carried out at the University of Nova Gorica
(UNG). In order to prepare a stable suspension used for the final coating application that
exhibits good adhesion, mechanical stability and also super-hydrophilicity, a soft
chemical method was employed. The TiO, nanoparticles were used in the form of an
acidic suspension that was prepared as described above. To the acidic anatase suspension
(5 mL), water (40 mL), ethanol (Fluka) (40 mL) and a silica binder solution (400 pL)
(made from either of the two silica sources, i.e., colloidal silica Levasil (200/30%) and
TEOS precursor) was added and stirred until a homogenous mixture formed [190]. The
molar ratio of Ti to Si in the final suspension is 1.3:1. The as-prepared suspension is very
stable and remains so for a period of about six months. The as-prepared suspension was
used to prepare self-cleaning coatings using various techniques, such as spraying and dip
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coating onto various substrates. No thermal treatment of the resulting coatings at elevated
temperatures was required.

The as-prepared coating was also applied onto commercially available Si solar
modules (Bisol, Slovenia). The Si solar modules were tested for their light-to-electricity
conversion efficiency and the coated module was compared in efficiency to an uncoated
module to determine the effect of the TiO, coating on the short- and long-term electricity
production efficiency.

3.3 DSSC paste preparation and DSSC cell assembly

The TiO, pastes were prepared using the sol-gel Pechini method [146]. The basis of the
Pechini method is the preparation of a polyester which is formed in a reaction between
citric acid, ethylene glycol and a titanium metal alkoxide (most often titanium
isopropoxide, TTIP). Polyester was formed by heating the ethylene glycol (Riedel-de-
Haen) to about 60 °C and then adding titanium isopropoxide (Sigma Aldrich). The
mixture is stirred and then citric acid (Fluka) is added. The mixture is heated to 90 °C and
stirred until a clear solution forms. This is the polyester that is used for TiO, paste
preparation. The composition of the polyester was varied. The molar concentrations of
metal alkoxide : citric acid : ethylene glycol was 0.5 — 1.5x : 5x : 20x, where X represents
a chosen molar amount of any of the components. The variation of the polyester
composition was done to determine the influence on the final DSSC efficiency. The
variation in metal alkoxide molar ratio is necessary since the amount depends on the
specific surface area of the TiO, nanoparticles added to the final polyester. Since various
TiO, nanoparticle types were produced, the variation in polyester composition pin-
pointed the appropriate polyester type that gave the best possible efficiencies for the final
DSSC.

Since TiO; nanoparticles are in the form of a water suspension a small amount of an
organic acid (acetic acid) was additionally added to the polyester. The organic acid plays
a two-fold role. Firstly, it prevents metal alkoxide hydrolysis, which would otherwise
occur because of the presence of water in TiO, suspensions. Secondly, the organic acid is
also a dispersing agent that changes the surface properties of TiO».

Because metal alkoxide hydrolysis must be avoided during paste preparation, a
possible substitution compound was also tested. A possible substitute compound that was
tried out instead of TTIP was the titanyl sulphate solution. The titanyl sulphate solution
was added in the same Ti (IVV) molar ratio as was the TTIP.

After polyester formation the final TiO, paste was prepared by adding TiO,
nanoparticles in suspension form. Also P25 TiO, (Evonik, Germany) in powder form was
used for paste preparation, since P25 is well suited for DSSCs and gives an appreciably
good efficiency. P25 was therefore used as a reference material in order to determine the
suitability of the synthesized TiO, nanoparticles for DSSC application. The molar ratio
of the metal alkoxide/titanyl sulphate and TiO, nanoparticles added was preferentially
1:7. The paste was mixed in a mortar grinder (RM 200, Retsch, Germany) for a period of
about 2 h.

After TiO; paste preparation, photoanodes and final DSSCs were made. The task was
carried out in Cinkarna Celje, Inc. using commercially available compounds used for
DSSC cell assembly. All of the commercially available components were purchased at
Solaronix (Switzerland):

e The substrate used for photoanode preparation was TCO30-8, which is a 3-
mme-thick sodame glass coated on one side with a fluorine doped tin oxide
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(SnO4:F) layer ("FTO" glass). The sheet resistance of the FTO layer is
~8 ohm/square and its transmission is > 65 % from 500 to 1000 nm.

e The counter electrode was prepared using Platisol T, which is an alcohol-
based paint containing a chemical platinum precursor. It is intended for the
deposition of a platinum layer by painting with a brush or it may also be
sprayed to obtain a suitable platinum coating. After firing at 450°C for 10
minutes, a quasi-transparent activated platinum layer is obtained with
Platisol T. Such a layer is suitable for reducing overpotentials of the
iodide/tri-iodide redox couple.

e The sensitizer used was the Ruthenizer 535, which sensitizes very
efficiently wide band-gap oxide semiconductors, like titanium dioxide, up
to a wavelength of 750 nm. Ruthenizer 535 is also known as N3 is the
literature, and has been so far one of the most efficient sensitizers in
DSSCs.

e The electrolyte used was of the iodide/tri-iodide series, namely either
lodolyte PN-50, which is a low viscosity electrolyte with 50 mM of tri-
iodide in propionitrile, or lodolyte Z-50 lodide, which is a low viscosity
electrolyte with 50 mM of tri-iodide in 3-methoxypropionitrile. The PN-50
electrolyte is intended for high-performance cells, while the Z-50
electrolyte is intended for high-performance and temperature-stable cells.

The TiO; photoanode was prepared by the deposition of the TiO, paste using the so-
called doctor-blade technique (Figure 15). A hard squeegee is used, or doctor-blade, to
spread a portion of titania paste onto the substrate. With this technique, the thickness of
the titania layer is determined by the thickness of a spacer placed on both sides.

Scraper

Spacer

TiO2 paste

Substrate

Figure 15: A scheme of the doctor-blade technique. The doctor-blade technique was used to
spread the TiO, paste onto the TCO glass substrate evenly.

Thermal treatment of the paste deposited on TCO glass took place at a temperature up
to 450 °C (high temperature sintering) for a period of about 45 min. The working
electrode for DSSC was stained in a sensitizer solution of commercially available dye
(Ruthenizer 535 — known also as N3 dye). Staining was carried out by soaking the
electrode in an alcohol solution of synthetic dye with a concentration of ~ 3-10™ g/l for 10
hours. The procedure could be accelerated when heating the sensitizer solution to ~ 80 °C
for 2 hours.
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The same substrate with a deposited Pt catalyst was used for the counter electrode. The
electrodes were sealed with a sealing film, which serves as a mechanical connection as
well as the spacer. Through two previously drilled holes in the counter electrode the
electrolyte was filled and the holes were subsequently sealed. Due to better contact and in
order to facilitate the implementation of measurements, silver paint was applied on the
side contacts of the two electrodes.

3.4 Characterization

The synthesized TiO, nanoparticles were analysed using various analytical techniques.
For the majority of applied analytical methods (SEM, TEM, photocatalysis
measurement,...) the suspension was used as-prepared or was washed. In order to remove
the soluble ionic species present in the TiO, suspensions, centrifugation was used. The
centrifugation of the suspension resulted in the formation of a “’cake’” and supernatant,
which was removed by decantation. The “’cake’” was than readily re-dispersed to form
the final TiO, suspension containing far less of the impurities than the initial suspension.

3.4.1 X-ray powder diffraction

For X-ray powder diffraction (XRD) investigations the suspensions were neutralized after
the reaction, filtered, washed with distilled water and dried at 80 °C in order to acquire
TiO, powder that was used for characterization. The TiO, powder was pressed into a
pellet and the spectra recorded from 10° to 70° (2-theta angle) with a CuK, radiation
(A=1.5418 A) using a CubiX PRO PW 3800 instrument (PANanalytical). The TiO,
crystal structure was identified using the X’Pert Data Viewer software.

3.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to determine the basic nanoparticle
characteristics, namely particle size, morphology and chemical composition and was also
used to analyse the final TiO, films as-prepared for DSSCs and photocatalytically active
layers.

The TiO, nanoparticles were prepared by drying TiO, nanoparticle suspension droplets
on an adhesive carbon conductive tape. No additional conductive coating was applied.
The TiO, nanoparticles were analysed using a scanning electron microscope (JEOL JSM-
7600 F, Jeol Ltd, Tokyo, Japan) with an in-lens thermal field-emission gun (FEG)
equipped with detectors for secondary electrons (SE), backscattered electrons (BSE),
energy-dispersive  X-ray spectroscopy (EDXS) (X-MAX, Oxford Instruments,
Oxfordshire, UK), wave-length-dispersive X-ray spectroscopy (WDXS) (INCA Wave,
Oxford Instruments, Oxfordshire, UK), electron backscatter diffraction (EBSD) (EBSD
Channel 5, Oxford Instruments, Oxfordshire, UK) and electron lithography (XENOS
Semiconductor Technologies GmbH, Kusterdingen, Germany). Electron micrographs
were obtained using the in-lens detector at an accelerating voltage of 5 kV and a working
distance of 3 mm.
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The TiO;, nanoparticles were also analysed using a scanning electron microscope
(Sigma VP, Zeiss, Oberkochen, Germany) with an in-lens thermal field-emission gun
(FEG) equipped with detectors for secondary electrons (SE), backscattered electrons
(BSE), energy-dispersive X-ray spectroscopy (EDXS) (Oxford Microanalysis System
Inca Energy, Oxford Instruments Nanoanalysis, Bucks, England) and a scanning
transmission electron microscopy (STEM) (Multimode STEM Detection System, Zeiss,
Oberkochen, Germany) detector. Electron micrographs were obtained using the in-lens
detector at an accelerating voltage of 2 kV and a working distance of between 2 and 4
mm.

The TiO, photoanodes and the photocatalytically active TiO, layers were analysed
exclusively with the Sigma VP scanning electron microscope. The samples were analysed
as final layers on glass substrates or were analysed by first mechanically removing a
small portion of the layer with a spatula and transferring the removed material onto the
conductive carbon tape. No additional conductive coating was applied. We determined
the TiO, layer porosity, layer thickness and the occurrence of possible mechanical
cracking for the final TiO; layers.

3.4.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to determine the basic nanoparticle
characteristics, namely particle size, morphology and chemical composition and also their
crystallinity.

The samples for TEM analysis were prepared by dropping a TiO, aqueous suspension
onto lacey, carbon-coated nickel grids. The TiO, nanoparticles were analysed using a
transmission electron microscope (JEOL JEM-2100, Jeol Ltd., Tokyo, Japan) with a LaBg
filament operating at 200 kV and equipped with an EDXS detector (JED 2300T Jeol Ltd.,
Tokyo, Japan) and a CCD camera (Orius DC 1000, Gatan Inc., Pleasanton, USA).

3.4.4 Dynamic light scattering measurements

The nanoparticle size and agglomeration state were determined using Dynamic light
scattering (DLS) measurements (Zeta PALS, Brookhaven, US). The samples for DLS
measurement were made by dispersing a single TiO, suspension droplet into 50 mL of
distilled water. The final sample was translucent. The sample was poured into a plastic
vessel (10 mL) which was transferred to the instrument cell where it was analysed at a
fixed angle of 90° using a laser with a wavelength of 660 nm.

3.4.5 Zeta potential measurements

The zeta potential of TiO, nanoparticles was determined with a Zeta PALS (Brookhaven).
The samples for the zeta potential measurements were prepared by dispersing a single
Ti0O; suspension droplet into 50 mL of distilled water and mixing it to form a translucent
suspension. The electrophoretic mobility was converted to zeta potential using a PALS
Zeta Potential Analyzer software and was based on the Smoluchowski approximation.
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3.4.6 Inductively coupled plasma atomic emission spectroscopy analysis
(ICP-AES)

The chemical composition of the TiO, nanoparticles and precursor materials was
determined using Inductively Coupled Plasma Atomic (Optical) Emission Spectrometer
(ICP-AES Vista AX Pro, Agilent Technologies, Santa Clara, US) and was performed in
the analytical laboratory of Cinkarna Celje, Inc. The emitted spectral lines were analysed
in the EM range from 168 to 785 nm by the CCD (Charge Couple Device).

3.4.7 Photocatalytic activity measurements of TiO, nanoparticles and
coatings

The photocatalytic activity of the synthesized TiO, nanoparticles and of the final coatings
was performed using three different methods:

e The contact-angle method. The TiO, suspension was used to prepare a
nanoparticle layer. This was done by dip-coating microscope glass slides
(76x26 mm, Menzel-Gléser) into a TiO, suspension (100 g/L) (dipping
speed of 70 or 100 mm/min) or into the final photocatalytically active
coating. Dip-coating of the microscope glass slides was performed only
once. The layers were used as-prepared or were additionally thermally
treated (400 — 450 °C, 30 min) in order to achieve better adhesion onto the
glass substrate and also to improve the crystallinity of the nanoparticles.
Methyl stearate (p.a., Fluka) (0.2 M solution in hexane) was used as a test
organic pollutant and was added onto the TiO, layers using dip coating
(100 mm/min). After the addition of the methyl stearate the contact angle
was measured, while the layers were illuminated with UVA (CLEO light
source, 20 W, 438 mm x 26 mm, A 355 nm, Philips). The contact-angle
method was carried out at the University of Nova Gorica (UNG).

e Photocatalytic measurement based on the deposition of a UV and visible
light transparent solid layer of a sodium salt of terephthalic acid (TPA)
onto the TiO, surface [191, 192]. The deposition of the TPA was done by
dip-coating, as described above. When such a system is irradiated, the
organic layer decomposes forming hydroxyterephthalic acid (HTPA),
which is highly fluorescent and can easily be detected using HPLC-FLD or
spectrofluorimeter. This method gives a quantitative result of TiO,
photocatalytic action and was carried out at the University of Nova Gorica
(UNG).

e Decomposition of the resazurin dye. This is a simple qualitative test to
determine the photocatalytic activity based on the decomposition of the
resazurin dye. The decomposition of the resazurin dye may be perceived
by the change in colour from blue to colourless. The resazurin dye
decomposition method was carried out at the University of Nova Gorica
(UNG).
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3.4.8 Measurement of Si modules output

The testing of the Si modules was carried out after setting up the testing instrumentation
in Cinkarna Celje, Inc. and is illustrated in Figure 16.

PV1 Si PV2 Si
module module

.DC c
converter %converter

Input/output
unit (Siemens)

AS416 automation
system (Siemens)

Figure 16: Testing instrumentation scheme used to determine the difference in light-to-electricity
conversion efficiency for PV Si modules (Bisol).

