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ABSTRACT

The current environmental crisis and increasing demand for fuels represent a problem in energy
production. Indeed, all over the world, many policies are being implemented to aim at the
decarbonisation of the energetic sector by introducing sustainable and renewable sources of
energy. In this perspective, Hz plays a fundamental role since it may be used in transports and
power generation. Photocatalytic reactions represent one of the alternatives to produce
sustainable Ho, as solar energy is converted into chemical energy. To perform these reactions,
a semiconductor is needed and titanium dioxide is a suitable material to be employed, also
considering its great morphological, chemical and optical properties, especially when its
particles are in the nano-dimensions.

A way to synthesise titania nanoparticles consists in the exploitation of microemulsions (ME),
which are dynamic systems that can act as nanoreactors. The ME synthetic route allows a
certain flexibility of the reaction parameters, which permits a fine tuning of the final properties
of the titania nanoparticles. In this work, the standard (STD) ME synthesis, developed in
previous studies, is revised by introducing some modifications in the hydrolysis and heating
time, in the type of acid used and with the addition of a ME containing a base. In the latter case,
the neutralization is achieved with ammonium hydroxide (NH4sOH) or sodium hydroxide
(NaOH) and it permits a better control on the final characteristics of the titania nanoparticles.
By implementing these modifications, it was possible to synthesise TiO2 samples with better
properties than the STD titania sample, namely a lower bulk density and a higher surface area.
In addition to that, titania particles were obtained in nanoscale dimension and the utilization of
NH4OH with a base/acid ratio (molar) higher than 0.7 allowed to synthesise just the anatase
polymorph of titania. If a longer stirring time was used or if HCI was employed rather than
HNOs, also the rutile crystalline phase of titania formed as the only polymorph. On the other
hand, the presence of NaOH resulted in the synthesis of an anatase and rutile mixture.

Then, the TiO2 samples with the best characteristics were tested in the glycerol photo reforming
reaction, since this substrate is obtained in huge amounts as a by-product from biodiesel
production. The photoactivity of the bare TiO2 supports is expressed as Hz productivity (pmol
H2/gcatayst/n). The sample synthesised with NH4OH and a base/acid ratio of 0.7 showed the
highest value for H> productivity, even greater than the STD and commercial P-25 samples.
Moreover, in this case, glyceraldehyde and glycolaldehyde were produced as liquid products,
meaning that the decomposition of glycerol started. Conversely, using the STD sample no liquid
products have been observed, thus mainly the water splitting reaction occurred.
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RIASSUNTO

L’attuale crisi ambientale ¢ ’aumento della domanda di combustibili rappresentano un grosso
problema nell’industria di produzione energetica. L’idrogeno svolge un ruolo fondamentale
nella decarbonizzazione del settore energetico. Inoltre, le reazioni foto-cataliche rappresentano
un’alternativa promettente per produrre H» rispetto ai metodi tradizionali, poiché viene
utilizzata energia solare, poi convertita in energia chimica. Un semiconduttore & necessario per
condurre reazioni fotocatalitiche, e il biossido di titanio (TiO2) € un materiale adatto a questo
scopo date le sue ottime proprieta morfologiche, chimiche e ottiche, in particolare quando viene
utilizzato in dimensioni nanometriche. Tra i metodi per ottenere nanoparticelle di TiO2, la
sintesi per microemulsione (ME) e una valida alternativa. Le microemulsioni sono sistemi
dinamici utilizzati per la sintesi di nanoparticelle inorganiche poiché le micelle fungono da nano
reattori. La sintesi tramite ME permette una certa flessibilita nei parametri di reazione e, di
conseguenza, la variazione di alcuni parametri finali della polvere di TiOz. In questo lavoro, la
sintesi standard (STD) per microemulsione, sviluppata precedentemente in altri studi, viene
rielaborata modificando i tempi di idrolisi e riflusso, il tipo di acido utilizzato e introducendo
una ME contenente una base (idrossido di ammonio o idrossido di sodio). In quest’ultimo caso,
I’obiettivo ¢ neutralizzare 1’acido per poter controllare e modificare la proprieta finali delle
nanoparticelle di TiO.. Quindi, € stato possibile sintetizzare campioni di TiO2 con
caratteristiche migliori rispetto alla polvere STD, tra cui una maggiore area superficiale e una
minore densita apparente. Inoltre, le particelle di TiO> sono state ottenute con dimensioni
nanometriche e 1’utilizzo di NH4OH con un rapporto base/acido di 0,7 ha permesso di
sintetizzare solo la fase cristallina anatase. Al contrario, se vengono impiegati tempi di idrolisi
piu lunghi o se HCI viene usato al posto di HNOg, anche la fase cristalline del rutilo si forma.
Mentre I’utilizzo di NaOH come base per la neutralizzazione favorisce la formazione di entrami
i polimorfi. I campioni di TiO2 con le migliori proprieta sono stati testati nella reazione di foto
reforming del glicerolo, poiché questo substrato viene sintetizzato in grandi quantita come co-
prodotto nella produzione del biodiesel. L’attivita foto catalitica del TiO2 & espressa come
produttivita di Hz (umol H2/gca/h). 1l campione sintetizzato con NH4sOH e un rapporto
base/acido 0,7 ha mostrato il valore piu alto di produttivita, anche superiore rispetto al campione
STD e alla TiO2 commerciale (P-25). Inoltre, gliceraldeide e glicolaldeide sono state rilevate
tra 1 prodotti liquidi, indice dell’inizio della reazione di decomposizione del glicerolo. Al
contrario, il campione STD non presenta conversione in prodotti liquidi, quindi, in questo caso,

avviene solo la reazione di water splitting.
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1. INTRODUCTION

1.1.  Microemulsion

The term microemulsion was introduced for the first time by Schulman et al. in 19591, They
were able to synthetize a macroemulsion and then titrate it with a co-surfactant. The result was
the formation of a transparent system with a low viscosity, isotropic and thermodynamically
stable!. Moreover, spherical micro droplets with a diameter between 600 and 8000 nm were
obtained. At that time, the word “micro” was chosen to express the small dimensions achieved,
but it did not have any correlation with the actual length scale?. A microemulsion is defined by
IUPAC as a system with a diameter of the dispersed phase in the range of 1-100 nm?. The single
phase is homogeneous only at a macroscopic level, while microscopically the system is

heterogeneous.

In general, an emulsion is a dispersion formed by two immiscible phases (e.g., aqueous phase
and organic phase). In these systems, immiscible phases will tend to stay separated forming
interactions only with molecules of the same phase. The mixability can be partially reached by
stirring but the system is not stable enough, hence the droplets will coalesce forming again the
two separated phases?. If a different type of interactions is formed between the polar and non-
polar phase, it is possible to stabilize the system obtaining a single phase®. When an active
molecule, such as a surfactant, is used, it allows the mixing of the two phases®, so that the
surface tension of the two immiscible components is reduced. In this way, also the attraction
between molecules of the same component is reduced, and the two phases can interact with
each other. A surfactant is an amphiphilic molecule, meaning that it contains a hydrophobic and
hydrophilic part. This characteristic allows the formation of interactions with both phases,
reducing the superficial tension and the free energy. As the concentration of the surfactant
increases, the molecules will aggregate into self-assembled monolayers and eventually form

micelles when the critical micelles concentration (CMC point) is reached (Figure 1.1-A).
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Figure 1.1-A. Trend of the surface tension with respect to the concentration of surfactant (logarithmic scale).
Adapted from*.

Figure 1.1-B represents an example of a micelle formed within an emulsion, in particular it is
a reverse micelle. The surfactant interacts differently with the two solvents, also depending on
which of the two phases is predominant. In this case, the aqueous phase is confined as the
dispersed phase and it is surrounded by the polar part of the surfactant molecules. Conversely,
the organic solvent is the continuous phase, thus it will interact preferably with the non-polar
part of the surfactant. Therefore, the presence of the surfactant is fundamental for the formation
of a stable system composed by two immiscible phases, that otherwise would not have mixed.
Furthermore, a surfactant helps creating an adjustable micro-environment of the reaction, thus
a better control of particles growth is reached and this can lead to a higher selectivity for a

certain crystalline phase®.

Hydrocarbon
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Figure 1.1-B. Schematic representation of a micelle®.



In addition to that, a co-surfactant may be used to enhance the micelles formation. A co-
surfactant is a second surface active molecule, as the surfactant, that favours the establishment

of the nano-sized dispersed phase into the continuous phase.

1.1.1. Composition and properties

A microemulsion is a colloidal system with a high degree of dispersion and narrow dimensions
of the micelles. The diameter of the dispersed phase in a microemulsion goes from 1 to 100
nm?. As the dimensions of the micelles decrease, the polydispersity lowers as well, resulting in
better properties and wider applications®. The size of micelles can be controlled by tuning the
water-to-surfactant concentration ratio (Rw). The surfactant plays a fundamental role in the
formation of W/O or O/W emulsions as this depends on its hydrophobic/hydrophilic character.
This ratio is called hydrophilic-lipophilic balance (HBL). Consequently, surfactants with high
HBL values can be used to obtain O/W emulsions, while the ones with a low HBL are useful
to form W/O emulsion’. Moreover, the shape of the surfactant influences the type of micelle
that will form. If the surfactant as a small polar head with a branched hydrocarbons chain,
spherical reverse micelles (W/O) are obtained because the tail have a bigger steric hindrance
and so they tend to dispose on the outer surface®.

The main parameters to control in the formation of microemulsions are temperature and
composition since, unlike emulsions, microemulsions are thermodynamically stable systems
that will form spontaneously with low effort under the proper conditions®. Indeed, emulsions
are rather unstable from a thermodynamic point of view and a great amount energy is required
by the system to form and maintain their structure?. Consequently, when the composition is

appropriate, microemulsions are obtained as a transparent systems with a low viscosity?.

Microemulsions are dynamic systems where collisions among droplets occur frequently, and
this is given by the continuous Brownian motions. If these collisions are strong enough, the
external part of micelles, composed by the surfactant layer, will break permitting an inter-
micellar exchange®. So, surfactant molecules can exchange freely with others from the micelle
assembly to the bulk area, composing a dynamic system. This important property of

microemulsions can be exploited to perform confined reactions in nanoreactors.

Concerning the composition, in general a microemulsion is formed by a polar phase, a non-

polar phase, a surfactant and, sometimes, a co-surfactant!. Moreover, since a microemulsion
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contains 3 (or 4) different elements, its composition can be described by a ternary phase diagram
(Figure 1.1.1-A), as each side represents one of the components. If a co-surfactant is used, it
can be comprehended within the surfactant edge. Depending on the ratio of the various
components, the shape of the dispersed phase can change, for example forming a bicontinuous

microemulsion or cylindrical micelles®*°,

S
Surfactants + Cosurfactants

Bicontinuous
structure

Oo/wW

Qg

7N
.
N

Micellar
Solution

microemulsion

Reverse
Micellar
Solution

Microemulsion

Oil

Figure 1.1.1-A. Ternary phase diagram for a microemulsion?.

In a microemulsion, one of the two phases is present as the prevailing one, so it is called the
continuous phase, while the other one is the dispersed phase. Starting from this concept, two
types of system can be obtained. Qil-in-water emulsions (O/W) are produced when water is the
dispersed phase; while water-in-oil (W/O) emulsions are formed when water is the continuous
phase (Figure 1.1.1-B). In the latter case, the micelles are called reverse micelles and they are

particularly interesting from an industrial point of view (see Paragraph 1.1.2).
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Figure 1.1.1-B. Schematic representation of the two different types of micelles®.

1.1.2. Industrial applications of microemulsions

Since their discovery, microemulsions have been widely studied for many possible applications.
The first employments of microemulsions were in the formulation of liquid waxes and in the
field of oil enhanced recovery!!. Nowadays, one of the most important usage of microemulsions
is for the synthesis of nanoparticles. In this case, microemulsions are used as the reaction
medium due to the large and dynamic interfacial area; moreover, their micelles can be exploited
as nanoreactors to synthesis both inorganic and organic nanoparticles. In particular, the
synthesis of catalysts through ME is highly interesting because of the possibility to finely tune
the finale properties, especially the dimensions of the particles. For this purpose, W/O
emulsions are usually used since they result in better properties and performances of the
nanoparticles obtained with respect to other methods®. Another advantage of this approach is
the limitation of reagents incompatibility since, being able to interact with both phases,
microemulsions allow the use of reagents with different polarities. On the other hand, a huge
drawback in the use of W/O microemulsion is the great amount of solvents and reagents used,
which are not sustainable from an environmental point of view. Moreover, the high production
costs of the ME approach is one of the factors limiting its industrial application in the synthesis
of catalysts if compared to the more common production methods!2. Even though the synthesis
of ME is not at the industrial step yet, many researches showed the wide range of applications
for this type of catalysts, like in fuel cells**4, in partial oxidation of methanol*>® or methane!’
and in the water-gas shift reaction’®.

Another important application may be in the pharmaceutical industry, where microemulsions
may be used for drug delivery of lipophilic drugs*'. Moreover, microemulsions can be exploited
in the pesticides and antibacterial industry since they are considered to have an antimicrobial

activity as bacteria are not able to survive in an organic medium?.
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1.1.3. Utilization for the synthesis of nanomaterials

Microemulsions are promising systems to synthesise nanomaterials. First of all, micelles are
suitable to be used as nanoreactors because of the extremely large and dynamic interfacial area
that favours reactions at the nanoscale. Moreover, due to the frequent collision, also reagents in
different phases (i.e., a precursor soluble in the aqueous phase) can react forming a product that
is soluble in just one of the two phases, overcoming the limit of solvent immiscibility®. By
using this approach, it is possible to synthesise both organic and inorganic particles confined
inside the micelles of the microemulsion. Furthermore, it is possible to tune the dimensions of
the products, allowing to obtain nanoscale materials. This can be done both by tuning the Ry or
by changing the components and varying their concentration. In the former case, a lower value
of Rw corresponds to a lower concentration of water, meaning that the micelles are more packed

and thus smaller®.

Usually, W/O microemulsions are preferable to synthetise nanoparticles as the metal precursor
can be solubilized in the water pools (internal part of micelles)®. A possible route to obtain
nanoparticles is to use a metal precursor and a reductant. As shown in the scheme below (Figure
1.1.3-A), if both the metal precursor and the reductant are inserted in the form of
microemulsions, the micelles may collide, coalesce and eventually form dimers where reagents

can be exchanged or react, depending on which microemulsion they will encounter®.

Metal precursor (M) in a microemulsion

e vy i Collision and coalescence of

M ME-oPye ; \ -
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%a0 Pon® :. & s 254 4
(4 L)
_."é".’ e Exchange and reaction of contents
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Reductant (R) in a miéroemulsion

Figure 1.1.3-A. Synthesis of colloidal systems through W/O microemulsions. (a) Direct addition of the
reductant. (b) Addition of the reductant in a microemulsion®.
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Clearly, the formation of nanoparticles is a complex and multistep process that requires
collisions between micelles containing different reagents, their nucleation and growth due to
the exchange of material'®. Consequently, the probability of nucleation, the total amount of
precursor used to synthesise the nanoparticles and the relevance of particles coalescence are all
factors affecting the dimensions of the particles obtained*®.

Another parameter that influences the outcome and especially the size of nanoparticles is the
amount of surfactant used. Indeed, as its concentration increases, smaller particles are obtained
since the Rw decreases and the number of micelles rises®. Thus, the nucleation rate can be
controlled properly and the uncontrolled growth of particles is avoided. As a result, the
surfactant concentration can lead the formation of particles into smaller dimensions and also

into a more homogeneous size distribution®.

The great advantage of microemulsion exploitation for the synthesis of nanoparticles relies in
the possibility to control and modify their properties, especially the dimensions. Also, spherical
particles are usually obtained when the microemulsion technique is used, but it is not the only
determining factor. Indeed, the presence of different anions could interfere in the nanoparticle
shape depending on the type of adsorption created by the ions during the crystals growth®2°,
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1.2. Titanium dioxide
1.2.1. State of the art

Titanium dioxide, also called titania, is the natural occurring oxide of titanium? and it is part
of the transition metal oxides?. The interest in titania started to rise in 1972 when Fujishima
and Honda managed to obtain water splitting through photocatalysis on a TiO2 electrode?.
After that moment, many research groups studied titania as a catalyst in different fields, such

as organic photosynthetic reactions and lately also in heterogeneous catalysis.

Titania exists in different crystalline structures, called polymorphs. The most relevant ones are
rutile, anatase and brookite. They are all formed by TiOs octahedra linked by sharing the
octahedral edges, and the difference is in the spatial arrangements of these structures, which is
showed in Figure 1.2.1-A%,

Figure 1.2.1-A. Crystal structures of TiO2 polymorphs: (a) rutile, (b) anatase, (c) brookite?®.

The main physical, chemical and electronic characteristics of titania polymorphs are grouped
in Table 1.2.1-A.

¢ Rutile has a tetragonal structure slightly distorted and it is the thermodynamically stable
form of bulk titania®. Rutile polymorph has a band gap of 3.03 eV and it can be used
as a photocatalyst even though its activity is overall poorer with respect to anatase??.

e Anatase also has a tetragonal structure with a distortion larger than rutile. This
polymorph is usually preferred in photocatalysis since it shows higher activity in charge
carrier dynamics and in photo-degradation of organic compounds??. Moreover, it
displays better surface chemistry properties. Anatase polymorph has a band gap of 3.2
eVv.
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e Brookite has an orthorhombic structure and its band gap is 2.96 eV. Brookite and

anatase are metastable in the bulk form, but when switching to nano-dimensions they

can be stable due to their smaller surface energy?.

Crystalline phase Rutile Anatase Brookite
Band gap energy (eV) 3.2 3.03 2.96
Unit cell Tetragonal Tetragonal Orthorhombic
N°. TiO2/unit cell 2 4 8

Table 1.2.1-A. Main properties of TiO, polymorphs.