Both PV modules were polycrystalline Si types provided by Bisol (Slovenia). Every
module has a surface area of about 2 m?, which produces around 245 W. Each module
provides 4.5 — 5 A of electrical current and 12 — 50 V of electrical voltage (open circuit).
These module characteristics correspond to a 12.5 % efficiency, as declared by the
producer (Bisol). Each Si module was connected to two 60 W light bulbs. The produced
electrical current was monitored on the basis of the set-up system which converted the PV
module signal (electrical current in Amps; 0 A — 10 A) into a standard electrical current
signal with values ranging from 4 — 20 mA. The signal was then directed into an analogue
input module which transformed the analogue data into digital data (32-bit
transformation). The final signal could then be monitored on-line on the computer screen.
The electrical current produced by the PV module is based on the following calculation:

[ ] 10A

" 16mA- (1[mA]— 4mA) (30)

| [A] is the current produced by the Si module and | [mA] the current signal as seen on
the computer screen.

3.4.9 1-VV measurements of DSSC cells

The -V characteristics of DSSCs cells (Isc, Voc, FF and efficiency) were obtained with
the aid of an Oriel class AAA solar simulator model 94023A (2°x2’° beam size)
(Newport, US).



54 Materials and Methods

The tested DSSC cells were illuminated with artificial light (1 sun equivalent, Newport
solar simulator, 1000 W/m? at room temperature). The Newport solar simulator will be set
to AM 1.5 conditions after calibration of the DSSC, using a calibrated reference silicon
solar cell. The relaxation time of the devices after processing and before measuring was
setto 1 h.
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4 Results and Discussion

4.1 Nanoparticle synthesis

4.1.1 Sol-gel synthesis of TiO, nanoparticles

The sol-gel synthesis of TiO, nanoparticles was carried out using a titanyl sulphate
(TiOSOy) solution, which is readily made in Cinkarna Celje, Inc. for the purposes of
pigment production. Titanyl sulphate is a water-soluble form of titanium and is thus ideal
for the sol-gel synthesis approach, which is based on various complex reactions that begin
and proceed on a molecular level.

The appropriate molecular precursor in this case is a specific titanium complex, where
the coordination sphere of the central titanium ion is surrounded by various ligands.
Because titanyl sulphate forms an acidic solution it would be reasonable to assume that
the ligands present are mostly sulphate ligands and water molecules (the hydrolysis
reactions are hindered significantly by the acidic environment). Especially the first are
important, since it was already mentioned that the sulphate ions promote
polycondensation reactions towards the production of particles with an anatase crystal
structure [14, 15].

The synthesis reactions where titanyl sulphate was used as the starting material were
carried out by varying either the reaction temperature or titanyl sulphate concentration.
Both parameters were varied according to the standard theory of nucleation, which states
that the precursor concentration and the reaction temperature determine the level of
supersaturation and thus the particle size [20, 193]. The standard nucleation theory states
that the reduction of the overall Gibbs free energy (AG) of the solution is the driving force
for the nucleation and growth of the final particle. The change of free energy per unit
volume of the solid phase is dependent on the solute concentration:

AG, :-%m( %0) :—%In(lﬂy) (31)

The parameter k is the Boltzmann constant (1.38-10% J/K), T the absolute temperature
(K), Q the atomic volume, o the supersaturation, defined as (c-Cg)/c where c is the solute
concentration and ¢y its solubility.

With nanoparticle synthesis starting from a supersaturated solution, homogenous
nucleation occurs and the particles formed are limited in size with the degree of
supersaturation. The bigger the supersaturation, the smaller and more numerous the
particles are. The lower limit of nanoparticle size in a supersaturated system governed by
homogenous nucleation is given as:
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AG = Au, + A, = %ﬂfaAGv +4ary (32)
dAG/ _
4r=0 (33)
/4
r*=-2 34
AG, (34)

The parameter Apy is the reduction in the molar free Gibbs energy ascribed to the
formation of a solid phase, while Aps is the increase in the Gibbs free energy due to the
formation of a solid phase. The parameter v is the surface energy per unit area and AG is
the total change in the Gibbs free energy upon nucleus formation.

It has to be noted that equations 32 — 34 are based on a simplified model of nucleus
formation. If the nuclei concentration is too great, if the nuclei form in a matrix with a
limited space for the growing particles or if there are some other interferences in the
medium, the underlying mechanisms of particle formation change. Consequently also the
equations that describe the thermodynamics of nuclei formation and growth differ
significantly [194].

Temperature influences the particle nucleation and the final particle size by
determining the solute solubility at a given temperature. By lowering the temperature, the
solubility drops and consequently the supersaturation increases, leading to the formation
of more nuclei and consequently to a greater number of smaller particles. Also, the
temperature influences the surface tension and the overall surface energy of the system,
which again may considerably influence the final nanoparticle size.

Based on the above provided theory of nucleation it was assumed that by controlling
the solute (TiOSO,4) concentration and the reaction temperature, it would be relatively
easy to synthesize anatase nanoparticles with a predefined particle size. However, all of
the experiments performed have shown that little or no control could be achieved over the
final particle size, as would be expected according to the standard nucleation theory
[195]. Very little variation in material properties was observed when the solute
concentration was changed considerably and the final material was generally always in
the order of a few 100 nm in size with a poorly defined morphology. Still, the XRD
analysis confirmed that the material has an anatase crystal structure. A typical product is
shown in Figure 17.

Figure 17: Sol-gel synthesized TiO, particles prepared by using titanyl sulphate solution as the
starting material. The sol-gel synthesis of TiO, particles was carried out using a native titanyl
sulphate solution of varying concentrations and hydrolyzing it at elevated temperatures.
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The observed morphology and the particle size of the synthesized anatase could result
because a native titanyl sulphate solution was used which not only contains a high amount
of free sulfuric acid, but also various other elements in ionic form. The typical titanyl
sulphate composition used in our experiments is given in Table 4.

Table 4: The chemical composition of titanyl sulphate solution as produced in Cinkarna Celje.
The ICP-AES analysis of titanyl sulphate solutions shows considerable chemical diversity and
heterogeneous composition.

ICP-AES . TiOSO, TiOSO, TiOSO,
parameter |, 1m) NIt April 2009) | Sept. 2009) | (Nov. 2009)

SO4 182.040 g/l 325.3 332.6 327.3
Ti g/l 68.09 62.47 62.6
Al 167.080 mg/I 3 1 4

Ba 455.403 mg/l <1 <1 <1
Ca 393.366 mg/I 35 35 37
Co 238.892 mg/I 1 2 1

Cr 283.563 mg/l <1 <1 <1
Cu 324.754 mg/I 4 4 1

K 766.491 mg/I 10 9 9
Mg 279.553 mg/I 7 8 9
Mn 257.610 mg/I <1 <1 <1
Na 589.592 mg/l <1 <1 <1
Ni 231.604 mg/I <1 <1 <1
Pb 220.353 mg/I <1 <1 <1

Si 251.611 mg/I 6 7 11
Zn 213.856 mg/l <1 <1 <1

The highly versatile composition of titanyl sulphate solution and consequently a large
solution ionic strength are not favorable for a controllable nano-TiO, synthesis.
Therefore, we used another approach, namely the formation of ortotitanic acid by way of
titanyl sulphate solution neutralization.

The neutralization was carried out using a sodium hydroxide solution (4 — 17.5 M),
while titanyl sulphate solution was used in diluted form in order to prevent too intensive
heating arising from neutralization enthalpy. When the titanyl sulphate solution was
diluted by a ratio 1:4, the temperature during neutralization never rose over 40 °C which
is important since higher temperatures lead to crystallization of the product formed. This
is why it was easy to produce an amorphous type ortotitanic acid below this temperature
range. The amorphous type of the ortotitanic acid (TiO,-(H20), or Ti(OH),) may readily
be dissolved in mineral acids. But before dissolution, the ortotitanic acid was washed and
rinsed considerably with deionized water in order to remove the water-soluble ionic salts.
The quality of ion removal was tested using a qualitative test, namely, adding a barium
chloride solution drop-wise to the filtrate and observing if any precipitate forms. The
latter could form when the sulphate ion is present at a considerable concentration. The
washing of the ortotitanic acid was continued until the precipitate test gave a negative
result.

At first, only sulfuric acid was used to dissolve the ortotitanic acid. The ortotitanic acid
was dissolved with concentrated sulfuric acid (98 % wi/w) so as to set-up a final H,SO4
concentration between 1 — 3 M and the final Ti (IV) ion concentration from 0.25 — 1 M.
Also, the reaction temperature was varied in order to provide a mechanism of control over
supersaturation and consequently over the final particle size.
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Nevertheless, the final material produced, lacked both the targeted nano size and
particle morphology. A typical anatase material synthesized using the described approach
Is shown in Figure 18.

Figure 18: Sol-gel synthesized TiO, particles prepared by using ortotitanic acid as the starting
material. The sol-gel synthesis of TiO, particles was carried out using ortotitanic acid derived by
neutralizing the native titanyl sulphate solution. The ortotitanic acid was dissolved in sulfuric acid
and had variable Ti(IV) concentrations. The solutions were hydrolyzed at elevated temperatures
resulting in TiO, particle formation.

As seen from Figure 18, the particles exhibit a wide size distribution and are of
submicron size at best. It was concluded that the approach using sulfuric acid to dissolve
the ortotitanic acid lacks control over the particles’ properties and is therefore not suitable
for producing nanosized anatase. The inability to produce nanosized anatase is attributed
to the sulphate ion, which encourages the growth of anatase particles in a way that greatly
reduces the porosity of the final product as was observed in other studies as well [63].

Since sulfuric acid was proved to be inappropriate for the purpose of synthesizing
nanosized anatase; hydrochloric acid (37 % w/w) was used instead. The hydrochloric acid
was used to dissolve the ortotitanic acid. It is appropriate to assume that a specific Ti (V)
complex forms, whose form is decisive for the formation of the final TiO, polymorph. As
was already pointed out, the acid concentration in the final solution is crucial since in
order to produce a phase-pure product only one complex type should be present [61].

Therefore, the acid concentration was varied between 1 M and 4 M in the final
precursor solution, while the Ti (IV) concentration varied from 0.3 to 1.6 M, the latter
being the upper concentration limit due to the high voluminosity of the ortotitanic acid.
The temperature of the reaction was held constant at 80 °C. It is assumed that a TiCly,
solution forms upon ortotitanic acid dissolution in HCI [15].

The XRD diffractograms of the formed products differ significantly. Namely, when
the sol-gel reactions were performed at lower acid concentrations, a mixed-phase product
of anatase and rutile was formed. Increasing the acid concentration increased the
rutile/anatase formation ratio. This was already observed and was attributed to the fact
that the molar ratio between the protons and the titanium ion ([H*]/[Ti**]) promotes the
formation of the rutile form when increased [59]. This is in agreement with other
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experimental results, which showed that protons promote rutile polymorph formation
[56-60]. Protons alone do not provide the sole parameter for the type of material that is
produced. Based on our experiments, it is clear that chloride anions play a crucial role
during the sol-gel reaction. This is a direct result of their ability to act as ligands. The
chloride ions are present in the coordination sphere of the Ti (IV) ion. It is appropriate to
assume that a Ti (1) complex of a type [Ti(OH)Cl3(OH,),]° may form, which is known
to be the starting precursor in rutile particle formation [64]. The complex could react via
polycondensation reactions to produce a particle with the rutile crystal structure as
presented in Figure 19.

RUTILE CRYSTAL STRUCTURE

Figure 19: The formation of TiO, particles with the rutile crystal structure starting from the
[Ti(OH)Cl3(OH,),]° complex.

The complex [Ti(OH)Cl3(OH,),]° may polycondense into final TiO, particles as follows:

(@) The initial reaction is olation, which results in the formation of a complex
dimer. The olation is crucial and must take place first, since it results in the
elimination of water molecules from the coordination sphere of the starting
complex.

(b) The complex dimer reacts via olation reactions and forms longer linear chains
that are characteristic for rutile crystal structure. Again, it is presumed that
water molecules are eliminated from the coordination sphere of the central Ti
(IV) ion. OH bridges form and link the dimers together.

(c) The linear chains react via oxolation resulting in the formation of
nuclei/particles having the rutile crystal structure. Oxolation leads to the
formation of M-O-M oxide bridges.
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If the complex precursor would be significantly different than [Ti(OH)Cls(OH,),]°, the
polycondensation reactions could lead to a different arrangement of the TiOg octahedra,
forming a product with another crystal structure. It is therefore quite clear that the sol-gel
approach may provide a way to produce phase-pure products, but strictly when the
reaction parameters and the solution chemical composition are appropriately met. Our
experiments show that rutile particles form when the HCI acid concentration is above 3 M
and are in agreement with the reported results [59]. In view of this we conclude that the
mechanism of formation of the final product is dependent on HCI concentration used to
carry out the synthesis reaction.

TEM analysis was used to investigate the particle size and morphology, when the sol-
gel synthesis was carried out in a way to produce pure rutile only. The TEM images of the
particles produced are shown in Figure 20.

Figure 20: TEM images of rutile particles produced by the sol-gel synthesis using ortotitanic acid
as the starting material. (2) A large agglomerate of rutile particles. (b) A higher magnification
image of rutile particles.

As can be seen from Figure 20 the rutile material produced is an agglomerate which
could not be dispersed into individual particles. Also, the particles that constitute the
agglomerate in Figure 20 are much larger than 100 nm. Therefore, the sol-gel synthesis
that we carried out was not suitable to produce nanoparticles, although the supersaturation
(Ti (IV) ion concentration) was quite high. We tried to produce smaller particles using
two separate ways:

e by increasing the supersaturation by performing the sol-gel synthesis at a lower
temperature

e by performing the sol-gel reaction in the presence of rutile nanoparticles which
would act as seeds via mechanisms of secondary nucleation

The first approach was easily carried out. The temperature of the sol-gel reaction was
set at 50 °C with the range of Ti (IV) ion concentrations between 1 — 1.5 M, while the
HCI concentration was kept constant at about 3 M. A typical material produced had the
rutile crystal structure, as determined with XRD analysis. SEM and TEM analyses of the
material were performed in order to determine the particle size and morphology (Figure
21).
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Figure 21: Rutile nanoparticles synthesized by the sol-gel method at lower temperature to
increase supersaturation. (a) SEM image of rutile nanoparticles. (b) TEM image of rutile
nanoparticles.

As can be seen from Figure 21, the rutile particles produced are of nano size, although
with a relatively wide size distribution. Also, the morphology of the particles seems
poorly defined, with some particles being elongated, while others showing a platelet-like
structure. Although lowering the reaction temperature seems to produce a nano form of
rutile TiO,, the differences in the particle properties are too large when considering a
possible application. Namely, the goal would be to produce a homogenous nano-TiO;
whose overall properties (the properties of a large number of particles) could be evaluated
by the properties of an individual particle.

Therefore, we tried the sol-gel synthesis approach where additional rutile nanoparticles
were added (4 % per TiO; in solution phase) into the Ti (IV) solution prior to performing
the reaction. Other reaction parameters were kept constant. The rutile nanoparticles were
added as a seed material, since it is known that seeds may have a profound effect on the
following characteristic of the reaction product [70]:

e end material morphology
particle size
rate of crystallization
material crystal structure
reaction yield increase

The material produced was analysed using XRD, SEM and TEM analysis. The XRD
showed that the material has the rutile crystal structure. The SEM image and the XRD
diffractogram of the particles formed are shown in Figure 22.
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Figure 22: SEM image and XRD diffractogram of rutile nanoparticles synthesized by the sol-gel
method based on seed inoculation. (a) SEM image of rutile nanoparticles. (b) XRD diffractogram
of rutile nanoparticles with inset vertical bars that denote the standard diffraction data for rutile
(JCPDS, No. 76-1940).
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As can be seen from Figure 22, the formed rutile nanoparticles have a narrow size
distribution, are anisotropic in shape and are of nano size. We concluded that the rutile
nanoparticles added into the reaction mixture prior to hydrolysis play a crucial role in
determining the final material properties. It this case the rutile seed nanoparticles enabled
the production of a phase-pure product via mechanisms of secondary nucleation, as
follows:

e the seeds increase the surface area of the system and thus promote the process of
heterogeneous nucleation, which is thermodynamically favorable when compared
to homogenous nucleation. Since rutile seeds were added and the same material
was being produced, the critical energy for nucleus formation (AG’) was zero. The
nuclei formation may, in this case, be explained by mechanisms of contact
nucleation and models such as ECSN ("embryo coagulation secondary
nucleation™) [188, 193].

e the use of seeds promotes the formation of nuclei and particles having the rutile
crystal structure. The latter fact is more evident when comparing the change in the
Gibbs free energy for the hydrolysis of the TiCl, acidic solution, which is -59.32
kJ/mol and -54.29 kJ/mol for rutile and anatase formation, respectively. The small
difference in the Gibbs free energy is favorable for rutile formation, but it is
nevertheless too small to account for the formation of phase-pure rutile. Therefore,
the seeds seem to catalyze and promote the synthesis reaction in which pure rutile
forms [70].

What was also an interesting observation is the fact that when performing the reaction
in the presence of rutile nanoparticles (seeds) while changing the Ti (IV) concentration,
the final particles differ in size. This is understandable since the change in supersaturation
influences the number of nuclei produced and consequently the final particle size. The
change in particle size based on different supersaturations (Ti (IV) ion concentration) is
seen on SEM images in Figure 23.
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Figure 23: Rutile nanoparticles synthesized by the sol-gel method based on seed inoculation and
by changing the Ti (IV) concentration. (a) SEM image of rutile nanoparticles synthesized at Ti
(V) concentration 0.3 M, (b) 0.6 M, (c) 0.9 M and (d) 1.2 M.

The SEM images in Figure 23 (a) and (b) show that the size of nanoparticles decreases
when the Ti (IV) supersaturation is increased. However, this is not the case when Ti (1V)
concentration is increased even more (Figure 23 (c) and (d)). We expected that even
smaller nanoparticles would form at a higher Ti (IVV) concentration, but quite the opposite
was observed. A possible reason for this discrepancy could be the fact that the TiCly
hydrolysis is also dependent on the water concentration as the corresponding overall
chemical reaction may be written as:

TiCl, +2H,0 —TiO, +4HClI (35)

At lower Ti (IV) concentrations, the hydrolysis is rapid and consequently the rate of
nucleation increases. The decrease in nanoparticle size is observed at lower Ti (IV)
concentrations where the amount of water is sufficient to promote the hydrolysis and
nucleation rate. When the Ti (IVV) concentration is increased over a specific limit, the H,O
concentration is so low, that the TiCl, hydrolysis rate decreases. Consequently, the rate of
nucleation also decreases and fewer nuclei form which inherently leads to the production
of larger particles [70].

TEM analysis was made on TiO, rutile sample shown in Figure 23 (a) to determine the
particle properties, especially crystallinity and crystallite size which was compared with
the XRD Scherrer calculation based on peak broadening. The TEM images and the XRD
diffractogram, with the most intensive (110) rutile peak on which the Scherrer calculation
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was performed (anisotropic morphology of the particles was not taken into account), are
shown in Figure 24.
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Figure 24: TEM image and XRD (110) peak diffractogram of rutile nanoparticles synthesized by
the sol-gel method based on seed inoculation and by changing the Ti (V) concentration. (a) A
low magnification TEM image of rutile nanoparticles. (b) A high magnification TEM image of a
rutile nanoparticle showing individual crystallites which are about 5 nm in size. (c) The X-ray
diffractogram rutile (110) peak. The peak shows considerable broadening which is attributed to
the very small crystallite size.

As seen in the lower magnification TEM image, the rutile nanoparticles exhibit
anisotropic, rod-like morphology, which could be attributed to selective adsorption-
desorption affinities for the chloride ion and the Ti (IVV) complexes [66, 67]. A closer
inspection of the nanoparticle crystallinity has shown that the particles are polycrystalline,
the basic crystallites being about 5 — 10 nm in diameter, which is in accordance with the
Scherrer calculation based on the considerable (110) peak broadening observed using
XRD analysis. The size of the rutile crystallites (5 — 10 nm) are some of the smallest so
far observed.

In the sol-gel method described above, the final product is always rutile, or at the best
a mixed-phase material consisting of rutile and anatase, since both chlorine ions and
protons clearly favor the rutile phase formation. Since the main goal of the present work
was the synthesis of anatase nanoparticles for photocatalytic coatings and DSSCs, no
further attempts were made in trying to optimize the sol-gel method for the possible
anatase synthesis and preferably other methods were tried out that are described in the
following chapters. Nevertheless, the sol-gel method described can be satisfactorily used
for applications where the mixture of anatase and rutile nanoparticles is needed.
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4.1.2 Gel-sol synthesis of TiO, nanoparticles

The gel-sol synthesis of TiO, nanoparticles was carried out using metatitanic acid as the
starting material. Metatitanic acid is a product of the so-called “’black liquor’’ hydrolysis
and is one of the most important materials produced in the Sulphate process of TiO,
pigment production. It can either be used as a precursor for sodium titanate preparation,
which due to its properties is very suitable for nanoparticle synthesis, or it can be used for
the direct formation of nanoparticle colloids via a simple ionic reaction. The latter
approach will be discussed first.

4.1.2.1 Gel-sol synthesis of TiO, nanoparticles via ionic reaction precipitate
formation

The metatitanic acid is an agglomerate of anatase nanoparticles. Figure 25 shows the
typical form of metatitanic acid as formed in the course of the Sulphate process.

Figure 25: SEM image of metatitanic acid. (a) Low-magnification SEM image of metatitanic acid
showing large agglomerates. (b) High-magnification SEM image of metatitanic acid showing
aggregates which form the agglomerate.

In view of the difference between an agglomerate and an aggregate used in this thesis,
we refer to metatitanic acid as an agglomerate, being made up of smaller subunits,
aggregates, which themselves are made up of very small anatase crystallites. The
crystallite mean size is about 5-6 nm, the aggregate size ranges from 40 to 100 nm, and
the agglomerate size is in the order of 1-2 um [188, 189].

Since the aggregate size is in the nano region, we refer to them as nanoparticles in this
thesis. The size of the anatase nanoparticles forming the metatitanic acid agglomerate can
easily be adjusted by simply controlling the hydrolysis reactions of dissolved ilmenite
(“black liquor”) solution [188]. The aggregates that form the metatitanic acid agglomerate
are mainly connected through sulphate bridges. The sulphate bridges are electrostatic
bonds which arise due to the negative charge of the sulphate ion [188]. When subjected to
water-soluble barium salts, the barium ion, having a greater affinity for the sulphate ion,
draws the sulphate ions holding agglomerates together and breaks them apart into
individual anatase nanoparticles. Since the final suspension is acidic, the nanoparticles
within it are well dispersed. The suspension is, therefore, very stable, which enables the
separation of the nanoparticles from the barium sulphate precipitate. Barium sulphate
forms in the reaction between the barium ions and the sulphate ions [188].

The metatitanic acid is produced using the Sulphate process in which ilmenite is
dissolved with concentrated sulphuric acid and then hydrolysed in the presence of anatase
seeds. The anatase seeds are prepared separately by hydrolysing a titanyl sulphate



66 Results and Discussion

solution at 80 °C and are added into the black liquor solution. Anatase seeds are crucial
for the hydrolysis of the titanyl sulphate solution, since seeding provides better control
over the final hydrolysis product. These seeds can have many distinctive benefits [70,
188, 189], such as:
e they promote the precipitation process
e they control particle formation and ensure a narrow size distribution of the
synthesised nanoparticles
e they increase the reaction yield
e they provide an active surface, which can greatly accelerate the crystallization
process, since crystallization on a solid-solid interface is much easier than
nucleation in a liquid phase
e they decrease the activation energy of a reaction, thus further promoting
crystallization
The inoculation of a reaction mixture with suitable seeds provides all the above-
stated benefits through a process of heterogeneous nucleation. Since the seeds used in our
reactions are of the same crystal structure as the final product, we term such
heterogeneous nucleation a secondary nucleation.

In order to better understand the effect of seeding on the morphology and size of the
final product, we conducted experiments where we varied the quantity of seeds that was
added to the black liquor solution. According to the literature, the variation of the seeding
volume should directly affect the size of the primary nanoparticles [189]. The SEM
results in Figure 26 (a-e) indeed showed that larger seeding volumes produce smaller
anatase nanoparticles, while smaller seeding volumes produce larger anatase
nanoparticles. It was concluded that one can effectively control the size of the anatase
nanoparticles by changing the amount of added anatase seeds. This result also
demonstrates that the seeds directly control the nucleation process via secondary
nucleation mechanisms.
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Figure 26: SEM images of anatase nanoparticles produced by the hydrolysis of a black liquor
solution when different seeding volumes were used. The quantity of seeds (regarding to the TiO,
content in black liquor in wt %) was (a) 1.8 %, (b) 0.9 %, (c) 0.6 %, (d) 0.3 % and (e) 0.1 %.

The theory of heterogeneous nucleation states that the free-energy change needed for
nucleation depends on the wetting angle in a liquid-solid system. In the case of secondary
nucleation, the seeds of the same material as the one being crystallized are used. This
means that the contact angle becomes zero and that the free energy of nucleation is also
zero. In this case no additional nuclei are formed in the supersaturated reaction medium
when it is seeded [70]. This is in direct agreement with the observed results of our
experiments. Since no additional nuclei were produced after the inoculation with the
seeds, they are solely responsible for particle formation and also determine their final
size. As stated previously [189] the seeds added could act as centres for nucleation of the
newly formed nanoparticles. It was shown that the number of nanoparticles formed is of
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the same order of magnitude as the number of crystals inoculated as seeds. This suggests
that every nanoparticle arises from a single seed particle, as shown in Figure 27.
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Figure 27: Scheme representing a possible mechanism of particle formation via secondary
nucleation using seed inoculation [189]. (a) Anatase seeds are in agglomerate form when added
into the black liquor. (b) The anatase seeds disperse into smaller particles or even individual
crystallites. (¢) The dispersed anatase seeds act as centres for nucleation of the newly formed
nanoparticles. Nanoparticles formed are aggregates of smaller crystallites. (d) The nanoparticles
(aggregates) form the metatitanic acid via sulphate ion bridges.

The seeds used in the synthesis are large agglomerates of very small anatase
crystallites, as shown in Figure 28 (a). It is very likely that they break up when added to
the black liquor solution, since their surface charge changes because of the change in the
pH value. Zeta potential measurement of the anatase seeds was performed by using a
diluted water suspension (~ 5 g/L) that was titrated with sodium hydroxide solution (1
M). The titration was done starting at an acidic pH value (~ 2.5) and raised to ~ 10.5. As
seen in the diagram of zeta-potential measurements in Figure 28 (b), the seeds exhibit the
point of zero charge (the isoelectric point, IEP) at a pH around 5, which is very near to the
actual pH of the seed suspension that was used. The IEP measured for anatase seeds is
lower than expected for anatase, which is around 6 [196]. The observed difference could
have arisen because of surface impurities such as anions that were adsorbed onto the TiO,
surface. Sulphate anions adsorb onto the TiO; surface and may reduce the IEP value, as
was observed in our measurements [197].

Nevertheless, it is reasonable to assume that the seeds are highly agglomerated under
such conditions. But when they are added into the acidic black liquor solution, the pH
drops rapidly and consequently their zeta-potential becomes more positive, which may
give rise to deagglomeration of the seed particles into smaller particles, or even individual
crystallites.
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Figure 28: HRTEM image and zeta potential measurement of anatase seeds used to inoculate the
black liquor solution. (a) Bright-field TEM image of anatase seed agglomerate. Inset shows high-
resolution TEM image of anatase seeds in which smaller, approximately 5 nm crystallites of
anatase can be clearly distinguished. (b) Zeta-potential measurement of anatase seeds used to
inoculate black liquor solution. The isoelectric point (IEP) of the anatase seeds is around a pH
value of 5, which is also the pH value of the seed suspension used for inoculation.
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The mechanism of particle formation during seeding has been researched extensively
[193, 198, 199]. The so-called “’embryo coagulation secondary nucleation (ECSN)”’
model was developed, which combines classical nucleation theory with colloid science
[199]. The model states that the supersaturated solution already contains a large number
of embryos. When the seeds are inoculated the embryos migrate to the surface of seeds,
where they gather in large numbers, which then promotes the formation of clusters that
are larger than the critical nucleus size. Afterwards, the formed nuclei can be swept away
from the surface by shear forces, which are the result of solution mixing and the
consequent collisions between particles. The freed nuclei can then initiate secondary
nucleation or they can remain attached to the seed and form a polycrystalline aggregate
(nanoparticle). In any case, highly consolidated polycrystalline particles are formed with a
narrow size distribution (Figure 26 and Figure 29 (a)). A high-resolution TEM image of
an individual anatase particle is shown in Figure 29 (a), where individual crystallites of
approximately 5 nm in size are clearly visible. From the X-ray diffractogram in Figure 29
(b) it is evident that the produced particles have the anatase crystal structure. It has to be
noted that a small amount of rutile TiO; is also present. The shoulder on the right-hand
side of the (101) anatase peak corresponds to the (110) peak for the rutile TiO,. A small
amount of rutile is present in metatitanic acid and is the consequence of the production
procedure.
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Figure 29: TEM image and XRD diffractogram of polycrystalline anatase nanoparticles. (a) TEM
image of anatase nanoparticles showing their polycrystalline (aggregated) nature. The individual
crystallites are approximately 5 nm in size and they are aggregated into an anatase nanoparticle. (b) X-
ray powder diffractogram of the anatase nanoparticles with inset vertical bars that denote the standard
diffraction data for anatase (JCPDS, No. 84-1286).