Titania has some important and useful properties that can be exploited in many industrial
applications, especially in photocatalysis. Indeed, titania is a semiconductor with a high
catalytic efficiency and great electronic, physic and chemical properties?*?2. Furthermore,
titanium dioxide is a quite cheap material and it has not toxic effects for humans or the

environment?,

1.2.2. Synthesis of titania nanoparticles via microemulsion

The synthesis of nanoparticles allows to exploit different properties respect to bulk materials.
Especially in catalysis, this has a huge relevance since surface characteristics are widely studied
and modified to obtain better and better catalysts tailored to target reactions. Lately, titania
nanoparticles have been studied for this purpose and it is well known that TiO2 is more active
in the form of nanoparticles rather than bulk powder, showing innovative optical, chemical and
electronic properties?:2224, especially when it is synthetized with dimensions below 20 nm?°.
Indeed, when moving to the nanoscale, materials show quite different properties compared to
the macroscale. Many factors depend on the size range over which they are measured, so the
surface area to volume ratio. Thus, when particles go down to the nano-dimensions, the surface
area increases while the volume lowers. The effects of a higher surface area are multiples. First,
a bigger percentage of atoms are present on the surface rather than in the bulk of the material.
This corresponds to a greater surface energy of the particles which in turn is related to an
improved reaction rate®>.

There are many synthetic routes to obtain titania nanoparticles, also enabling to control the

morphological and chemical characteristics of the final powders. In general, these factors are:
16



e Titanium precursor,
e Type and concentration of the components,
e Reaction temperature, pression and time,

e Calcination temperature and time.

Different titanium precursors can be used, both organic and inorganic. Some examples are
titanium tetrachloride, TiCls; titanium oxychloride, TiOCl, and titanium isopropoxide,
Ti[OCH(CHB3)2]4, but the most used is titanium tert-butoxide, Ti[OC(CHs3)3]a.

Moreover, the type of surfactant has an impact because it influences the Ry factor and thus the

dimensions of the titania particles, as previously mentioned (Paragraph 1.1.1).

Considering other possible components, the synthesis of titania through microemulsion is
usually performed in an acid environment and the type of acid has a relevant impact on the type
of polymorph that will be obtained. If nitric acid is used, the anatase phase will form, while
with hydrochloric acid, rutile is the main crystalline phases present in the titania powder.
Indeed, the type of anions in the solution influences the formation of the different polymorphs
of titanium dioxide. The growth of TiO: crystals is based on the orientation of the TiO¢
octahedra and it is graphically represented in Figure 1.2.2-A. If these structures will share four
edges, the development of the crystal will be along the (211) Miller index with a zigzag packing,
and the outcome will be the synthesis of anatase®®?’. Conversely, if the octahedra will share
just two edges they will form the (011) plane in a linear packing, characteristic of the rutile
polymorph??’_ In the former case, a cis coordination occurs, favouring the synthesis of the
metastable product; while in the latter case, there is a trans coordination with the formation of
the thermodynamic product, which is rather unstable under kinetic conditions. Indeed, it is
reported that for a hydrolysis step of 4 days, the rutile phase will be synthetized even by using
HNOs3, since it is the thermodynamic product and thus the octahedra have more time to

rearrange their structure?’.
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Figure 1.2.2-A. Graphic representation of the growth for titania crystals, favouring one polymorph over the
other one®,

Also, Yan et al. proposed a similar explanation for the formation of rutile and anatase when CI°
and SO4 anions were used in different percentages and led to the synthesis of titanium dioxide

with different grades of the two polymorphs?.

In this project, titanium dioxide is synthetized with a water-in-oil microemulsion (W/O ME)
using titanium tert-butoxide (TBT) as the titanium precursor. This is an organic compound that
is soluble in the organic phase composed by cyclohexane. The aqueous phase, confined within
the micelles, is acidic. Moreover, a surfactant and a co-surfactant are used to form the
microemulsion. The hydrolysis with water of the TBT component is allowed by the presence
of a flexible layer composed of the surfactant and co-surfactant and by the frequent collisions
between the micelles. So, the reactivity in the synthesis of titania via microemulsion is boosted
by the presence of a biphasic system. The mechanism of the overall reaction is presented in
Figure 1.2.2-B and it is described as follows?"?°, First, the TBT undergoes the attack of water,
which is a nucleophile, and the coordination number of titanium increases by one forming a
transition state. Then, the alkoxide can extract a hydrogen from the water molecule, becoming
a better leaving group and the starting coordination number of titanium is restored. The
hydrolysis proceeds until all the tert-butoxide groups are replaced by hydroxyl groups. The co-
product, tert-butanol, is soluble in the organic phase and so it can exit the micelles easily

through the flexible surfactant/co-surfactant layer. As soon as the hydrolysed TBT is formed,
18



two pathways are possible: the further hydrolysis or the condensation, eventually forming Ti-
O-Ti dimers or chains in both cases. It is possible to control which of the two steps will be
favoured and thus the rate of the reaction. In an acid environment, the condensation is faster
than the hydrolysis since it is more affected than the condensation reaction?’. So, by using an
acid in the aqueous phase the overall system is controlled by the condensation. Moreover, the
concentration of the acid influences the stability of the system. It is reported that, if 0.5 M HNO3
is used, a white precipitate forms, while when the concentration is increased up to 5 M the
solution is stable for a longer time?’. This can be explained by a better control of the reaction

rate since the hydrolysis is slowed down.

Nucleophylic attack
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Figure 1.2.2-B. Scheme of the mechanism for the hydrolysis with water of the TBT.
Adapted from literature®.

After this step, the TiO. particles are present as a white precipitate inside the micelles and they
need to be released. The micelles are not stable above 40°C, so it is quite easy to break them
just by heating the solution. An alternative is to centrifugate the system, so that the centrifuge
force will allow the disruption of the micelles. Some further steps are required to completely

separate the TiO2 powder from the system and obtain it in a pure form, as washing the
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precipitate with the proper solvent to remove salts and impurities created during the synthesis.
A general scheme for the microemulsion synthesis of TiO- is presented in Figure 1.2.2.-C, and

the reagents are the ones used within the project.
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Figure 1.2.2-C. General scheme for the STD synthesis of titania via microemulsion®°3*,

Eventually a heat treatment is required to transform the amorphous material into a crystalline
one. In addition to that, it helps to remove all the impurities coming from the synthesis, like co-
products or residual reagents, which occurs above 400°C?2. Calcination is usually performed
on the synthesized titania for these reasons. The heat treatment affects the morphology, porosity
and crystallinity of the powder. As the calcination time and heating rate increase, the surface
area lowers. This is a consequence of the pores collapse since the material is being transformed
from amorphous to crystalline?. In literature, it is reported that the highest surface area is
obtained when the calcination temperature is 400°C; while further increase of temperature leads
to a drop of surface area values®2. Also, the dimensions of titania particles are a function of the
calcination temperature since they tend to agglomerate as the heating temperature increases®>32,
Moreover, the titania undergoes a phase transformation from anatase to rutile, which is reported
to start around 600-700°C and it is completed above 900°C3334 Considering all these

information, in this project the microemulsion-synthesised titania is dried at 100°C and then
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calcined at 400°C to retain its morphological properties as much as possible, while obtaining a

crystalline structure as well.

The microemulsion method is widely used for titania preparation, but other viable synthetic
routes exist. The sol-gel synthesis consists in the hydrolysis of a titanium precursor in water, or
other solvents, followed by the condensation when the gel forms and the solvent evaporates®.
It allows to obtain a highly pure and homogeneous powder, while working at low
temperatures®6:37,

Another alternative is the hydrothermal synthesis where the titanium precursor is placed in
aqueous solution with an acid or a base. The system is heated at high temperature and pressure®®,
usually in an autoclave. In both cases, as for the microemulsion approach, it is possible to
modify many reaction parameters, as the temperature, pH, reaction time and amount of titanium
precursor; by doing that, the morphology of the final powder can be finely tuned®*2, For the
hydrothermal synthesis, poly-dispersed powders will form because of the higher synthesis

temperature®.
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1.3. Biomass

As a consequence of the increasing demand for fuels and the emerging environmental issues, a
greater interest in renewable sources of energy is increasingly spreading. Plant biomass is a
promising alternative being highly available and convertible into biofuels®®. Biomass
comprehends all the organic material deriving from animals and plants, but usually only the
latter is considered for energy production. Indeed, the photosynthesis allows plants to store the
energy coming from the sunlight in form of chemical bonds. The composition of biomass is
diverse depending on the type of plant and on the area where it is grown; moreover, it expresses
whether a plant is suitable or not to be transformed into a biofuel“.

Compared to fossil fuels, biomass is generated in a shorter time span, thanks to the
photosynthetic process. Additionally, one of the biggest advantages of biomass utilization is
the possibility to exploit a renewable source of energy which has the potential to limit
greenhouse gas (GHG) emissions with respect to fossil-based fuels. Plus, biofuels are
considered carbon-neutral since they derive from plants that absorb CO. during their growth
and this compensate the CO. emitted when the biomass is used as fuel. Anyway, a major
drawback of biomass utilization is the competition with food consumption because many crops
suitable for energy production are the ones used in the food industry, leading to potential effect
on food security in developing countries. For this reason, nowadays the challenge is to work
with dedicate biomass crops, non-edible parts of plants and exploit areas not suitable for the
growth of food crops. In this case, second-generation fuels are obtained; conversely, first-

generation fuels come from crops originally dedicated to the food industry*.