As was already mentioned, the metatitanic acid is made up of the anatase aggregates
presented in Figure 29 (a), which are connected into large agglomerates through sulphate
ion bridges. In order to produce a stable suspension of anatase nanoparticles, sulphate
bridges have to be removed, which is possible with the addition of an appropriate amount
of barium chloride. Since the barium ion bonds with the sulphate ion that holds the
anatase aggregates together in the metatitanic acid agglomerate, it is very important to
add enough of the barium chloride solution in order to remove most of the sulphate ion
bridges. This results in the formation of a finely dispersed and stable suspension.

The optimal addition of barium chloride solution was defined by performing DLS
measurements as shown in Figure 30. The curves in Figure 30 correspond to DLS
measurements of nanoparticle suspensions prepared using different amounts of barium
chloride solution that were added to the metatitanic acid. Namely, 400 mL of metatitanic
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acid suspension was mixed with 110 mL of 0.5 M solution of barium chloride, 120 mL,

130 mL and 140 mL, respectively.

If the volume added is too low (110 mL barium chloride solution added to 400 mL of
metatitanic acid), the metatitanic acid agglomerate breakage is not sufficient and the
average particle size is around 110 nm (red curve). By increasing the volume addition (at
least 120 mL BaCl,(aq) added to 400 mL of metatitanic acid) the agglomerates break
apart and the average size attained is around 50 nm, which coincides very well with the

actual particle size observed by SEM (Figure 26).
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Figure 30: DLS measurements of nanoparticle suspensions that were made from metatitanic acid
and the subsequent addition of a barium chloride solution.

From the obtained results it can be concluded that the optimal amount of barium
chloride is in the molar ratio TiOz:Ba(ll)aq Of approximately 30:1 (BaCl, volume
addition shown as a blue curve in Figure 30). This ratio enables the production of very
stable anatase nanoparticle suspensions, which can be effectively separated from barium
sulphate via various separation procedures such as centrifugation or filtration.

The separation of barium sulphate and TiO, nanoparticles is quantitative since TiO,
nanoparticles exhibit a high zeta potential at acidic pH values, which prevents their
sedimentation. The zeta potential of the TiO, nanoparticles is shown in Figure 31.
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Figure 31: The change in zeta potential for anatase nanoparticles when titrating the acidic
suspension with sodium hydroxide solution. The zeta potential is large for the acidic suspension
but drops when sodium hydroxide is added. The IEP seems to be at the pH value of about 6 which
is in accordance with the results found in the literature [196].
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On the other hand, the barium sulphate particles are larger and settle when
centrifugation is applied. This was also confirmed with an XRD (Figure 32) analysis of
the settled material which is pure barium sulphate.
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Figure 32: The X-ray powder diffractogram of the material collected after the centrifugation cycle
was finished. The diffractogram exhibits all the peaks (labeled with *) for barium sulphate while
no observable peaks for anatase are evident. The diffractogram peaks were identified using the
<’Database of Raman spectroscopy, X-ray diffraction and chemistry data for minerals’’ [200].

This is important since the method allows the production of a very stable TiO; acidic
suspension without a by-product being present. The concentration of TiO, in the final
suspension is dependent only on the amount of metatitanic acid that is used. The
transformation of the metatitanic acid into TiO, nanoparticle suspension has a very high
yield (~ 100 %) since only a sufficient amount of barium chloride has to be added in order
to remove the sulphate ions holding the anatase nanoparticles together in the metatitanic
acid agglomerate.

It is also interesting to note that by the slow addition of a barium chloride solution
almost monodispersed particles of barium sulphate are formed (Figure 33). They are in
the size range from 0.5 um to 1 pum, which depends on the concentration of barium
chloride used. As expected, the barium sulphate particles are formed according to the
classical theory of nucleation, where control over the particle size can be easily achieved
by controlling the solute concentration (supersaturation). If a concentrated barium
chloride solution was used (Figure 33 (a)), smaller particles formed since supersaturation
was larger. On the other hand, if a diluted barium chloride solution was used (Figure 33
(b)), then the particles were bigger since supersaturation was lower.
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Figure 33: SEM image of barium sulphate particles. (a) Barium sulphate particles formed by use
of a concentrated solution of barium chloride. (b) Barium sulphate particles formed with the use
of a diluted solution of barium chloride.

This approach clearly demonstrates that a phase-pure TiO, in anatase crystal form may
be prepared via a simple reaction using a barium chloride solution. The nanoparticles
produced are in the form of a stable acidic colloid, which is suitable for the preparation of
a photocatalytic coating [190]. The nanoparticles produced by this method are named type
A nanoparticles to distinguish them from TiO, types that were synthesized by other
methods.

4.1.2.2 Gel-sol synthesis of TiO, nanoparticles using sodium titanate as the
precursor

Another approach in which metatitanic acid is used as the starting material for the
synthesis of TiO, nanoparticles is the gel-sol reaction with the use of so-called sodium
titanate. In this approach the metatitanic acid is only a precursor to prepare the sodium
titanate material in a complex reaction. The process of sodium titanate preparation is
versatile and allows the production of various sodium titanate forms. In our experiments
two forms of sodium titanate were used to synthesize TiO, nanoparticles, namely ST1 and
ST2 which are shown in SEM images in Figure 34.

Figure 34: SEM images of sodium titanate types used for the gel-sol synthesis of TiO,
nanoparticles. (a) SEM image of type ST1 sodium titanate. (b) SEM image of type ST2 sodium
titanate.



Results and Discussion 73

As can be seen from Figure 34, the ST1 and ST2 sodium titanate types differ
significantly in particle size and morphology. Both sodium titanates were developed in
particular for the purpose of TiO, nanoparticle synthesis via the gel-sol reaction.

4.1.2.2.1 Gel-sol synthesis of TiO, nanoparticles using type ST1 sodium titanate

412211  The effect of temperature on TiO, nanoparticle formation

The effect of temperature was determined by performing the gel-sol reaction at different
temperatures. The XRD results of the products showed that all the samples exhibit a rutile
crystal structure. Since XRD did not show any distinctive differences between the
samples, the SEM analysis was additionally performed. The SEM analysis was used to
compare the characteristics of the nanoparticles, especially the particle sizes and their
morphology.

Figure 35: SEM image of rutile nanoparticles synthesized at 50 °C (a) and at 100 °C (b).

As can be seen in Figure 35 the temperature variation of the reaction medium does not
have any significant effect on either the particle size or morphology. It is possible that the
reaction temperature mostly influences the reaction kinetics since it is well known that
higher reaction temperature accelerates the reaction progress because the activation
energy of the molecules in the reaction medium is attained more rapidly.

4.1.2.2.1.2  The effect of precursor concentration on TiO, nanoparticle formation and
nucleation mechanism

The precursor concentration in the reaction medium is one of the most important reaction
parameters since it determines the supersaturation and therefore the final product particle
size as stated by the Becher-Doring nucleation model [195]. Supersaturation is a well-
known thermodynamic parameter which determines the change in the Gibbs free energy
of the system when particles begin to form. Depending on the change in the Gibbs free
energy the critical size of the nucleus of the growing particle is determined. The bigger
the change in the Gibbs free energy, the critical size of a stable nucleus becomes smaller.
Consequently more nuclei are formed and the final particles are smaller. Therefore, with a
substantial supersaturation of the precursor, a large number of nuclei form. Since the
amount of the precursor during particle growth is limited, the number of nuclei present
directly determines the size of the particles at the end of the reaction. This is one of the
most important mechanisms that enables a direct influence on product characteristics,
namely particle size, simply by setting and changing the precursor concentration. Exact
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knowledge of the nucleation theory also enables us to perform reactions in a way that
mostly monodisperse particles are acquired as proposed by the Lamer-Dinegar diagram
which provides a correlation between nucleation and subsequent nuclei growth [20].

Although we expected that by varying the precursor concentration would directly
affect the final rutile particle size, it was later determined that almost no change in size
occurred. The particles exhibited the same morphology and very similar size as shown in
Figure 36.

Figure 36: SEM image of rutile nanoparticles prepared at different precursor concentrations.
SEM image of rutile nanoparticles prepared at precursor concentration of 60 g/L (a) and 180 g/L

(b).

The result clearly contradicts the expected difference in particle size which would be
expected based on the difference in precursor concentrations. It seems that the underlying
mechanism of nucleation is different from the predictions of the Becher-Déring model.
The classical nucleation model is based on three assumptions, which are described in
detail elsewhere [201]. One of the assumptions is that the supply rate of the solute is
independent of nucleation and growth events. This means that the amount of solute and its
consumption during the reaction are not in equilibrium. In this case a monodisperse
system is only possible when both the nucleation stage and the growth stage are separated
as proposed by Lamer-Dinegar model [201].

With the gel-sol system the above stated assumption is not true. As was already
mentioned the gel-sol synthesis of monodisperse nanoparticles is based on the phase
transformation of a highly condensed metal hydroxide gel or some other gel-like
precursor into a sol. The gel acts as a reservoir for the growing particles during its
dissolution, which is normally fast enough to be virtually in equilibrium with the
consumption rate of the metal ion within the gel throughout the phase-transformation
process. Therefore, the supersaturation is not lowered below the nucleation level.
Consequently, the nuclei continue to generate and grow. The nuclei form in parallel with
the growth process until the precursor gel is dissolved completely. However, it is difficult
to explain why the final rutile nanoparticles exhibit such a narrow size distribution.
According to Sugimoto [201] the explanation for the observed state is assigned to a
possible reduction of supersaturation with the stabilization of the gel network which leads
to the separation between nucleation and growth. This leads to the formation of a
monodispersed system of rutile nanoparticles. Since this explanation is based on aging
experiments of the Ti(OH), hydroxide gel, the same assumption may not be strictly
applicable in our case. As was already stated, the rutile nanoparticles form in the reaction
between the precursor gel and an appropriate acid. The reactions are therefore different to
those that occur during the aging of the gel. A reasonable explanation could be that the
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particles become monodisperse via two interconnected processes, namely the formation
of primary particles (singlets) that aggregate into secondary particles with narrow size
distribution [202].

It is possible that at first primary particles form via burst nucleation, but because of the
conditions in the reaction medium they aggregate irreversibly and form the final rutile
particles. The conditions that lead to the formation of secondary (final) particles are
determined by the composition of the reaction medium and have a direct impact on the
physical characteristics of primary particles such as zeta potential. It is possible that after
burst nucleation in which primary (monocrystalline) particles form they aggregate into
secondary (polycrystalline) nanoparticles due to changes in their zeta potential that
approaches the isoelectric point when primary particles achieve sufficient size. This is in
accordance with the observed results. We observed that the underlying structure of rutile
nanoparticles consists of rod-like monocrystalline particles that are irreversibly connected
into rutile polycrystalline particles.

Since the isoelectric point is directly dependent on the pH and/or ionic strength of the
reaction medium the model was tested by changing the medium’s chemical composition.

4.1.2.2.1.3  The effect of the mineral acid type used in the synthesis reaction
The synthesis conditions and the characteristics of the synthesized TiO, nanoparticles
(particle size, morphology, crystal structure) are given in the Table 5.

Table 5: Summary of the results for the gel-sol synthesis of TiO, nanoparticles using type ST1
sodium titanate as the precursor. The results provided in Table 5 are based on synthesis reactions
where the mineral acid type and acid concentration have been changed.

Mineral Acid / lonic Crystal Particle Size Particle
Salt Structure (Length/Width) / nm Morphology
HCI - 40 g/L A+R I:jl(le::err(nin:do)t Poorly defined
HCI — 50 g/L A+R ND Poorly defined
HCI — 60 g/L A+R ND Poorly defined
HCI - 70 g/L R ~80/~20-30 Anisotropic
HCI — 100 g/L R ~80-90/~25-30 Anisotropic
HCI - 130 g/L R ~110-130/~25-30 Anisotropic
HCI — 160 g/L R ~ 150 — 160/ ~ 30 — 40 Anisotropic
HCI — 70 g/L + NaCl R ~65-75/~15-20 Anisotropic
HNO; — 70 g/L A+R ND Poorly defined
HNO; — 130 g/L R ~80/~15-20 Anisotropic
H,SO,4 — 100 g/L A ND Poorly defined
H,SO, — 200 g/L A ND Poorly defined
H,SO, — 300 g/L A ND Poorly defined
H,SO, — 400 g/L A ND Poorly defined

The gel-sol synthesis was first conducted with hydrochloric acid. The X-ray diffraction
analysis revealed that the hydrochloric acid concentration directly influences the crystal
structure of the TiO, product. But only when the acid concentration was high enough pure
rutile phase was obtained. When the acid concentration was kept under a certain level, a
mixed product of both anatase and rutile was obtained (Figure 37).
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Figure 37: SEM image of a mixed product (R+A) prepared when HCI acid concentration was
lower than needed for total conversion of precursor gel into rutile nanoparticles.

This effect could be the consequence of the precursor sodium titanate structure in
which the [TiOg] octahedra arrangement resembles very closely the arrangement of
[TiOg] octahedra in anatase [60]. The acid leads to the rearrangement of the [TiOg]
octahedra present in the sodium titanate structure. Depending on the HCI acid
concentration the rearrangement of the octahedra can result either in the anatase or rutile
phase or a mixture of both. The rearrangement mechanism must clearly be different for
the two TiO, polymorphs since they differ in crystal structure and since in our
experiments pure TiO; as well as mixed TiO, products were produced.

The anatase crystal structure can be viewed as a zig-zag chain of octahedra, linked to
each other through shared edges. The rutile crystal structure, on the other hand, is formed
by sharing two opposing octahedra edges creating linear chains along [001] [58].

Some anatase phase was produced only when the HCI acid concentration used during
the gel-sol synthesis was much lower than 70 g/L. In this case the acid could act only to
remove the interlayer ions present in the titanate precursor, which would lead to the
merging of the octahedra layers. Since the octahedra arrangement within the titanate
layers is similar to the octahedra arrangement in the anatase crystal structure, the merging
of the layers leads to anatase formation. When the acid concentration was equal or more
than 70 g/L, only rutile particles were produced.
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Figure 38: A schematic presentation of a possible phase transition between titanate material and
anatase and rutile TiO, crystal structures [60]. (a) If a diluted HCI is used, the [TiO¢] octahedra
layers of the titanate merge and form particles with the anatase crystal structure. (b) — (c) If
concentrated HCI is used, the titanate dissolves and the [TiOg] octahedra restack into particles
with rutile crystal structure.

Since the rutile crystal structure differs in [TiOg] octahedra arrangement compared to
titanate, the rearrangement mechanism should begin with deoxolation reactions that lead
to the detachment of the octahedra in the titanate precursor [59]. Deoxolation could start
with the advance of the electrophilic protons on the oxygen bridges between titanium
ions. This results in a lowered electron density on the latter and makes it more
electrophilic. This leads to the attraction of the titanium ions with the chloride anions and
consequently to the breaking of the oxolation bond. The reduced number of Ti-O-Ti
bonds leads to structural rearrangements of the [TiOg] octahedra and consequently very
small rutile particles form. This is in accordance with the fact that very acidic
environments preferably lead to the formation of the rutile phase [56]. Our experiments
confirmed that when hydrochloric acid was used in a high concentration only rutile
particles were formed. When the acid concentration was lowered the mixture of both,
anatase and rutile was produced due to the fact that octahedra rearrangement occurred via
both mechanisms which are competitive.

The distinction between the two [TiOg] rearrangement mechanisms becomes even
more evident when analysing the morphology of the produced particles. When the HCI
acid concentration was low, both phases, anatase and rutile, formed. TEM analysis
revealed that rutile was produced in the form of very small anisotropic nanoparticles
consisting of rod-like crystallites. On the other hand, anatase was produced in the form of
larger aggregates consisting of very small crystallites about 5 nm in size.
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Figure 39: TEM image of a polycrystalline TiO, particles produced using different HCI
concentrations. (a) HRTEM image of anisotropic rutile nanoparticles produced when HCI
concentration was high. (b) TEM image of anatase particles that were produced alongside rutile
nanoparticles when HCI concentration was lower.

The difference in constituent crystallite size and particle morphology between the
rutile and anatase phase can only be possible when particle formation mechanisms differ.
Anatase is present in the form of large aggregates which is consistent with the fact that
the deoxolation reaction does not occur (Figure 38) and therefore the initial titanate
precursor is not broken down. In order that rutile particles form, deoxolation must occur,
since only then the [TiOg] octahedra within the titanate precursor split and can rearrange
into the rutile crystal structure. The morphology of the crystallites that form the rutile
nanoparticles are a clear evidence of this. The crystallites that form the rutile
nanoparticles are depicted in Figure 39 (a).

As can be seen in Figure 39 the crystallites that form the rutile nanoparticles exhibit
rod-like anisotropic morphology and have a well-defined structure. Their morphology and
crystallinity can be explained via polycondensation reactions starting from the [TiOg]
octahedra that form in a highly acidic environment. The [TiOg] octahedra form because of
the deoxolation reactions and breaking of the Ti-O-Ti bonds. The [TiOg] octahedra act as
building blocks for the newly formed rutile particles. The anisotropic morphology of the
rutile nanoparticles is a direct result of specific [TiOg] octahedra rearrangement and
polycondensation reactions that take place on a newly formed rutile nuclei. The rutile
crystal structure is tetragonal. Therefore, the surface energies of individual rutile crystal
facets differ [66]. The difference in surface energies can lead to selective adsorption of
the species present in the reaction medium. The [TiOg] octahedra and chloride anions can
both adsorb on the surface of the growing rutile crystal. Since the crystal facets of rutile
differ in their energies the adsorption of the two species is different for a specific facet.
Depending on the adsorption ratio of the [TiOg] octahedra and chloride anions on a
specific rutile facet the propagation speed of crystal growth becomes different.
Consequently, the rutile crystal grows faster in the {101} direction since a higher ratio of
[TiOg] octahedra is adsorbed [66]. This leads to anisotropic crystal morphology as seen on
HRTEM image in Figure 39. Eventually, the crystallites aggregate and form the final
rutile nanoparticles.

This is probably because of the specific conditions present in the reaction medium. We
propose that during the growth of the crystallites their properties (i.e. zeta potential)
changes. At a certain crystallite size the isoelectric point is attained and at this point
irreversible aggregation of the crystallites occurs and the final rutile nanoparticles form.
This was tested by performing the synthesis reactions with higher HCI acid
concentrations. In such conditions the zeta potential of the growing particles is different
compared to the zeta potential at lower HCI acid concentrations because the particle
electrical double layer is directly affected by the chemical composition of the reaction
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medium. The consequence is that the crystallites and rutile nanoparticles become different
in size since the isoelectric point during crystallite growth is attained at different stages.
This is supported by SEM analysis of the rutile nanoparticles that were synthesized with
various HCI acid concentrations (Figure 40).

Figure 40: SEM images of rutile nanoparticles that were synthesized using varying hydrochloric
acid concentrations. The rutile nanoparticles were synthesized with the following HCI
concentrations: 70 g/L (a), 100 g/L (b), 130 g/L (c) and 160 g/L (d).

From the SEM micrographs in Figure 40 it can be seen that when performing the gel-
sol reaction with a higher hydrochloric acid concentration, the rutile nanoparticles
become larger. This can mainly be attributed to the difference in reaction medium
chemical composition, which differs mostly in the ionic strength. lons present in the
medium constitute the electrical double layer of the colloid particles and in a large extent
determine their physical properties, such as stability, zeta potential, etc. Changing the
ionic strength of the medium directly changes the electrical double layer of the growing
colloid rutile particle which consequently affects the isoelectric point. Consequently, the
irreversible aggregation of rod-like crystallites into the final rutile particles happens at
different stages. This leads to the formation of rutile nanoparticles with different sizes.

In order to additionally elucidate the effect of the reaction medium’s composition on
the structure and size of rod-like crystallites that aggregate into final rutile nanoparticles,
HRTEM analysis was employed (Figure 41).
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Figure 41: TEM images of rutile nanoparticles prepared with gel-sol synthesis using varying HCI
concentration. The HCI acid concentration was (a) 70 g/L, (b) 100 g/L, (c) 130 g/L and, (d) 160
g/L. The nanoparticles exhibit a structure with constituent crystallites having rod-like
morphology. The crystallites are anisotropic and differ slightly in length while their width is about
the same (~4-5 nm).

As seen from TEM images, the increased acid concentration directly affects the size of
the rod-like crystallites and nanoparticle as a whole. The rod-like crystallites grow in
length when the acid concentration is increased, while the width stays about the same.
This is in accordance with the above proposed crystallite aggregation model that is
directly dependent on the ionic strength of the reaction medium. The ionic strength of the
reaction medium is mainly affected by the HCI acid concentration used during the
synthesis. Therefore, when the HCI acid concentration is increased, the aggregation of the
crystallites occurs at a different stage than when the HCI concentration is lower. The rod-
like crystallites can therefore grow for a longer period of time at a higher HCI
concentration, which increases their length and the length of the rutile nanoparticle as a
whole.

The effect of chemical composition (ionic strength) of the reaction medium on the
nanoparticle size was tested by performing experiments in which an ionic salt was added.
The ionic salt added was sodium chloride, since it has already been established that a
sodium cation may affect the size of TiO, particles during their formation [62, 66, 67].
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Figure 42: Low-magnification and HRTEM of rutile nanoparticles prepared at 70 g/L HCI
concentration and NaCl. (a) TEM images of rutile nanoparticles acquired by adding sodium
chloride into the reaction medium. (b) HRTEM of a rutile nanoparticle prepared with gel-sol
synthesis where the acid concentration was 70 g/L and the reaction medium also contained NaCl.

As can be seen from Figure 42, the rutile nanoparticles synthesized in the presence of
sodium chloride are smaller from those obtained in a reaction performed only with HCI.

It seems that HCI, its concentration and also the presence of other ionic species exhibit
the most profound effect on the produced TiO, nanoparticles. Based on these results it
was reasonable to carry out the same experiments with other mineral acids, such as nitric
acid (HNOg3) and sulfuric acid (H2SO,) in order to further elucidate the above stated
mechanism of precursor transformation into rutile.

When the nitric acid concentration was 130 g/L the XRD results showed that the
product synthesized was pure rutile. When the nitric acid concentration was 70 g/L a
mixed phase of rutile and anatase was formed. The presence of a mixed phase at 70 g/L
nitric acid concentration can be explained as follows. The driving mechanism for titanate
precursor transformation into rutile is driven solely on the basis of the molar ratio
between the precursor and the acid. If the molar ratio between the acid protons (H") and
precursor Ti*" ions is too low a mixed phase of anatase and rutile is formed. This is
because the titanate [TiOg] octahedra rearrange via the two competiting mechanisms
shown in Figure 38 (a) and (b). One leads to rutile particle formation and the other to
anatase particle formation. When the synthesis was carried out with a nitric acid
concentration of 130 g/L the product was pure rutile, which is reasonable since H" molar
concentration is about the same as with a hydrochloric acid concentration of 70 g/L,
which also leads to the formation of pure rutile. The experiments carried out using nitric
acid confirmed that acid and its concentration drives the precursor transformation into
either rutile or a mixed phase of both.

In order to compare TiO, materials produced with nitric acid and hydrochloric acid a
SEM analysis was performed (Figure 43).
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Figure 43: SEM images of nanoparticles produced with nitric acid at different concentrations.
The nitric acid concentration was 70 g/L (a) and 130 g/L (b).

As seen from Figure 43 the produced nanoparticles exhibit very similar morphology
and particle size to those produced with hydrochloric acid. This probably means that the
nitrate anion behaves similarly to a chloride ion in the sense they both have an extra
electron (they act as a Lewis base) which makes it possible to bind electrostatically to
areas of lower electron density. Therefore, the nitrate anion could bind onto the surface of
a growing rutile particle like the chloride anion does, which leads to anisotropic crystallite
growth and particle morphology. This is a confirmation of the results already acquired,
namely that acid concentration determines the final product crystal structure and particle
size while the anion present determines the particle morphology.

Since sulfuric acid is a strong mineral acid it could also lead to rutile formation when
added in large amounts. However, XRD analysis of the TiO, materials synthesized when
sulfuric acid was used showed that only anatase is formed, regardless of the sulfuric acid
concentration in the reaction medium. This means that a sulfate anion exhibits an effect
that dominantly directs the transformation of the titanate precursor into anatase only. The
reason for this observation is that the sulphate anions prevent the [TiOg] octahedra from
rearranging into linear chains which are specific for the rutile crystal structure [15]. Only
zig-zag [TiOg] octahedra chains form, as schematically presented in Figure 5. This leads
to the formation of anatase particles.

It can be concluded that the ST1 sodium titanate approach to synthesizing TiO,
nanoparticles clearly promotes the formation of TiO, nanoparticles with a rutile crystal
structure. The nanoparticles produced by this method are named type B1 nanoparticles to
distinguish them from TiO, types that were synthesized by other methods.

4.1.2.2.2 Gel-sol synthesis of TiO, nanoparticles using type ST2 sodium titanate

Since only the sodium titanate type was changed, it was reasonable to expect that the
overall mechanism of TiO, particle formation would be similar to the one that occurs with
rutile formation using the ST1 sodium titanate type. To elucidate the formation
mechanism we conducted the synthesis reactions at varying reaction temperatures and
TiO; concentrations.

Again, it was evident that the set precursor concentration (the amount of TiO;) and the
set reaction temperature play a less important role in the determination of the final TiO,
nanoparticle characteristics. The effect of the change in reaction temperature (Figure 44),
and the precursor (TiO;) concentration (Figure 45) seems to have no or very little effect
on the final material properties.
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Figure 44: Anatase nanoparticles produced using type ST2 sodium titanate by varying the
reaction medium temperature. (a) Anatase nanoparticles synthesized at 50 °C. (b) Anatase
nanoparticles synthesized at 100 °C.

Figure 45: Anatase nanoparticles produced using type ST2 sodium titanate by varying the
precursor concentration. (a) Anatase nanoparticles synthesized at TiO, concentration of 60 g/L.
(b) Anatase nanoparticles synthesized at TiO, concentration of 180 g/L.

The synthesis conditions and the characteristics of the synthesized TiO, nanoparticles
(particle size, morphology, crystal structure) using ST2 sodium titanate and different
mineral acids are given in the Table 6.

Table 6: Summary of the results for the gel-sol synthesis of TiO, nanoparticles using type ST2
sodium titanate as the precursor. The results provided in Table 6 are based on synthesis reactions
where the mineral acid concentration has been changed.

Mineral Acid / lonic Crystal . . Particle
Salt Strl;ycture PR O SOY il Morphology
HCI — 20 g/L A 40 —50 Spherical
HCI - 40 g/L A 40 - 50 Spherical
HCI - 60 g/L A 40 -50 Spherical
HCI - 80 g/L A 40 - 50 Spherical
HCI — 100 g/L A 40 - 50 Spherical
HCI — 150 g/L A 40 - 50 Spherical

When the hydrochloric acid concentration was varied, some differences in particle size
were observable, but were only minor as seen in Figure 46.
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Figure 46: SEM images of anatase nanoparticles that were synthesized using varying
hydrochloric acid concentrations. The HCI concentration was 30 g/L (a), 50 g/L (b), 60 g/L (c),
70 g/L (d), 100 g/L (e) and 150 g/L (f).

It seems that changing any of the three reaction parameters (TiO, concentration, HCI
concentration, reaction temperature) does not significantly affect the basic nanoparticle
properties. This could be because the main property-determining parameter in the gel-sol
synthesis of TiO, nanoparticles using the ST2 sodium titanate is the sodium titanate itself.
Namely, the sodium titanate ST2 type shows a similar crystal structure (determined with
the XRD) as the final anatase material. Therefore, it seems possible that the use of HCI as
the mineral acid in the gel-sol reaction influences the particle formation only by
converting the ST2 sodium titanate into the final nanoparticulate material via peptization.
This means that also other mineral acids, apart from HCI, could be successful in the gel-
sol synthesis of anatase nanoparticles.

This was tested by performing the gel-sol reaction using sulfuric acid (H,SQO,). The
particles that were produced are shown in Figure 47.
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Figure 47: SEM images of anatase nanoparticle agglomerates that were synthesized using varying
sulfuric acid concentrations. The sulfuric acid concentration was 50 g/L (a) and 100 g/L (b). At
higher magnifications (c) individual anatase nanoparticles can be observed.

As can be seen from Figure 47, the material that is produced from type ST2 sodium
titanate using sulfuric acid is different than when using hydrochloric acid. The main
difference is that the nanoparticles are present in the form of large agglomerates when
sulfuric acid is used. The formation of large agglomerates may be attributed to sulfuric
acid and was observed in previous studies [63]. However, it seems that the individual
anatase nanoparticles that were produced using sulfuric acid do not differ in size when
compared with anatase nanoparticles that were synthesized using hydrochloric acid. We
conclude that mineral acid may act only to disperse the anatase nanoparticles that are
already present in type ST2 sodium titanate. This is different than with the gel-sol
synthesis of TiO, nanoparticles using type ST1 sodium titanate, where mineral acids
(HCI, HNO3 and H,SO,4) have shown a profound effect on the final nanoparticle
characteristics.

It is therefore the sodium titanate type that influences the final material characteristics,
not only the reaction parameters and the mineral acid type. Depending on the sodium
titanate type, the gel-sol synthesis may produce various TiO, materials. The sodium
titanate type seems to influence the reaction type that takes place during the gel-sol
synthesis. Reactions that may occur are the gel-sol reactions (gel dissolution — [TiOg]
octahedra rearrangement - particle formation) that were observed using the ST1 type
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sodium titanate and peptization reactions that were observed using the ST2 type sodium
titanate.