1.3.1. Glycerol as a substrate

Among all the methods to exploit biomass, biodiesel is a promising alternative to fossil fuels.
The biodiesel production started in 2003 and drastically increased since then®?. This also led to
a massive production of glycerol as a low purity by-product stream. Indeed, biodiesel is
synthesized through the reaction of transesterification of vegetable oils with methanol,
obtaining glycerol accordingly to the stoichiometry of the reaction presented in Figure 1.3-A.
Different types of feedstocks for vegetable oils are suitable to be used for biodiesel production.
Among the first generation ones there are palm oil, rapeseed oil, soybean oil, sunflower oil,
olive oil and peanut 0il¥"*. The second generation feedstocks mainly comprehend oils from

not edible crops and industrial or residential wastes®’, like waste cooking oils*. Also, many
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studies are focused on the exploitation of microalgae for biodiesel production because they are
able to produce a great amount of oil, but up to date this approach is not economically viable

yet 45,46.

100 kg of oil + 10.5 kg MeOH = 100 kg methyl esters (biodiesel) + 10.5 kg glycerol

ji
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o 0 OH \ ) )
Catalyst 0O ;O :\fo
+ 3 CH3OH P —— + R ﬁ‘i * R * R
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g v
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Figure 1.3.1-A. Transesterification of triglycerides, obtained from vegetable oils, with methanol for biodiesel
production?,

The biodiesel production created a surplus of glycerol on the market forcing most of the
glycerol production factories to close. Indeed, synthetic glycerol covers less than 1% of the total
amount produced each year*’. Being non-toxic, biodegradable, highly water-soluble and
environmentally safe, glycerol has a large variety of uses, like in animal feeding®’, in the food
and beverage industry®, drugs, pharmaceuticals and personal care items*3#¢, However, all these
employments cannot cover the whole market for the glycerol produced every year, thus the
majority of it may be suitable for the production of other value-added chemicals*’. Indeed,
glycerol is a highly functionalised molecule containing three hydroxyl groups and this allows
numerous possible reactions for derivatization. Therefore, new applications are currently being
studied since it is believed that looking for alternative methods for glycerol utilization will boost
the biodiesel production creating a market where the bio-fuel is economically comparable with

the fossil-based counterpart®°.
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1.4, Hydrogen

The current environmental crisis is extremely impelling since climate change is showing its
effects all over the world. The latest Intergovernmental Panel on Climate Change report (IPCC
2020) clearly states that the human activity had a strong influence on the climate change and
that actions must be taken to limit the GHG emissions, especially CO., and to reverse the trend
for the temperature increase®. However, global warming is not the only consequence, as
climate change has many other negative effects on the Earth and its ecosystems, like an
intensified water cycle, the expansion of dry areas and ocean acidification®®. To face these
problems, EU Commission delineated a road map for a clean energy transition to reach the
carbon neutrality by 2050 through the European Green Deal®l. Among the targets, the
development of an energy sector, based on renewable sources, is prioritized and hydrogen is
playing a fundamental role in the decarbonisation of the EU energetic system®*2, Currently, in
Europe, 95% of the hydrogen is produced starting from fossil-based resources®?, so a heavy
development is needed to switch to renewable resources and more sustainable production
methods, which right now are not cost-competitive with the fossil-counterpart. In addition to
that, 800 Mt/y of CO- are emitted into the atmosphere through the production of hydrogen from

non-renewable sources alone®*.

In general, even if hydrogen is still produced from fossil sources, its global demand has strongly
increased in the recent years (Figure 1.4-A), but its main applications are in oil refining and
ammonia production, for fertilizers. Just a small percentage is used for other purposes. Thus,
the research is focusing on the expansion of hydrogen employments as in transports, building

industry and power generation®!, together with a more sustainable production.
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Figure 1.4-A. Global demand for pure hydrogen, from 1975 to 2018, with the relative usage sector®.

1.4.1. H> properties and production

Hydrogen (H>) is a colourless and odourless inflammable gas which can be exploited as a fuel
because of its high energy content, even greater than some of the more common fossil fuels®.
Moreover, hydrogen is storable, transportable and it does not emit CO> during its combustion.
Anyway, hydrogen is not available in nature and thus, it must be produced through some
chemical processes. Hydrogen can be produced with a great variety of methods depending on
the raw materials, fossil-based or renewable resources, and on the type of process, e.g.,
chemical, thermochemical or biochemical (Figure 1.4.1-A).

Mehmeti et al. performed an LCA analysis on different hydrogen production processes, starting
from the most common ones to emerging technologies, and they showed how the processes
using fossil fuels resulted in a greater global warming potential (GWP) than the ones exploiting
renewables®®. However, these renewable technologies are still powered by fossil-fuels, so the
study also proved that the GWP would be definitely lower if renewable sources of energy are
used to feed the process. The main problem is the cost of these new technologies, which are not
cost-competitive with the already commercial and well-established hydrogen production
methods. Considering the commercial processes based on fossil sources, the possibility to

combine them with carbon capture, utilization and storage (CCUS) was investigated. Some
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researchers confirmed the reduced emissions of CO2 when CCUS is performed; moreover, the
energy efficiency can be improved by the integration of CCUS in the chemical plant®~°,

Fossil Fuels
Hydrocarbon Reforming Hydrocarbon Pyrolysis
Steam Reforming Partial Oxidation Autothermal Reforming

Renewable
Sources

Biomass Process Water Splitting

Electrolysis Thermolysis Photolysis

Figure 1.4.1-A. Different hydrogen production methods starting from fossil or renewable resources.
Adapted from®.

Currently, most of the hydrogen is produced through the steam methane reforming (76%),
followed by coal gasification (around 23%) and less than 2% is obtained with electrolysis®*. A

short review of these production methods follows.

e Steam Reforming (SR)%°
SR is a catalytic conversion of hydrocarbons in the presence of steam to produce syngas. Then,
a water gas shift (WGS) reactor helps to decrease the CO/H> ratio. Eventually, the hydrogen is
purified through the pressure swing adsorption (PSA). The process works at high temperature
and high pressure; moreover, nickel-based catalysts are used.
Methane is predominantly exploited as raw material for steam reforming (SMR), but also

natural gas and light hydrocarbon can be used after a pre-treatment.
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CHs + H:O0 2 CO + 3H2 (SMR)
CO + H,0 2 CO; + H2 (WGS)

e Coal Gasification (CG)®6!
CG is a partial oxidation where coal is treated with steam and oxygen to obtain syngas. Because
of the presence of water in the form of steam, the WGS reaction takes place. Eventually pure
hydrogen is obtained thank to PSA.

2 C+ 02+ Hy0 2 COz+ CO + Hy (CG)
CO + H,0 2 COz + Hy (WGS)

Coal was historically used as substrate, but also other types of raw materials are suitable, as

methane, light and heavy hydrocarbon, and heavy oil residues.

e Electrolysis®
Electrolysis is the most promising method to produce hydrogen, even though it is still based on
fossil fuels. The advantage of electrolytic processes is that they can rely on sustainable
technologies to produce electricity, e.g., solar and wind; in this case they will be cost-
competitive with the already-commercial processes based on fossil resources. Electrolytic
processes are based on the water-splitting reaction mediated by electricity since it is an
endothermic process.

2 H>0 + electrical energy 2 Oz + 2H>

The most advanced and commercial technologies to exploit electrolysis are alkaline, proton

exchange membrane (PEM) and solid oxides electrolysis cells.

1.4.2. Photo-reforming

Photocatalysis is based on the exploitation of the energy coming from the sun, thus it is a
sustainable approach to produce renewable energy. The conversion of solar energy into
chemical energy can be performed by CO, reduction into hydrocarbons or by H, production®?.
The possibility to produce hydrogen with new methods respect to the commercial ones is

extremely urgent (see Paragraph 1.4.1) and photo-reforming presents a valuable alternative. In
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addition to that, Rodriguez et al. demonstrated that solar-driven hydrogen production is
potentially cost-competitive with the conventional fossil-based processes®.

H> can be produced using water, a renewable and highly available resource, in the water
splitting (WS) reaction or exploiting organic substrates as hole scavengers. Considering the
thermodynamic, the latter case is less demanding since organic molecules act as sacrificial
agents and they have lower oxidation potentials which allow them to consume h* faster and
thus limit the electron/hole recombination®® and improve hydrogen evolution (Reactions 1-3).
Moreover, organic substrates work both as hole scavengers and as proton source, so the overall
reactions occurring are the oxidation of an organic molecule (Reaction 4) along with proton

reduction to Ho.

2H" + 2" 2> Hy Reduction half reaction (1)

2H,0 + 4h* > O, + 4H" Oxidation half reaction (2)

2H20 + 20, & 2H; Overall water splitting (3)

CxHyO; + (2x-2)H20 > (2x-z+y/2) + XCO> Photo reforming (4)

The reaction of photo-reforming is possible if a semiconductor material is used and if this has
a band gap energy at least with the same energy value of the light irradiated. In this case, the
light is absorbed by the semiconductor, the electrons are excited and promoted from the valence
band (VB) to the conduction band (CB) creating a hole (h*). To allow the photoreaction, the
bottom of the CB of the semiconductor must be more negative than the H*/H» redox half
reaction®26485_ In the case of water splitting, the top of the VB must be more positive than the
O2/H20 half reaction, which is quite difficult because WS is a highly endothermic reaction, so
few semiconductors are suitable for this process®?®. Conversely, when organic substrates are
used, the lower oxidation potential permits an easier reaction from the thermodynamic point of
view. So, after the light irradiation, the electron and hole pairs (e/h*) are formed and they move
to the surface of the catalyst where they can proceed with the oxidation of organic substrates

and the proton reduction, as showed in Figure 1.4.2-A.
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Figure 1.4.2-A. Photo-reforming over TiO, catalyst with proton reduction and oxidation of organic substrates®’.