It is evident that the gel-sol synthesis of TiO, nanoparticles using type ST2 sodium
titanate enables the production of anatase nanoparticles if an appropriate mineral acid is
used. But the anatase nanoparticle size cannot be influenced, since it is determined in the
course of precursor synthesis. Namely, type ST2 sodium titanate is produced from
metatitanic acid, which itself is produced in the course of black liquor hydrolysis. As was
shown in a previous section the metatitanic acid consists of small anatase nanoparticles
the size of which is determined by the amount of anatase seeds added to the black liquor
prior to its hydrolysis. Therefore, in order to produce anatase nanoparticles of varying
sizes using the gel-sol synthesis approach and type ST2 sodium titanate, the metatitanic
acid must first be engineered. This metatitanic acid can be engineered using anatase seed
inoculation, while the following gel-sol synthesis using type ST2 sodium titanate enables
only the production of a final acidic suspension containing well-dispersed anatase
nanoparticles.

It was concluded that phase-pure anatase can be easily produced by performing the
gel-sol reaction using ST2 sodium titanate as the precursor and hydrochloric acid as the
mineral acid. The resulting nanoparticles are polycrystalline, consisting of very small,
approximately 5 nm in size, crystallites that are aggregated to form the anatase
nanoparticles, as shown in Figure 48. The anatase nanoparticles size is the same as the
size of the anatase nanoparticles in the metatitanic acid from which the ST2 sodium
titanate is produced.

Figure 48: HRTEM image of an individual anatase nanoparticle as produced by the gel-sol
method using type ST2 sodium titanate and hydrochloric acid.

The anatase nanoparticles produced using ST2 sodium titanate as the precursor in the
gel-sol reaction are named type B2 nanoparticles throughout the thesis.
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4.1.3 Hydrothermal synthesis of TiO, nanoparticles

The hydrothermal synthesis was performed in order to acquire a highly-crystalline
material in anatase form. The starting material for the hydrothermal reaction was the
acidic suspension of polycrystalline anatase nanoparticles (either type A or type B2).

Based on what is known about the mechanism of hydrothermal synthesis, it is essential
that an appropriate pH value is set so that the material that is autoclaved may dissolve and
subsequently crystallize into the final product. Neutral and basic conditions seem to be
the most appropriate to form the anatase [85, 89, 96, 116]. The problem that arises when
using the acidic suspension of TiO, nanoparticles as the starting material is the fact that
by adjusting an appropriate neutral/basic pH value nanoparticles agglomerate. Therefore,
the first thing that had to be solved in order to perform the hydrothermal synthesis was the
prevention of TiO, nanoparticles agglomeration, which normally occurs when changing
the pH value.

The problem was addressed by adding a suitable dispersant into the acidic TiO,
suspension and raising the pH to the desired value. If the dispersing agent exhibits
appropriate properties, it prevents nanoparticle agglomeration via a specific stabilization
mechanism (electrostatic, steric or electrosteric stabilization). A vast array of
commercially available dispersing agents was tested, ranging from organic to inorganic.
The ability to prevent TiO, nanoparticle agglomeration was analyzed by DLS
measurements. The most appropriate dispersing agent has proven to be sodium
polyfosfate, NasP3019, Which was used in all the stabilization experiments carried out to
prepare a suitable suspension form that was later on subjected to hydrothermal synthesis.

In order to prepare a well-dispersed nanoparticle suspension, a sufficient amount of the
dispersing agent had to be added. The experiments showed that a suitable amount of the
dispersing agent was 10 — 20 % (relative to the TiO, in suspension), which, although
high, has proven to prevent drastic nanoparticle agglomeration as seen from the DLS
measurements in Figure 49.

(a) Acidic nanoparticle suspension (b)10 % dispersing agent
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Figure 49: DLS measurements of anatase nanoparticle suspensions after neutralization to basic
pH value. (a) The starting acidic anatase suspension. (b) Anatase suspension after neutralization
with 10 % dispersing agent. (c) Anatase suspension after neutralization with 15 % dispersing
agent. (d) Anatase suspension after neutralization with 20 % dispersing agent.
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As can be seen from Figure 49 the dispersing agent (sodium polyfosfate, NasP3010)
acts well in preventing anatase nanoparticle agglomeration during neutralization. The
agglomeration may be controlled by adjusting the amount of the dispersing agent. At a
lower dispersing-agent amount the nanoparticle agglomeration is more considerable as
may be seen from Figure 49 (b). But when the amount of the dispersing agent is
increased, agglomeration becomes less evident. If enough of the dispersing agent is added
the nanoparticle agglomeration may be averted as seen in Figure 49 (d).

Stabilization experiments were performed with anatase suspensions having varying
TiO, concentrations. We observed that the degree of agglomeration is not dependent on
TiO, concentration if the amount of dispersing agent was held constant. Based on these
results it was decided that all the stabilization experiments will be carried out with 250
g/L of TiO,. These suspensions were the precursor suspensions for the hydrothermal
synthesis. First we carried out the experiments for the hydrothermal synthesis of
suspensions having varying pH value. The other reaction parameters, hydrothermal
synthesis temperature and the reaction time, were set to 240 °C and 10 h, respectively.
The pH values during hydrothermal synthesis and the characteristics of the synthesized
nanoparticles (particle size, morphology, crystal structure) are given in the Table 7.

Table 7: Summary of the results for the hydrothermal synthesis of TiO, nanopatrticles. The results
provided in Table 7 are based on synthesis reactions where the pH value of the suspensions was
varied.

H Crystal FEUELE ErE Particle
P y Crystallinity (Scherrer/TEM) /
value Structure am Morphology
5 A Crystals + 10 /
amorphous phase
5 A Crystals + 10 /
amorphous phase
7 A Crystals + 13 /
amorphous phase
75 A Crystals + 15 /
amorphous phase
8 A Crystals + 20 /
amorphous phase
8.5 A Crystals + 25 /
amorphous phase
9 A Monocrystalline ~30 Spherical
S A Monocrystalline ~30 Spherical
10 A Monocrystalline ~30 Spherical
10.5 A Monocrystalline ~30 Spherical
11 A Monocrystalline ~30 Spherical
115 A Monocrystalline ~30 Spherical
12 A Monocrystalline ~130 Spherical
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As can be seen from Table 7, the pH value is one of the most important parameters in
hydrothermal synthesis, since it determines not only the final material crystal structure,
but also affects the crystallinity. It should be noted that if the pH value is set to an
inappropriate value, the formed particles are less crystalline, to some extent even
amorphous. This is probably due to the fact, that the hydrothermal synthesis proceeds via
a dissolution-crystallization mechanism, where the pH value considerably determines
both, the dissolution process and also the crystallization process kinetics. On the other
hand, the reaction time and the temperature also play a crucial role in the hydrothermal
synthesis. Consequently, it is only reasonable to assume that a prolonged time and an
elevated reaction temperature lead to the formation of a well-crystallised product even
when the pH value is not set accordingly.

The experiments proved that a well-crystalline product may be already acquired at a
reaction temperature as low as 130 °C, however in this case the reaction time is prolonged
to about 24 h. Given the fact that a relatively fast synthesis procedure was one of the main
goals of our experiments, we have chosen to perform the hydrothermal method at a
temperature of 240 °C for which the reaction time is about 10 h. These reaction
parameters were used throughout the hydrothermal synthesis experiments.

One more interesting observation is also the fact that the TiO, concentration seems to
have little or no effect on the final nanoparticle size. This is why throughout the course of
the hydrothermal synthesis, the TiO, concentration was set to approximately 250 g/L.

To sum up, we have succeeded in developing a simple hydrothermal synthesis route
with which we have converted the polycrystalline TiO, nanoparticles as-prepared with the
gel-sol reaction, into a highly crystalline anatase product as seen from SEM images and
the inset XRD diffractograms in Figure 50.

Figure 50: SEM images with inset XRD diffractograms of TiO, nanoparticles prior to and after
the hydrothermal synthesis. (a) SEM image of the precursor TiO, nanoparticles used to perform
the hydrothermal synthesis. The precursor TiO, particles are polycrystalline in nature. (b) SEM
image of the monocrystalline TiO, nanoparticles as-prepared with the hydrothermal synthesis.

The inset XRD diffractograms in Figure 50 correspond to the anatase crystal structure
which was confirmed using the ’Database of Raman spectroscopy, X-ray diffraction and
chemistry data for minerals’’ [200]. The XRD diffractograms differ in peak width which
is contributed to the difference in respective crystallite sizes. The HTS prepared anatase
particles are monocrystalline and the XRD diffractogram peaks are consequently
narrower than with the precursor (polycrystalline) anatase.

The obtained anatase nanoparticles were additionally observed by TEM. As can be
seen from the HRTEM image (Figure 51), the TiO, nanoparticles are nearly spherical and
are highly crystalline with no visible surface amorphous films.
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Figure 51: HRTEM image of anatase nanoparticles as-prepared with the hydrothermal method.

The monocrystalline anatase nanoparticles produced using the hydrothermal reaction
are named type C nanoparticles throughout the thesis.
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4.1.4 Synthesis methods summary
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For the summary of the reaction synthesis methods used to prepare TiO, nanoparticles,
the most important reaction parameters and the TiO, nanoparticle characteristics are given
in Table 8.

Table 8: Summary for the synthesis methods used to produce TiO, nanoparticles, the main

reaction parameters and the most important nanoparticle characteristics.

Synthesis

Reaction Reaction TiO, . L
el temperature | medium pH | concentration R_e SEH9]] Crystal Crystalliteisize / Crystallinity
Precursor , time/h structure nm
/°C value range / g/L
type
Sol-gel 5 (Rutile)
synthesis/ A
titanyl <100 <1 24 — 130 <3 A+R ) ) Polycrystalline
sulphate R Anisotropic
solution morphology
Gel-sol
synthesis/
metatitanic 5 (Anatase)
acid + <100 <1 10 —500 <3 A . Polycrystalline
BaCl,(aq) Spherical
morphology
Type ATiO,
nanoparticles
Gel-sol 5-10nmin
synthesis/type width and 60 —
ST1 sodium A 140 nmin
titanate <100 <1 10 — 200 <3 A+R length (Rutile) Polycrystalline
R
Type B1 TiO, Anisotropic
nanoparticles morphology
Gel-sol
synthesis/type
ST2 sodium 5 (Anatase)
titanate <100 <1 10 —200 <3 A Spherical Polycrystalline
Type B2 TiO, morphology
nanopatrticles
Hydrothermal
synthesis/gel-
sol derived
anatase 10-24 30 (Anatase)
nanoparticles (dependent
in nbeut_ral - 120 — 240 9-12 10—-50 on the HTS A Spherical Monocrystalline
asic
temperature) morphology

suspensions

Type C TiO,
nanoparticles
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4.2 Photovoltaic applications of TiO, nanoparticles

4.2.1 Measurements of the photocatalytic activity of synthesized TiO,
nanoparticles

The photocatalytic activity of TiO, nanoparticles was determined at the University of
Nova Gorica (UNG). The photocatalytic activity of the TiO, nanoparticles had to be
determined to choose the material that would be most appropriate to prepare the final
photocatalytically active coatings.

The photocatalytic activity of TiO, nanoparticles was determined for the following
types:
type A TiO;
type B1 TiO,
type B2 TiO,
type C TiO;

Types A and B2 do not differ much in the basic particle properties (crystallinity,
morphology, particle size). Nevertheless, the type A TiO, was found to be easily
engineered when it comes to particle size, giving it an advantage when it comes to
material properties variability. Also, the type C anatase is very interesting as a possible
high-performance photocatalyst, since it is in monocrystalline form. This is beneficial
since exciton recombination reactions are hindered when compared to the polycrystalline
type (A and B2) [165-168]. Although rutile is known to be a less potent photocatalyst
than anatase, the rutile nanoparticles show promise with the photocatalysis application
since they absorb UV radiation at a higher wavelength. From the two rutile types that we
successfully synthesized, only type B1 was studied for its photocatalytic performance.
The sol-gel synthesized rutile nanoparticles were excluded from the photocatalytic
activity measurements. The decision was based on the fact that the gel-sol synthesis
produces smaller rutile nanoparticles, which should be better photocatalysts because of
their higher specific surface.

4.2.1.1 Measurement of photocatalytic activity of type A and B2 anatase
nanoparticles

Type A and B2 anatase nanoparticles do not differ significantly in their characteristics.
Furthermore, type A and B2 nanoparticles both originate from the same precursor
(metatitanic acid) and the difference between the two types is only in the synthesis
method with which we produce a well-dispersed nanoparticle suspension. Therefore, type
A and B2 anatase nanoparticles were tested for their photocatalytic activity in parallel and
compared for their respective results. The results of the photocatalytic activity of type A
and B2 anatase nanoparticles are shown in Figure 52 and were determined by the
quantitative method of the organic TPA (terephthalic acid) layer decomposition into
HTPA (hydroxyterephthalic acid) [191]. The type A and B2 anatase suspensions were set
to a 100 g/L concentration prior to performing the measurement.
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Figure 52: Photocatalytic activity of type A (UNG 18) and type B2 (UNG 20) anatase
nanoparticles as determined by the quantitative method of HTPA formation rate.

As is seen from the observed HTPA formation rate (k1 value), the type A
nanoparticles (UNG 18) show a slightly higher photocatalytic activity (higher k1 value)
than the type B2 anatase nanoparticles. The difference in the photocatalytic activity is
small, which is reasonable since the respective particle characteristics do not differ
significantly if at all. It has to be stressed, that the two samples (UNG 18 and UNG 20)
were prepared with the same metatitanic acid type and therefore do not differ in
nanoparticle size. The difference between the two types is mainly in the final
suspension’s chemical composition.

4.2.1.2 Measurement of photocatalytic activity of type B1 rutile nanoparticles

Figure 53 shows photocatalytic activity measurements for type B1 rutile nanoparticles
having different size particles. The type B1 rutile suspensions were set to 100 g/L
concentration prior to performing the measurement.
The following type B1 rutile nanoparticles were analysed:
e Susp 29 — synthesized at 70 g/L HCI concentration
Susp 30 — synthesized at 90 g/L HCI concentration
Susp 31 — synthesized at 110 g/L HCI concentration
Susp 32 — synthesized at 130 g/L HCI concentration
Susp 33 — synthesized at 150 g/L HCI concentration
Susp 34 — synthesized at 70 g/L HCI concentration and NaCl molar
concentration 1.5 M
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Figure 53: Photocatalytic activity of type B1 rutile nanoparticles as determined by the
quantitative method of HTPA formation rate. (a) Photocatalytic activity of rutile nanoparticles
Susp 29. (b) Photocatalytic activity of rutile nanoparticles Susp 30 and Susp 31, respectively. (c)
Photocatalytic activity of rutile nanoparticles Susp 32, Susp 33 and Susp 34, respectively.