2H,0

The use of a co-catalyst, obtained by the addition of a metal on the support, can strongly
improve the photo-activity®. If the loading is too high, the catalytic sites of the semiconductor
support will be covered, thus limiting the light absorption. Therefore, a proper amount of metal,
usually Pt, Pd, Au or Ag, is required to enhance the activity of the co-catalyst®. The metal
contributes to charge separation and electrons transportation because the photoinduced e are
rapidly moved and trapped by the metal species, after the promotion to the CB, further limiting
the e/h* recombination rate®®. Moreover, the metal species can increase the Hz production as

they are able to reduce protons, as showed in Figure 1.4.2-A.
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1.5.  Glycerol photo-reforming with TiO>

Glycerol is a suitable substrate for the photo-reforming (PR) reaction as it is produced in huge
amounts as a by-product in biodiesel production (see Paragraph 1.3). Moreover, glycerol
contains three hydroxyl groups which are considered to increase the efficiency of H> production
in photo-reforming having a dual function. Indeed, they help the absorption on the catalyst

working as anchors and they also act as hole (h*) scavengers®267,

Despite the continuous development of new catalysts for PR, titanium dioxide still remains the
most used due to its great properties. In particular, it has the proper band gap energy value to
be exploited as a semiconductor, even for the water splitting reaction®. In particular, the anatase
phase is more active than the rutile one because of the faster e/h* recombination of the rutile
polymorph®®, The main issue associated with TiOz in PR is the limited absorption of the
sunlight, since its wide band gap allows the absorption mainly in the UV region which is just

5% of the solar spectrum®4,

2H2 + HCOOH

HO\)Oi/OH ]> k/o

glycerol 2h + H20 glycoladehyde
H2
i 2+ H20)
HCOOH + H2
O
HO\)I\/OH _— \)\/
dihydroxyacetone glyceraldehyde

Figure 1.5-A. Reaction mechanism for glycerol catalytic photo-reforming®!.

By irradiation under solar light and with a TiO.-based catalyst, glycerol undergoes
decomposition according to the reaction scheme in Figure 1.5-A%. Glyceraldehyde is formed
as one of the primary products after the cleavage of a C-H bond that results in the formation of
a carbonyl group. This is possible because the h* sites are trapped by the oxygen surface sites
of the TiO> lattice and they are able to abstract a hydrogen atom, simultaneously producing H>
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at the cathodic site®. Then, the oxidation proceeds to glycolaldehyde and formic acid.
Glycolaldehyde can also be obtained directly from glycerol through a direct C-C bond cleavage
and producing two molecules of Hz. Another possible primary product is dihydroxyacetone,
also formed straight from glycerol through the cleavage of the C-H bond of the secondary

hydroxyl group, resulting in a carbonyl group.
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2. AIM OF THE PROJECT

This work is aimed at developing a catalyst based on TiO. by modifying the syntheses already
present in literature. In particular, the goal is to investigate different aspects of the synthesis via
microemulsion and by doing that, improving the properties of the titania support. Indeed, the
characteristics of a catalyst have a fundamental role in its activity, especially the surface area
and the bulk density. A high surface area gives access to more sites on the catalyst surface and
thus it is correlated to a greater activity. On the other hand, a low bulk density allows the powder

to be dispersed more homogeneously, also increasing the light absorption.

Within this project, it is studied how to better control these properties of the titania powder
during the ME synthesis by tuning and modifying some key parameters, as the acid used, the
hydrolysis and heating time and the possibility to use a base (neutralization approach). The
outcome is to synthetize a titania powder with better morphological and chemical properties
than the already existing ones, as the commercial titania P-25. Moreover, the possibility to
obtain selectively a titania polymorph over the other is investigated by modifying the main
parameters of the synthesis, especially the type of acid used and the stirring time (hydrolysis

step).

Eventually, the titania supports with the most promising characteristics are tested in the reaction
of glycerol photo-reforming to produce H> and other valuable liquid products. The photo-
catalytic reaction is possible since TiO2 is a semi-conductor material and can absorb light
promoting the oxidation of organic substrates and the reduction of protons to Ho.
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3. MATERIALS AND METHODS

3.1. Standard TiO2 synthesis via microemulsion

The titania is synthetized with the microemulsion approach, in particular, a water-in-oil
emulsion is used following the procedure proposed by Maslova et al.3! (STD synthesis). The
continuous phase is composed of Cyclohexane (Sigma Aldrich, >95%), while the surfactant is
Triton X-100 (Alfa Aesar) and the co-surfactant is Hexanol (Alfa Aesar, 98%). Moreover,
Titanium (IV) Tert-Butoxide, TBT, (Sigma Aldrich, 97%) is exploited as the titanium precursor
and Nitric Acid (Sigma Aldrich, >65%) is used to perform the hydrolysis of the TBT. The

water-to-surfactant ratio (Rw) is 21.

Three solutions are prepared separately and the organic precursors are added in the following
order: TX-100, hexanol and cyclohexane.

e A:solution containing the organic precursors and the precursor of titanium (TBT),

e B: aqueous solution of nitric acid (5M),

e C: solution of the organic precursors.
Solution B is poured little by little into solution C and stirred until the solution is clear again.
Then, solution A is added in the same way to solution BC and the stirring is maintained for 1h.
This time will allow the hydrolysis (HYD) of the titanium precursor at the interface of the
micelles. After that, the microemulsion is transferred in a round-bottom flask equipped with a
thermometer, a stirring system and a refrigerator and then, it is heated up to 72-74°C for 5 hours
with reflux. A white precipitate forms in the meantime. At the end the solution is centrifuged
at 4500 rpm for 10 minutes and the white solid is washed and dispersed in ethanol. This
procedure is performed 5 times. Eventually, the solid is dried in the oven at 100°C overnight
and then calcined at 400°C for 3 hours with a ramp of 2°C/minute.

A further synthesis is performed in the same way of the STD one, just changing the hydrolysis

(20 minutes) and heating time (1 hour). This synthesis is called R1.

3.2.  TiO2 synthesis via microemulsion through neutralization

In this case, the synthesis is modified with respect to the standard one as a microemulsion
containing a base is added to the system. This synthesis is tested with two different bases,
Ammonium Hydroxide (Sigma Aldrich, 28.0-30.0%) and Sodium Hydroxide (Sigma Aldrich,
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98%, in pellet), and four base/acid ratios (molar) are chosen for each base: 1, 0.9, 0.7, 0.5. The
Rw is the same for both microemulsions containing the acid and the base, so that the overall
value is 21, as for the STD synthesis.
In this case, a fourth solution containing the base is prepared:

e A: solution containing the organic precursors and the precursor of titanium (TBT),

e B: aqueous solutions of nitric acid (5M),

e C: solution containing the organic precursors,

e D: solution containing the organic precursors and the base (NHsOH or NaOH).

Solution B is added to C and then BC is poured little by little into solution A and stirred for 20
minutes. This is the hydrolysis step. After that, the solution is transferred inside a round-bottom
flask and solution D is added dropwise (1 drop/sec). When ammonium hydroxide is used, this
step is usually done with an ice/water bath due to the exothermic reaction that develops for the
presence of a strong acid. The following steps are the same described in the STD synthesis, but

the heating time with reflux is just 1 hour.

3.2.1. Modifications on the neutralization synthesis of TiO:
The synthesis with the neutralization approach is tested also with some modifications on the
procedure to investigate the effects on the kinetic of the reaction. To do that, the best sample of

titania obtained in the previous synthesis is used (S6).

e Synthesis S6-B
The only difference in the procedure is the reversal of order for the addition of the two
microemulsions. So, the solution hydrolysed is added dropwise to the microemulsion with the
base. The base used is ammonium hydroxide and the base/acid ratio is 0.7. The Rw value is 21.

The following steps are the same described in the previous synthesis (Paragraph 3.2.).

e Synthesis S6-C
In this case, the hydrolysed solution is added dropwise to the microemulsion containing the
base. The base used is ammonium hydroxide and the base/acid ratio is 0.7. At each addition,
the acid in the hydrolysed solution is neutralized with a solution of ammonium hydroxide (not
a microemulsion), so that the microemulsion with the base is not altered. Hence, for 1 ml of the
hydrolysed solution, 1.2 ml of ammonium hydroxide is used to neutralize the acid. The final

Rw is 27. The heating temperature in this case is lower (50°C) because above this point the
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solution starts to boil vigorously. Eventually, the solution is treated as in the previous synthesis
(Paragraph 3.2).

3.3.  Synthesis of TiO- rutile phase via microemulsion

In this case, the procedure is the same described for the STD synthesis (Paragraph 3.1.) but
after the hydrolysis no further heating treatments are required. Moreover, the titania is prepared
with 4 days of stirring (hydrolysis step) following the procedure already reported by Maslova
et al.”® After that, the solution is directly centrifuged and washed with ethanol for 5 times,
without the heating step under reflux. Eventually, the sample is dried in the oven at 100°C and
then calcined at 400°C for 3 hours.

3.4.  Synthesis of TiO- rutile phase via microemulsion using HCI

In this synthesis, HCI is used instead of HNOgz. In order to not change too much the STD
synthesis procedure, two microemulsions are prepared, one containing the precursor of titanium
in microemulsion and the other with the hydrochloric acid (Sigma Aldrich, >37%). Then, they
are mixed and left under stirring for 24 hours at room temperature. After that, the solution is
heated with reflux at 74°C for 5 hours and eventually, dried in the oven at 100°C and calcined
at 400°C for 3 h.

3.4.1. Synthesis of TiO> rutile phase via microemulsion through neutralization

Ammonium hydroxide is used as the base and it is tested with the best base/acid ratio (0.7)
found previously in the syntheses with HNOz (Paragraph 3.2.), while in this case HCI is used.
Moreover, the syntheses are performed with different hydrolysis times, 24h and 16h,
maintaining constant the other parameters. So, after the hydrolysis, the microemulsion with the

base is added and the solution is kept under reflux at 74°C for 5h.

A further modification consists in reducing both the hydrolysis and heating time to 1 hour. This
synthesis is tested both with ammonium hydroxide and sodium hydroxide in base/acid ratio 0.7.
Moreover, part of the solution is directly centrifuged after the addition of the base to the
hydrolysed solution, while the rest of it is heated at 74°C as usual. The work-up steps are the
same previously described for the STD synthesis.
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3.5.  Characterization techniques

3.5.1. N2 physisorption (Sget)

This technique allows to obtain information about the surface area of the sample and it is
performed with the instrument Sorpty 1750 (CE Instruments).

The value of surface area is measured through the N2 physisorption analysis and BET model.
The value obtained after the analysis is divided by the mass weighted to obtain the specific
surface area (Sger) in m?/g. All the samples undergo this analysis after the calcination step, if

not specified otherwise.

3.5.2. Diffuse Reflectance Spectroscopy (DRS)

The DRS analysis is performed through a Perkin EImer Lambda 19 instrument. A quartz cuvette
is used to load the solid samples and the analysis works in the wavelength range of visible and
ultraviolet light. The Diffuse Reflectance Spectroscopy analyses the reflectance of a solid. For
the purpose of this work, the wavelength range of the analysis goes from 800 nm to 200 nm

with an interval of 1 nm.

From the reflectance spectra it is possible to calculate the band gap of the sample. The method
used is the Tauc plot. First of all, the Kubelka-Munk (equation 5) is used to convert the
reflectance obtained from the analysis.

= QR (5)
2R

KM

Then, the Tauc equation is used to calculate the band gap energy value (equation 6).
ahv = A(hv — Eg)" (6)

where a is the absorption coefficient, h is Planck’s constant (h=6.62607004*1073 Js), v is the
frequency of light (s), A is the absorption constant and n is a corresponding coefficient that is
0.5 when associated with a direct allowed band gap transition. Since a is proportional to KM
function, it is possible to graph a curve and extrapolate the linear part when (KMhv)*"= 0. This

will give the value of the energy band gap (Eg in eV)™.
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3.5.3. X-Ray Diffraction (XRD)

The XRD analysis is carried out with the instrument Philips PW1050/81 equipped with a
graphite monochromator and controlled by a unit PW1710 (Cu Ka, A =0.15418 nm). The angle
range goes from 20° to 80° with a scanning speed of 40°/h. The XRD spectra are analysed with

the programme X’Pert High Score Plus.

The XRD spectra give information about the phase composition and crystalline structure of the
sample. Moreover, it is possible to calculate the average dimensions of crystallites (d) through
the Scherrer formula (equation 7). For the purpose of this work, the dimensions of crystallites

are considered as the dimensions of particles.

d= kexd (7)
bxcosf
Where Kk is the particle shape factor and it is fixed at 0.9 considering that a particle is spherical,
A is the X-ray wavelength, b is the Full Width at Half Maximum (FWHM) and 0 is the angle.

3.5.4. Gas-Chromatography (GC)

The gaseous products are analysed right after the reaction with an off-line Agilent Technologies
equipped with CP Molesieve 5A UM 25m x 0.53mm x 50um and a TCD detector.

To calculate the total amount of H. produced by the reaction, the dead volume of the reactor is
taken into account, by knowing the total volume of it. Moreover, Hz is considered to be present

only in gas phase.

3.5.5. High Performance Liquid Chromatography (HPLC)

The liquid phase is analysed after the photocatalytic reaction with an Agilent HPLC over Rezex
ROA Organic Acid column (0.0025M H>SOs eluent, oven temperature 30°C and 0.6 mL/min
flux) with DAD (A=202, 223, 250, 284nm) and RID detectors. The calibration of possible
components in the liquid phase is required to determine and quantify the reaction products and
it is done with commercial standards. Calibration curves of dihydroxyacetone (DHA) and

glycerol are obtained from two separate solutions as their peaks may overlap.

The conversion (X%) of the substrate, e.g., glycerol, the yield (Y%) and the selectivity for each

product (S%) are calculated according to the following equations 8-10.
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X % :concentration (glycerol); — concentration (glycerol), +100 (8)

concentration (glycerol),

Y% = > mol (product) * SF «100 (9)
mol (reagent)
S9% = mol (product)*SF «100 (10)

> mol (product)=SF

Where SF is the stochiometric factor and it is equal to 1 for glyceraldehyde and

dihydroxyacetone, 2/3 for glycolaldehyde and 1/4 for Hz™.

3.5.6. Scanning Electron Microscopy (SEM)

The SEM/EDS analyses are performed using the instrument E-SEM Zeiss EVO 50 Series (Carl
Zeiss spa) equipped with a microanalysis system INCA Energy 350 EDS (Oxford Instruments
Analytical). The voltage used is 20 kV and the collecting time for the spectra is 60 seconds.

3.5.7. Raman Spectroscopy

Raman spectra are recorded at room temperature with a 514 nm Ar* laser excitation by Renshaw
RM1000 spectrometer equipped with Leica DMLM microscope and CCD camera. Power
output was 6.25 mW and grating 1200 lines/mm. The analyses were recorded with the following
operative conditions: 50x magnification, low gain, 10% power, time = 15 s, 3 accumulations,
frequency range from 0 cm™ to 800 cm™.

Anatase shows six modes in the vibrational spectrum that are Raman active, which are at 143
cm? (Eg), 197 cmt (Eg), 397 cm™ (Big), 516 cm™ (Bug, Aig), 638 cm™ (E,). Rutile has four
modes that are Raman active and they are at 143 cm™ (Big), 445 cm™ (Eg), 610 cm™ (Axg);

moreover, it displays a broad peak at 240 cm™, which is a second-order Raman scattering’2.
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3.6. Photocatalytic tests

The activity of the TiO- catalyst is tested in the photo-reforming of glycerol. The overall set-up
is presented in Figure 3.6-A and it is described as follows. The reaction is performed inside a
sealed top-irradiated glass photo-reactor with a circulating ethylene glycol bath to control the
temperature, an inlet and outlet for gaseous products, a stirring system at the bottom and a

quartz disk on top.

____Quartz window

|
iR iR ﬁ__f Gas sampling

Circulating coolant |- _ Stirring system

Figure 3.6-A. Set-up of the photo-reactor and the solar simulator used during the photocatalytic tests.

Above the reactor, the solar simulator LS0306 by LOT Quantum Design is placed and it is
equipped with a 300 W Xe-lamp that generates light in the range 250-2500 nm. The light is
delivered as 40 mm diameter collimated beam. As reference for the solar radiation the AM1.5G
spectrum is used, following the directions ASTM G-173-03. The solar spectrum AM1.5G
represents an average between the solar radiation when the sun is at its zenith and when it is at
the horizon. As it is presented in Figure 3.6-B, the emission spectrum of the solar simulator is
not the same as the solar spectrum itself, especially in the range 450-470 nm and in the infrared

zone, but it is sufficiently similar to be used for the scope of this work.
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Figure 3.6-B. Comparison between the spectrum of the solar simulator used in this project and the solar
spectrum AM1.5G.

To perform the photocatalytic tests of glycerol reforming the following procedure is used.
e A solution of glycerol 1M is prepared and 21.5 mL of it are added to the reactor,
e The ethylene glycol bath is connected to the reactor and set-up at 30°C,
e The catalyst is weighted in order to obtain a concentration of 0.5 gcatayst/L. and added to
the solution inside the reactor,
e The reactor is closed with a quartz disk and kept under nitrogen flux to work with inert
conditions for 20 minutes to reach the thermodynamic equilibrium,
e The reactor is sealed and pressurized up to 0.5 bar to verify that it is gas-tight, eventually
the reaction starts when the solar simulator is switched on.
The solution inside the reactor is continuously mixed thank to a magnetic stirrer to maintain a
homogeneous slurry. The reaction proceeds for 6 hours and after that the gaseous and liquid
products are analysed with the GC and HPLC respectively.
A summary of the operative reaction conditions is provided in Table 3.6-A. In particular, the
concentration of the titania powder is 0.5 g/L since it is already reported in literature for the

same type of reactions with glycerol3:7,

Catalyst concentration 0.5 geat/L
Glycerol concentration 1M
Reaction time 6h
Atmospheric
Pressure
pressure
Temperature 30°C
Reaction environment Inert (N2)

Table 3.6-A. Operative conditions for the photo-catalytic reforming of glycerol using TiO2-m.
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3.6.1. Transmittance tests

Two probes (Radiometer HD2102.2 DELTA OHM) are used to measure the intensity of light
at different concentrations of the TiO> catalyst in the solution (solvent and substrate). The two
probes enable to have values of the light transmitted both in the UV and visible range of the
spectrum. Therefore, the first one works between 1000 nm and 400 nm and the second one

between 400 nm and 300 nm.