As can be seen from Figure 53 the rutile nanoparticles differ in their respective
photocatalytic activities. The difference in photocatalytic activities could arise due to
different rutile particle sizes. Consequently, the specific surface area can change
considerably from one rutile particle size to another, which affects the overall
photocatalytic performance.

But when compared to the photocatalytic activity of type A and B2 anatase
nanoparticles, rutile nanoparticles show considerably lower activities. This is in
accordance with previous studies and is based on the many differences in the physical
characteristics between anatase and rutile.

4.2.1.3 Measurement of photocatalytic activity of type C anatase
nanoparticles

Figure 54 shows the photocatalytic activity measurements for type C anatase
nanoparticles prepared with the hydrothermal method. The TiO, nanoparticles in
precursor suspensions were stabilized with 10, 15 and 20 % of NasP3;0;, dispersant so as
to prevent their agglomeration during pH value adjustment. The type C anatase
suspensions were set to a 100 g/L concentration prior to performing the measurement.
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Figure 54: Photocatalytic activity of type C anatase nanoparticles as determined by the
guantitative method of HTPA formation rate.

As can be seen from the photocatalysis measurements presented in Figure 54, the
monocrystalline anatase nanoparticles seem to have a rather low photocatalytic activity
when compared to types A and B2 anatase or even when compared to type B1 rutile.

There are several possible reasons. As was already stated, the performance of a TiO,
photocatalyst is mainly determined by the processes of impurity adsorption and charge
separation. Since a rather large amount of the dispersant was used, it is plausible that a
great deal of TiO, adsorption sites may be occupied and thus the photocatalyst performs
worse than expected. Even though the monocrystalline TiO, nanoparticles have been
washed extensively after the hydrothermal reaction by centrifugation cycles, the
dispersant cannot be removed entirely. This is confirmed with the observed differences in
the photocatalytic activity of the monocrystalline nanoparticles that were stabilized with
different amounts of the dispersing agent. It seems that the adsorption of the organic
pollutant, the TPA, is hindered by the dispersant, which lowers the overall activity. If the
dispersing agent could be removed entirely by centrifuging, then there would probably be
none of the observed differences in photocatalytic activity.

Furthermore, as was also noted, there is still some discrepancy as to which TiO;
properties are the most important in promoting (or hindering) the photocatalytic activity.
The monocrystalline TiO, form could be more appropriate since the exciton
recombination rate is lower [165]. Also, the bandgap value of the monocrystalline TiO;
form is smaller than with a TiO, photocatalyst with very small crystallite sizes where a
bandgap shift, AEy, is observed [175, 176]. On the other hand, the charge carriers can
migrate more easily onto the surface and access charge-trapping sites in smaller particles
rather than in larger ones [166].

Overall, our results show that the rate of organic pollutant adsorption could be the
photocatalytic efficiency-determining parameter, since the observed difference in
activities of type A, B2 and type C anatase can hardly be attributed to charge-separation
dynamics.

Of the TiO, nanoparticles that were tested the most active photocatalyst seems to be the
type A and B2 anatase nanoparticles. Because there is really no significant difference in
their respective characteristics since both types emanate from the same precursor
(metatitanic acid), there was no preference to choose one type over the other.
Nevertheless, we decided to prepare the final photocatalytically active coatings using type
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A anatase nanoparticles. The type A anatase nanoparticles were prepared using different
metatitanic acid types. The difference in metatitanic acid types is in the anatase
nanoparticle size, which arises due to different anatase seeding volumes in the course of
its synthesis. By using different size type A anatase nanoparticles in the final coatings, we
tried to determine the optimal nanoparticle size that is best suited for the application.

4.2.2 Photocatalytic coatings for Si solar modules

The photocatalytic coatings were prepared at UNG using the A type anatase
nanoparticles. The coatings were prepared using a wet chemical method [190]. The
coating was applied onto glass substrates and as well as onto commercially available Si
solar modules in order to test the possibility of retaining long-term efficiency due to the
ability of the coating to photocatalytically decompose organic matter and to enable
rinsing off of any inorganic particles. The glass substrates and the solar modules were
tested under various weather conditions.

Figure 55: Si solar modules and glass substrates that were used to determine the photocatalytic
activity of the coatings.

Since the surface of the glass substrate and Si modules is quite large and since the
glass itself is tempered, only the contact angle measurements were performed to
determine the initial photocatalytic activity of the coatings.

The photocatalytic activity of the coatings was determined on glass substrates first.
The coatings on glass substrates were prepared using type A anatase nanoparticles that
differ in their respective sizes.

The following coatings were prepared:

e NTil, and both NTi2 and NTi3, were prepared with anatase nanoparticles
synthesized with a seeding volume of 0.3 and 0.6 %, respectively. No additional
thermal treatment of the coating was applied.

e NTi4, NTi5 and NTi6 were prepared with anatase nanoparticles synthesized with
a seeding volume of 1.8 and 0.6 % and 0.3 %, respectively, and were used to test
the effect of the particle size on the photocatalytic activity of the final coating. The
three coating types were also thermally treated at 450 °C (30 min) to achieve a
good adhesion on the glass substrate.

Figure 56 shows that the samples NTil and NTi2 decompose the methyl stearate test

pollutant rapidly, since the water contact angle fell after less than one hour of UVA
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irradiation from the initial hydrophobic value, characteristic for the fatty deposit, to the
final hydrophilic value, characteristic for clean and hydroxylated TiO,. The sample
coating NTil performed slightly better than the sample coating NTi2, which can be
attributed to the fact that the layer thickness differs for the two samples. This could be due
to the fact that the anatase nanoparticles differ in size since they were prepared using 0.3
and 0.6 % seeding volume, respectively. However, the difference in layer thickness was
not examined. The slight difference in the photocatalytic activity of the NTil and NTi2
coatings could also be a direct result of the fact that anatase nanoparticles differ in size.
The anatase nanoparticles used for the NTil coating are depicted in Figure 26 (d), the
anatase nanoparticles used for NTi2 coating in Figure 26 (c). Our results indicate that the
anatase nanoparticles depicted in Figure 26 (d) could be slightly more photocatalytically
active than the anatase nanoparticles depicted in Figure 26 (c). However, raw anatase
nanoparticles were not analysed for their photocatalytic activity and therefore the
difference in the photocatalytic activity for the NTil and NTi2 coating cannot be
adequately addressed. Sample coating NTi3 performed worse even though the coatings
were additionally thermally treated in order to enhance the particle crystallinity and
adhesion to the substrate. Such worsening in performance can be attributed to the fact that
a thermal treatment was used. It is possible that during the treatment the nanoparticles
present in the coating became larger due to sintering, which lowered their specific surface
and consequently the photocatalytic activity of the coating as a whole. Since anatase
nanoparticles are well crystallised at the beginning, the thermal treatment does not
contribute to their crystallinity and thus does not enhance it.

120+ # N-Ti1 (anatase, 10 cm/min, dried at room temperature)
i 2 N-Ti2 (anatase, 7 cm/min, dried at room temperature)
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Figure 56: Contact-angle measurements for self-cleaning coatings prepared from anatase
nanoparticles presented in Figure 26 (c) using a soft-chemical method. Water contact angles were
measured after different times of irradiation of the coatings covered by methyl stearate layer.

As one can see (Figure 57) the photocatalytic activity of the anatase nanoparticles
depends greatly on the synthesis procedure, i.e., on the seeding volume used for the
secondary nucleation during the nanoparticle synthesis. Although the nanoparticles
synthesized using the 1.8 % seeding volume (NTi4 coating) are smaller in size and thus
have a greater specific surface, they performed worse in comparison to the nanoparticles
that were synthesized using the 0.6 % seeding volume (NTi5 coating). This can be
explained by the fact that the hydrolysis and polycondensation reactions during the
synthesis are carried out more rapidly when using a greater seeding volume, which
consequently influences the overall crystallinity of the final product. Since the
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hydrolysis/polycondensation reactions were very fast when the 1.8 % seeding volume was
used, it can be assumed that the product crystallinity is worse since the kinetics of the
reaction do not allow the crystal structure to be fully developed during the synthesis.
Therefore, smaller seeding volumes are necessary and provide a better nanoparticulate
anatase, which is suitable for self-cleaning applications. However, it seems that a smaller
seeding volume of 0.3 % produces a photocatalytically more active anatase than the 0.6 %
seeding volume since the NTi6 coating (anatase prepared with 0.3 % seeding volume)
performs better than the NTi5 coating (anatase prepared with 0.6 % seeding volume).

—— N-Ti4 (1.8 % seeding volume, dried at 450 °C)
100 ~ —"— N-Ti5 (0.6 % seeding volume, dried at 450 °C)
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Figure 57: Contact-angle measurements for different coatings prepared from anatase
nanoparticles using a soft-chemical method. The anatase nanoparticles were prepared using
different seeding volumes during the synthesis and therefore differ in size. Water contact angles
were measured after different times of irradiation of the coatings covered by the methyl stearate
layer.

To prepare the final coatings only type A anatase nanoparticles prepared with 0.3 %
seeding volume were used. The coatings were not additionally thermally treated.
A measurement of the photocatalytic activity of the coating on a glass substrate is shown
in Figure 58.
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Figure 58: Photocatalytic activity of the coating prepared with type A anatase nanoparticles (0.3
% seeding volume). The coating was not thermally treated.

As can be seen from Figure 58, the coating prepared using the A anatase nanoparticles
is effective in the decomposition of methyl stearate. It is as effective and even slightly
more effective, than the coating prepared using TiO, nanoparticles synthesised with a
reflux acidic method developed at UNG [190]. The latter coating was made for a
comparison of the photocatalytic activity between the two TiO; types.

The superhydrophilic effect (PSH) of the coating was not quantitatively measured, but
was nevertheless observed on the glass substrates. The PSH effect of the photocatalytic
coatings is shown in Figure 59.

Figure 59: Glass substrates treated with self-cleaning coating and placed in real-life
environmental conditions (a). The coatings exhibit the super-hydrophilic effect, which is depicted
clearly in image (b), where a clear distinction between the treated (super-hydrophilic) and
untreated (water droplets) surface is shown.

Since the TiO, coatings exhibited both the photocatalytic activity and the
superhydrophilic effect (PSH), it is reasonable to expect that the coatings would remove
possible organic and inorganic pollutants that could soil the substrate surfaces. This is
why we followed the time dependence of the efficiency of the Si solar modules in order to
determine whether the coating would help in sustaining the initial light-to-electricity
conversion efficiencies over a long period of time. The short time response of the Si solar
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modules (one with and one without the TiO, coating) under real weather conditions is
shown in Figure 60.
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Figure 60: PV module current output for the coated and the uncoated Si solar module on
21.3.2011. The coated PV module is presented by the red curve (PV1), while the uncoated PV
module is presented by the black curve (PV2).

As can be seen in Figure 60, there is no observable difference in the light-to-electricity
conversion between the uncoated (PV1) and the TiO, coated (PV2) Si modules. Although
the coated module could have a slightly lesser efficiency than the uncoated module due to
TiO, UV light absorption, the latter effect seems to be hindered by the mere fact that the
amount of UV light in the sunlight spectra is insignificant compared to the amount of the
visible light spectra.

The measuring of the light-to-electricity conversion efficiency was also done over a
longer period of time. After about two months, the difference in the electricity output for
the two Si modules was as shown in Figure 61.
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module is presented by the black curve (PV2).
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It can be seen that the difference in electricity production output was still quite small,
which was surprising since the testing environment was subjected to real-life changes in
weather and to possible dusting and soiling.

The lack of a more significant difference in the electricity production output
measurement between the modules could be due to too a small sensitivity of the
measuring technique or, on the other hand, due to the coating itself, which could lose its
initial PSH and photocatalytic activity.

The latter was tested by performing tests for photocatalytic performance measurements
using the resazurin dye. The dye was stained onto the coated glass substrates which were
subjected to the same conditions as the solar modules. If the TiO, coating was to lose its
activity or was even mechanically washed away due to improper and inadequate
adhesion, the resazurin dye would not decompose and no observable change in colour
would occur (Figure 62).
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Figure 62: The resazurin decomposition test after (a) 0 min, (b) 2.5 min, (¢) 5 min, (d) 7.5 min, ()
12.5 min and (f) 20 min. As can be seen, the resazurin dye decomposes when UV illumination is
applied, which clearly indicates that the TiO, layer remained active and mechanically stable.

As seen from Figure 62, the resazurin test confirmed that the TiO, coating was still
present and photocatalytically active after two months of exposure to real-life weather
conditions. The presence of the TiO, coating was additionally confirmed by SEM of the
glass surface (Figure 63).

Figure 63: SEM image of the photocatalytic coating on the glass substrate surface.

Since the TiO, coating retained its photocatalytic activity the main reason for the
similar efficiencies of the Si solar modules were attributed to the loss of the
superhydrophilic effect (PSH) of the coating. Indeed, as can be seen from Figure 64, the
PSH effect of the coating cannot be observed after a prolonged period of time, or, at best,
it is only slightly observable.
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Figure 64: Glass surface after two months exposure to real-life environmental conditions. The
PSH effect of the coated side is not observable. The coated and the uncoated side of the glass
substrate look almost the same.

The reason for the loss of the PSH effect is unclear, but it could be due to the specific
composition of the final coating. Especially silica (SiO,), which is present in the coating,
may affect the PSH. Therefore, we conclude that further tests have to be performed, i.e.
by varying the initial coating composition and by performing long-term exposure to real-
life weather conditions. These are currently under way and will hopefully prove the
coating to be both photocatalytically active and able to retain the PSH, which could prove
to be beneficial for the proposed Si modules’ long-term electrical output increase.

4.2.3 TiO, photoanodes for dye-sensitized solar cells (DSSCs)

The DSSC were made using commercially available components (Solaronix). The TiO,
paste is the only component that was not purchased and was the focus of our research.
The goal of our activities was to develop a TiO; paste using TiO, nanoparticles that were
synthesized during the course of the thesis.

The choice of the TiO, type that would be used for the TiO, paste preparation was
made based on a literature review. The preferred TiO, crystal structure for DSSC is
anatase since it has a larger bandgap and a higher conduction band edge energy, which
overall leads to a higher Fermi level and photovoltage [203]. Anatase nanoparticles that
were so far tested for DSSC have been synthesized using various methods. For instance,
the sol-gel method was also used [141, 142]. But in this case a post-thermal treatment was
necessary in order to obtain a monocrystalline TiO, product. Monocrystallinity of the
TiO, nanoparticles seems to be a prerequisite in DSSCs. This can understood on the basis
of the processes occurring during DSSC work action. One of the most important features
of the DSSC TiO; photoanode is the transportation of electrons upon light absorption and
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charge separation. The electrons can migrate through the TiO, film only if the
nanoparticles are well-interconnected and have a suitable electronic structure. This means
that defects in the nanoparticle structure, such as grain boundaries, should be absent
[204].

Therefore, only type C monocrystalline anatase nanoparticles were used to prepare the
TiO, paste. TiO; paste preparation was based on the Pechini method [146]. The Pechini
method is suitable because of its many benefits, namely, it is based on relatively cheap
materials, it provides easy handling and it allows the use of water-based TiO; slurries.
Type C TiO; nanoparticles also resemble the P25 TiO, (Evonik, Germany). This is
advantageous since P25 is known to be a standard material for DSSC paste preparation.
The comparison between P25 and C type monocrystalline anatase nanoparticles is
provided in Figure 65.

Figure 65: TEM images of P25 and C type monocrystalline anatase nanoparticles. (a) Low-
magnification TEM image of P25 nanoparticles. (b) HRTEM image of P25 nanoparticles. (c)
Low-magnification TEM image of C type anatase nanoparticles. (d) HRTEM image of C type
anatase nanoparticles.

The TiO, pastes were made as described in the Materials and Methods section, with
the polyester being prepared by varying the molar concentrations of metal alkoxide/titanyl
sulphate : citric acid : ethylene glycol between 0.5 — 1.5x : 5x : 20x, where X represents a
chosen molar amount of any of the components. The molar ratio of the metal
alkoxide/titanyl sulphate and TiO, nanoparticles added was 1:7.

The results of the efficiencies for the final DSSCs using type C monocrystalline
nanoparticles and P25 nanoparticles are given in Table 9. A commercially available TiO,
paste (Solaronix) was also used in order to compare the efficiencies of the final DSSCs.
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Table 9: DSSC efficiencies for TiO, pastes prepared by the Pechini method. The pastes were made

using

type C monocrystalline anatase nanoparticles and commercially available P25

nanoparticles. The TiO, paste was prepared using either titanyl sulphate (TS) or titanium
tetraisopropoxide (TTIP).

Metal
alkoxidef/titanyl Jsc/ Fill factor / ..
SEMIE sulphate : citric Z\cid VB mA/cm? % SR Y
: ethylene glycol
DSSC 109 1x:5x:20x /TS 0.601931 | 1.94861 58.1118 0.6305
DSSC 110 1x:5x:20x /TS 0.612859 | 0.560472 63.3018 0.2184
DSSC 111 0,5x:5x:20x/TS | 0.693819 | 1.138653 54.7069 0.4341
DSSC 112 1,5x:5x:20x /TS | 0.658409 | 3.775499 60.7845 1.5175
DSSC 114/ P25 1x:5x:20x /TS 0.60591 | 0.618725 37.3003 0.1404
DSSC 115/P25 | 0,5x:5x:20x/TS | 0.678028 | 1.003736 54.1288 0.37
DSSC 116 /P25 | 1,5x:5x:20x/TS | 0.605075 | 0.91175 49.7774 0.2758
DSSC 117 /P25 | 1x:5x:20x/TTIP | 0.768716 | 5.320565 56.66 2.33
DSSC 120 I1x:5x:20x/TTIP | 0.703125 | 4.808253 64.03 2.17
DSSC 124 I1x:5x:20x/ TTIP | 0.733496 | 2.225821 67.1039 1.1003
DSSC 125 1.5x:5x:20x/TTIP | 0.71553 | 2.884117 67.4928 1.3988
DSSC 126 1.5x:5x:20x / TTIP | 0.682484 | 2.959036 50.8717 1.0318
DSSC 127 1.5x:5x:20x/TTIP | 0.699051 | 2.86989 50.3183 1.0138
DSSC 133 1.5x:5x:20x / TTIP | 0.721223 | 4.408249 59.0094 1.8842
DSSC 134 1.5x:5x:20x/TTIP | 0.701727 | 3.353797 54.354 1.2847
DSSC 135 1.5x:5x:20x/TTIP | 0.71337 3.9367 58.4368 1.6482
DSSC 136 I1x:5x:20x /TTIP | 0.736609 | 2.70686 59.9795 1.2011
DSSC 137 1.5x:5x:20x/TTIP | 0.649068 | 2.029338 63.5427 0.8406
DSSC 138 1.5x:5x:20x /TTIP | 0.42756 | 0.350249 58.8158 0.0885
DSSC 139 1.5x:5x:20x/TTIP | 0.748709 | 3.701257 59.7528 1.663
DSSC 140 1x:5x:20x/TTIP | 0.755152 | 4.109703 56.841 1.7717
DSSC 142 I1x:5x:20x/TTIP | 0.781797 | 4.401761 62.1186 2.1469
Solaronix UNKNOWN
TiOpaste COMPOSITION 0.652395 | 9.585902 59.16 3.72

Based on the results given in Table 9, we can make the following conclusions:

the titanyl sulphate may be used as a substitute for metal alkoxide (titanium
isopropoxide), but seems to perform worse. This may be due to its chemical
composition (sulphuric acid present, high ion concentration).

the composition of the polyester influences the final efficiency. This may be due
to TiO, nanoparticle characteristics, namely the specific surface area. The metal
alkoxide must be added in an optimal amount regarding the surface area of the
TiO, nanoparticles in the paste. If small nanoparticles are used, then the amount of
the added metal alkoxide must be higher and vice versa. Based on the results it
seems that an increase in the alkoxide amount increases the overall DSSC
efficiency.

the difference in efficiencies between the type C and P25, a commercially
available product known for its high degree of surface purity, is only slight. This
may be a confirmation that the C type TiO, nanoparticles are appropriate for
DSSC TiO; paste preparation.
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The DSSC photoanodes prepared with the above mentioned TiO, pastes were also
investigated with SEM to determine their porosity, photoanode thickness and particle
agglomeration.

It was observed that the photoanodes differ significantly in some of their properties. A
low magnification SEM analysis revealed that some photoanodes form a uniform layer,
while some seem to exhibit cracking. The difference between the two cases is shown in
Figure 66.

(@)

Figure 66: SEM image of photoanode surface. (a) Low-magnification SEM image of a
photoanode surface which shows no cracking. (b) Low-magnification SEM image of a
photoanode surface which shows surface cracking.

The cracking of some DSSC photoanodes could be a reason for the observed
differences in DSSC efficiencies. The cracking may be the result of a specific TiO, paste
composition. It is possible that the high water content (more than 50 % in the TiO; slurry)
may disturb the process of film formation during the thermal treatment. This is why we
could successfully prepare only relatively thin photoanodes. As is seen in Figure 67, the
average photoanode film thickness that exhibited no cracking is of the order of 1 — 3
microns, which is less than optimal [203].

Figure 67: SEM image of a typical photoanode prepared with the Pechini method.

It seems that both, film cracking and low photoanode thickness could lower the final
DSSC efficiencies considerably. However, the two problems should be addressed more
thoroughly in the future. If they are appropriately solved, DSSC efficiencies using TiO,
pastes based on type C anatase nanoparticles could be much higher.
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5 Conclusions

The thesis is a summation of the work done in three different areas, namely TiO,
nanoparticle synthesis and the development of two TiO,-based applications in the field of
photovoltaics.

The synthesis of TiO, nanoparticles was done using materials from the established
Sulphate process of TiO, pigment production. The synthesis methods were focused on the
development of water-based chemical methods with which we may not only suitably
determine the material properties (particle size, crystal structure, morphology,
crystallinity), but also avoid any post-reaction thermal treatment, which inherently leads
to nanoparticle agglomeration, energy consummation and dusting. Out of the possible
synthesis methods, three were chosen to be researched, namely the sol-gel method, the
gel-sol method and the hydrothermal method. The synthesis type employed was mainly
dependent on the material used as a precursor and on the basis of predefining the final
TiO, properties. Three distinctive materials were used in order to develop nano-TiOg,
which are titanyl sulphate, metatitanic acid and sodium titanate. It has to be noted that the
metatitanic acid was used to prepare the titanyl sulphate solution and the sodium titanate
precursor.

Using the three material precursors and the above-mentioned synthesis methods, five
different methods were implemented.

The sol-gel method in which titanyl sulphate was used as the starting material. The
method was used successfully and enabled the production of polycrystalline nano-TiO;
with the rutile crystal structure. Furthermore, the sol-gel method allows control over the
particle size and morphology, which may be accomplished by controlling the
supersaturation and by adding a small amount of rutile nanoparticles as seeds,
respectively.

The gel-sol method has proven more successful, since three synthesis methods
were successfully developed. It must be pointed out that the first synthesis approach is
based on a simple ionic reaction between sulphate ions present in the metatitanic acid and
a barium chloride solution, which may not be regarded as a classical gel-sol reaction,
since none of the complex reactions of hydrolysis/polycondensation/deoxolation occur.
Nevertheless, the metatitanic acid itself is the result of complex sol-gel reactions that take
place during the course of its preparation, resulting in a highly viscous gel, which upon
barium chloride addition is converted into a very stable nanoparticle suspension (sol
phase). In this regard we discussed the synthesis method of a gel-sol type. One main
feature of this synthesis method is the possibility to predefine the nanoparticle size. This
may be done in the course of metatitanic acid preparation. Based on a specific amount of
the anatase seeds added in the course of metatitanic acid preparation, the formed particles
may vary in size. It was discovered that the seed inoculation volume is the most important
size-determining parameter which allows the production of anatase nanoparticles ranging
in size from 30 to 90 nm. This method allows the production of anatase nanoparticles
only, since the material crystal structure is already predefined with metatitanic acid.

The other approach of gel-sol synthesis was based on using sodium titanate as the
precursor. Two sodium titanate types were used. It was shown that the sodium titanate
type importantly determines the final material properties, most significantly, the crystal
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structure of TiO, nanoparticles. Therefore, both sodium titanate types were individually
used to produce a phase-pure rutile and anatase nanoparticles. In the case of rutile
nanoparticles, a simple method was also developed that allows size-tailoring. Therefore,
rutile nanoparticles with anisotropic morphology were prepared ranging in size from 60 to
160 nm in length and 15 to 50 nm in width. Anatase nanoparticles, on the other hand,
were prepared with spherical morphology with a narrow size distribution and an average
particle size of about 40 — 50 nm. Anatase nanoparticles are the same as the ones
produced by a direct ionic reaction using metatitanic acid. This is because the final
anatase nanoparticles are predefined with the metatitanic acid type used in the following
synthesis reactions.

All of the gel-sol-prepared TiO, nanoparticles are polycrystalline.

The hydrothermal method was used to prepare the so-called monocrystalline nano-
TiO, form by employing a stable basic suspension of polycrystalline TiO, nanoparticles.
In order to perform the hydrothermal synthesis we first had to stabilize the acidic
nanoparticle suspension. This was done to avoid undesired nanoparticle agglomeration.
For this purpose, various dispersants were tested, but sodium polyfosfate has shown to be
the most convenient. After successful nanoparticle stabilization and neutralization to an
appropriate pH value, the hydrothermal synthesis was performed using relatively low
temperatures (240°C) and relatively short reaction times (10h). The hydrothermal method
enabled the production of a narrow-size monocrystalline anatase material, resembling the
commercially available P25 TiO,. The size of the anatase nanoparticles produced is
about 30 nm and they have a spherical morphology.

The materials produced were critically evaluated in order to determine the best
possible type for the photocatalytically-active coating preparation and DSSCs,
respectively. For the preparation of photocatalytically-active coatings, we have chosen to
use the polycrystalline anatase nanoparticles prepared by the gel-sol method using
metatitanic acid as the precursor. For the DSSC photoanode preparation, monocrystalline
anatase nanoparticles were employed.

The photocatalytically-active coatings were produced at the University of Nova Gorica
and were tested in real-life conditions. The focus of the coatings’ use was to determine
any positive effects regarding the possibility of sustaining the light-to-electricity
conversion efficiencies for commercially available Si solar modules. The sustainment of
the light-to-electricity conversion efficiency could arise from the photocatalytic effect and
as a result of the photo-induced superhydrophilicity (PSH) of the coating. The coatings
exhibited both effects initially, while, after a few months of testing, the PSH seems to
disappear completely. Nevertheless, the coatings show promise in providing a way for
self-cleaning applications. The use of these coatings on Si solar modules is just one of the
vast number of possible uses. Therefore, future research is essential.

The DSSC photoanodes were prepared using the Pechini method. Various
monocrystalline TiO, types were tested, the difference between them being the amount of
the dispersant used prior to hydrothermal synthesis. As a reference material, P25 TiO,
was used in paste preparation. Also, commercially available TiO, pastes were tested. It
was determined that the Pechini method is a suitable method for paste preparation,
although some problems are still not solved, especially the photoanode thickness
limitation, which probably arises due to specific TiO, paste composition (water content).
In addition, it was proven that the monocrystalline TiO, prepared by the hydrothermal
method is comparable to P25 in the final DSSC efficiency. The final DSSC efficiencies
we achieved ranged from 0.5 to 2.3 %.

Overall, it can be concluded that TiO, nanoparticles may be produced using industrial-
scale production materials which may be important for a possible scale-up production.
Furthermore, the research on the two applications, the photocatalytic coatings and the
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DSSCs, has shown that the materials produced are well-suited for both. Also, since the
mechanisms of nanoparticle formation have also been devised and property-determining
parameters successfully revealed, it is reasonable to assume that for any of the vast array
of existing nano-TiO; based applications, a suitable tailor-made TiO, material could be
engineered.
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Figure 9: Spectral responses (IPCE) of N3- and black dye sensitized TiO, solar
cells [128]. It can be clearly seen that the IPCE values of the two dyes are
very high in the visible light spectra. If we take into account all the losses due
to light adsorption, the IPCE value is near unity which means that nearly the

entire incident light is transformed into the electron flow.............cccccocoiiiins
Figure 10: Energy diagram and operating principle of a DSSC [128]. .......ccccccvvvevunnnne.
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Figure 18: Sol-gel synthesized TiO, particles prepared by using ortotitanic acid as
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Figure 22: SEM image and XRD diffractogram of rutile nanoparticles synthesized
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Figure 27: Scheme representing a possible mechanism of particle formation via
secondary nucleation using seed inoculation [189]. (a) Anatase seeds are in
agglomerate form when added into the black liquor. (b) The anatase seeds
disperse into smaller particles or even individual crystallites. (c) The
dispersed anatase seeds act as centres for nucleation of the newly formed
nanoparticles. Nanoparticles formed are aggregates of smaller crystallites. (d)

The nanoparticles (aggregates) form the metatitanic acid via sulphate ion
0 [0 o T= TSSO SUROUPS SRS 68
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Figure 29: TEM image and XRD diffractogram of polycrystalline anatase
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