3.6.2. Calculation of Quantum Efficiency

The Radiometer HD2102.2 DELTA OHM with the two probes, one in the UV range and the
other in the visible range of the spectrum, are used to perform this analysis. In particular, the
transmitted and scattered light is measured. Moreover, a filter for the lamp of the solar simulator
is used to work at one wavelength. Two filters are available, the former at A=365 nm and the
latter A=400 nm. In both cases, the transmitted light is measured as the light that passes directly
through the system, so from the source of the lamp to the bottom of the reactor. While, the
scattering of the light beam is detected from the side of the system perpendicularly, as it is the

light deflected. The reactor is covered with a black cloth.
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4. RESULTS AND DISCUSSION

Different titania samples were synthesized with the microemulsion technique modifying the

synthetic procedure with the aim of understanding the change in the material characteristics and

the influence on the final properties of the catalysts.

During the synthesis of titania via microemulsion, there are some parameters that can be tuned

to modify the final physical-chemical characteristics of the powder and they are:

Heating time at 74°C with reflux,

Order of addition of the components.

Neutralization of the acidic ME with a base and the type of base used,
Acid chosen to hydrolyse the TBT,

Hydrolysis time (HYD), so for how long the ME will be stirred at room temperature,

A summary of the modifications performed on the STD synthesis of titania with a W/O

microemulsion is presented in Table 4-A.

neutralization

Synthesis ME components Operative conditions
Stirring for 1h or 20
) TX, cyclohexane, hexanol, )
Synthesis 3.1 STD, R1 minutes (HYD) and
TBT, HNOs )
heating for 5 h or 1h
Neutralization | TX, cyclohexane, hexanol, o )
] o Stirring for 20 minutes
Synthesis 3.2 | with different TBT, HNOs, Base ]
) ] (HYD) and heating for 1h
base/acid ratios (NH4OH or NaOH)
_ Rutile TX, cyclohexane, hexanol, | Stirring for 4 days (HYD).
Synthesis 3.3 _
polymorph TBT, HNOs No heating treatment
) Rutile TX, cyclohexane, hexanol, Stirring for 24h (HYD)
Synthesis 3.4 _
polymorph TBT, HCI and heating for 5h
Rutile TX, cyclohexane, hexanol, | Stirring for 24h, 16h or 1h
Synthesis 3.5 | polymorphvia | TBT, HCI, Base (NH4OH | (HYD) and heating for 5h

or NaOH)

or 1h

Table 4-A. Summary of all the syntheses performed and their operative conditions.
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4.1.  Synthesis of titania with the neutralization approach

The STD synthesis (Synthesis 3.1) via microemulsion exploits HNO3 as it helps to regulate the
relative velocities of hydrolysis and condensation. The reactivity is enhanced because there is
a biphasic system (see Paragraph 1.1.1). The TBT precursor is highly soluble in the organic
phase, while water is confined inside the micelles. TBT and water will react in the hydrolysis
step and the hydrolysed molecules will condensate forming Ti-O-Ti dimers®°. The aim of the
acid is to slow down the hydrolysis, so that the overall process is controlled by the condensation.
If the acid was not inserted in the system, the hydrolysis would be so fast that a control over the
particles properties would not be possible. By introducing a base, it is possible to neutralize the
acid and thus its addition helps to tune the final characteristics of the titania, especially the
particles dimensions. Since the final goal is to use the ME-synthetized titania as a photo-
catalyst, some fundamental properties are analysed to find the most suitable samples. In Table
4.1-A, the main parameters studied are presented for all the samples obtained through the STD
synthesis (Paragraph 3.1), its modification R1 and for the ones synthesised with the

neutralization approach (Paragraph 3.2).

The hydrolysis and heating time used in the neutralization syntheses with a base were
previously optimized and the optimal ones turned out to be 20 minutes and 1 hour,
respectively’®. The optimization was done modifying the STD synthesis by decreasing the time
and obtaining the R1 sample. This titania powder is composed just of anatase, with no rutile,
which is associated to longer stirring and reflux time as it is the thermodynamically favoured
product. Furthermore, the dimensions of crystallites in the R1 sample are smaller than the ones
in the STD. This is probably due to the fact that there are less hydrolysed sites and less effective
collisions between particles due to the shorter reaction time and this prevents their coalescence
maintaining the narrow dimensions.

In the neutralization approach, the base is added at first in stoichiometric amount (molar) with
respect to the acid, but then different base/acid ratios are tested in order to find a possible trend

and the best ratio to obtain the optimal characteristics in the powder.
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dxrp dxrp

Bulk Density SeeT Band TiO; crystalline

Sample (g/ml) (m?/g) | Gap (eV) phase A?r?rtna)se FE::]I)G
STD 1.2 135 3.08 A=95%; R=5% 10 9
R1 0.88 115 2.96 Anatase 7 /
S1 0.99 158 291 Anatase 10 /
S2 0.75 87 2.95 A=91%; R=9% 9 18
S3 / 85 2.92 AR ((*) / /
S4 0.76 144 2.96 A=66%; R=34% 7 26
S5 0.73 29 2.89 A=85%; R=15% 5 12
S6 0.58 197 3.04 Anatase 8 /
S9 0.69 149 3.09 Anatase 10 /
S10 0.66 39 3.00 A=92%; R=8% 15 60

Table 4.1-A. Summary of the main characterization data obtained from the titania samples synthetized through
the neutralization approach with HNOs. The Sger is measured on the samples after calcination. The dxgrp values
express the dimensions of crystallites. (*) In this case, it was not possible to calculate the percentage for each
polymorph and the dimensions of crystallites.

In the following paragraphs, the different properties of the synthesized titania samples and the
influence of the reaction parameters will be discussed. If not specified, all the following
analyses are performed on the titania powders after calcination at 400°C for 3h.

e XRD analysis

The XRD analysis allows to gather information about the crystalline phases contained in the
samples, as titania presents three different polymorphs (anatase, rutile and brookite). Anatase
and rutile are the most common forms and generally; moreover, anatase is more active in
photocatalytic degradation than rutile™. Anyway, in the last years, many studies focused on the
combination of anatase and rutile since it was proved to enhance the photoactivity of titania
with respect to the pure form’>’8, Also, the commercial titania P-25 is formed by a mixture of
anatase (80%) and rutile (20%), as well as the STD sample?’3L:70, In this context, it is interesting
to synthetise titania powders containing pure anatase, or rutile, and compare their photoactivity
with the commercial TiO2 P-25 or the STD sample. So, the XRD analysis is needed to
understand which polymorphs is obtained and in which percentages, and thus whether a
synthesis can be selective for the development of a pure form of titania or not.

Moreover, from the XRD spectra it is possible to calculate the dimensions of crystallites in the
sample through the Scherrer equation (Paragraph 3.5.3) and, within the scope of this project,

they are considered equal to the dimensions of the titania particles.
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Graph 4.1-A. Comparison of XRD spectra for the samples obtained through the neutralization syntheses, the
STD sample (orange) and its modification (yellow). The spectra in blue are obtained from the NH,OH samples,
while in green are from the NaOH ones. The rutile and anatase reference patterns are also inserted in the
spectrum.

Graph 4.1-A shows a comparison of all the samples obtained through neutralization, the R1
and the STD ones. In order to clearly identify the crystalline phases of titania, the reference
patterns, characteristic of anatase ad rutile, are displayed on the graph. Brookite was not
detected, so its reference pattern is not inserted. Anatase is present in all the samples analysed;
moreover, in the ones obtained with NH4OH and a base/acid ratio equal to 1, 0.9 and 0.7, it is
the only polymorph. Conversely, in the remaining sample with NHsOH (0.5), in the ones
synthetised with NaOH and in the STD sample, also rutile is present, even though it covers a
minor percentage. In these cases, it is also possible to measure the amount of each crystalline
phase, resulting that anatase is the main polymorph in every sample of titania. Analysing the
R1 sample, it is possible to notice that only anatase is present. This can be explained by a shorter
reaction time (both for the hydrolysis and for the heating step) that prevents the formation of
rutile since this is the thermodynamic stable form of titania®’. Instead, when the neutralization
with the base is added as a variable in the synthesis, especially NaOH, the shorter reaction time
seem to play a marginal role because also a small percentage of the rutile is formed in some of

the samples.
45



The data for the dimensions of the crystallites are presented in Graph 4.1-B. Firstly, it is worth
noticing that it was possible to synthetize titania particles with nano dimensions through the
microemulsion method. Overall, the crystallites dimensions for the anatase phase are
comparable, even though the samples prepared with NaOH show slightly narrower values. In
this case, the quantity of rutile is higher with respect to the other samples and this can limit the
growth of the anatase crystallites, also considering the wider dimensions of the rutile
crystallites. Indeed, when analysing the rutile phase, the dimensions of crystallites are way
bigger than the ones of anatase and these values are also more scattered. The higher is the

content of rutile in the sample, the broader the dimensions of its crystallites will be.
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Graph 4.1-B. Comparison for the dimensions of crystallites in the STD sample, its modification R1 and the
samples from the neutralization syntheses. Also, the percentage of crystalline phase is added for each sample.
These data are obtained from the XRD spectra in Graph 4.1-A. The straight line is for the polymorph
percentage, while the bars are for the dimensions of crystallites. A=anatase, R=rutile.

For the sample prepared with NaOH and the lowest base/acid ratio (0.5), it was not possible to
perform the XRD analysis due to the low yield of the synthesis. Consequently, a Raman analysis
is carried out and it confirms the presence of both anatase and rutile in the titania powder. Thus,

also with this base/acid ratio (0.5), the presence of NaOH in the synthetic process allows to
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obtain both crystalline phases, as it is shown in Graph 4.1-B for the other samples synthesised
with NaOH.

e Bulk Density
The bulk density may be a factor that influences the progression of the reaction in the photo-
reforming because a better dispersion of the powder in the aqueous media will result in a
stronger absorption of the light per gram of catalyst. Thus, it is important to measure this
parameter to ensure a homogeneous distribution of the powder in the reaction slurry. The
measurement is done by putting the solid inside a graduated test tube. The volume is read and
then the test tube is weighted. By the ratio of the mass and the volume, the bulk density is

obtained.

Graph 4.1-C shows the comparison of bulk densities for all the samples prepared with the
standard synthesis (STD), its modification (R1, Synthesis 3.1) and the neutralization ones.
These last samples are grouped considering the base/acid ratio, so that a comparison between

the two bases used is possible.
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Graph 4.1-C. Comparison of bulk density for the samples obtained through the neutralization syntheses, the STD
one (orange bar) and its modification R1 (yellow bar). The bars in blue represent the syntheses with NH4OH,
while the ones in green are for the syntheses with NaOH. The name of the samples is also reported at the bottom
of each bar.
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For the sample S3 (NaOH with base/acid ratio 0.5) it was not possible to calculate the bulk
density because, due to the low yield of the synthesis, the amount of solid was not enough to
be read in the graduated test tube. All the samples obtained with the neutralization syntheses
and the sample R1 have a bulk density lower than 1 g/mL. The STD sample, synthetized without
neutralization, has the highest bulk density (1.2 g/ml) among the set of samples analysed. This
can be attributed to the longer stirring time in the STD synthesis respect to the others. Longer
hydrolysis times could lead to the coalescing of titania nuclei forming more packed and dense
aggregates. The sample S6 (NH4OH with base/acid ratio 0.7) has the lowest bulk density among
the titania powders. In general, for the sample prepared with NH4OH as a base, it is not possible
to define a trend that correlates the bulk density with the base/acid ratio. On the other hand, the
samples prepared with NaOH as the base for the neutralization, show comparable values for the
bulk density.

For comparison, it is reported than none of the previous samples presents a bulk density
comparable to the value of the commercial titania P-25 (0.1 g/ml). The bulk density of the P-
25 titania is particularly interesting, since it allows to obtain a homogeneous slurry of the
powder in the reaction media, enhancing the mass transfer phenomena and the light absorption
during the photo-catalytic reaction. Moreover, the synthesis of a titania sample with a bulk
density so low will permit to compare different studies. This is usually not possible because of

the dense titania powder synthetized during the research projects.

e Specific Surface Area (Sger)
The specific surface area is a key parameter for a catalyst because it allows to obtain a wider
contact between the catalyst and the reagents. Indeed, a high surface area is related to an
increased number of active sites available on the catalyst, thus a greater ability for compounds
to be adsorbed on the surface?>’’. Graph 4.1-D displays the values for the specific surface area

of the STD sample, its modification R1 and the neutralization samples.
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Graph 4.1-D. Comparison of specific surface area (Sger) for the samples obtained via the neutralization
syntheses, the STD one (orange bar) and its modification (yellow bar). The bars in blue represent the syntheses
with NH4OH, while the ones in green the syntheses with NaOH. The name of the samples is also reported at the

bottom of each bar.

The STD sample has a specific surface area slightly lower than the one obtained in the study
followed for the STD synthesis®!, which shows a value of 160 m?/g. Probably some parameter
was not controlled properly during the synthesis. It has also to be considered that, in this project,
the STD sample synthesis was scaled up since it was possible to standardize it. Thus, the scaling
of the synthesis could have affected some parameters of the catalyst, such as the surface area.
Anyway, this value is consistent with other studies performing the same synthesis?’™.
Concerning the neutralization syntheses, for both bases the samples with the lowest base/acid
ratio (0.5) do not give high values of specific surface area, at least not comparable with the STD
sample. On the other hand, the samples with the intermediate base/acid ratio (0.7) show
promising results, as the specific surface area is even higher than the STD sample one. The
same goes increasing the NHsOH/acid ratio up to 1. Otherwise, the same sample synthetised
with NaOH (base/acid ratio 1) gave the worst result in terms of specific surface area, along with
the sample obtained with the base/acid ratio 0.9. In general, the samples where NH4+OH is used
exhibit higher values of specific surface area with respect to the ones with NaOH, especially as
the base/acid increases. This can be explained by the presence of NaNOs salts that were not
efficiently removed during the work-up steps of the synthesis as it is confirmed by the XRD
analysis. Overall, it seems like the utilization of a base might increase the surface area with

respect to the STD sample, probably due to a higher nucleating rate, which is responsible for
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the formation of titania nanoparticles in an ordered structure®’. Anyway, the base/acid ratio
must be taken into consideration since there is a maximum value of surface area for both bases
tested, and above that, the values will decrease. Moreover, from both Graph 4.1-C and 4.1-D,
a correlation between the surface area and the bulk density can be drawn, since when the former

decreases, the latter rises.

e DRS spectra and Band Gap calculation
The light absorption properties of the samples were analysed by UV-VIS analysis. This is a
fundamental property in photocatalytic reactions and can deeply influence the catalytic activity.
The spectra presented in Graph 4.1-E are obtained by the UV-VIS analysis of all the samples
of titania synthetized through the neutralization synthesis. All the spectra show a drop in
reflectance around 400 nm; thus, the absorption range goes from 400 nm to 200 nm, in the UV
region. Sample S1 and S6, both synthetized with NH4sOH, have a slightly different trend. This
is correlated with the colour of the powder. Indeed, all the sample are white except for the
samples S1 and S6, that are light yellow. This could be the reason why the reflectance decreases
earlier and they tend to absorb already in the visible part of the spectrum. The different colour
could be an indicator of the presence of nitrogen in the crystalline structure of titania, as it is
reported in literature’®®°, When the base/acid ratio is 0.5 the resulting powder is white, so
probably the amount of base, contributing to the N-doping, is not enough to be inserted in the

crystalline structure.

The Graph 4.1-F displays the values for the band gap calculated for each neutralization sample
with the Kubelka-Munk method (see Paragraph 3.5.2). They are compared to the band gap of
the STD sample and the sample R1. Overall, the band gaps are comparable among them and
similar to the STD sample. Moreover, they are also consistent with the data found in
literature’®" and with the value of band gap for the commercial titania P-25, that turns out to
be 3.15eV.
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Graph 4.1-E. DRS spectra of TiO.-m obtained via the STD (orange curve), its modification R1 (yellow curve)
and the neutralization syntheses. The curves in blue represent the syntheses with NH4OH, while the ones in
green are for the syntheses with NaOH. The base/acid ratio of each sample is expressed directly on the graph.
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Graph 4.1-F. Comparison of band gap for the samples obtained through the neutralization syntheses, the STD

sample (orange bar) and the modification of the STD one (yellow bar). The bars in blue represent the syntheses

with NH4OH, while the ones in green are for the syntheses with NaOH. The name of the samples is reported at
the bottom of each bar.
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4.1.1. Further investigations on N-doped TiO>

The possibility to synthetize a N-doped TiO: is highly interesting since it may have better
properties with respect to the regular titania, as many studies have already reported®84 Some
research analysed the properties of N-doped titania through different characterization
techniques. In general, it is reported that the presence of nitrogen in the titania crystalline
structure is affecting the colour of the powder, turning it into yellow’88. Therefore, the
absorption of light in the visible range has been widely studied since it increases if nitrogen is
present in the crystalline structure of titania’®8%8% while bare TiO absorbs predominantly in
the UV range of the spectrum.

As previously showed in this project, the samples synthesised with NHsOH and a base/acid
ratio greater than 0.5 (0.7, 0.9 and 1), all present a pale-yellow colour and a lowering in
reflectance around 650 nm (Graph 4.1-E), thus confirming the absorption in the visible light
range of the spectrum.

In general, the XPS analysis will allow to know the actual composition of the titania powders
and so the effective presence of nitrogen in the samples, but this instrument was not available
during the course of this project. Anyway, other characterization techniques can be used as

support data for the detection of nitrogen in the titania samples.

Jiaetal. performed an EDS-SEM analysis with N-mapping showing, the effective incorporation
of nitrogen in the titania crystalline structure®®. The same analysis is carried out on the samples
S6 and S1 (NH4OH with base/acid ratio 0.7 and 1, respectively), but nitrogen is not detected,

probably due to its presence in low amounts.

An increased photo-activity is generally associated with N-doped titania-based catalyst with
respect to bare titania, as reported in literature®:8385 This effect is noticed for the sample S6,
but not for the S1 one (see Paragraph 4.3.2, Graph 4.3.2-A), so it is possible that other
properties of the titania powders influence the photo-activity of the titania catalysts, as the
surface area which is greater for the sample S6.

Wang et al. noticed a Raman positive shift of 6.5 cm™ for a TiO, sample containing oxygen
vacancies with respect to a reference sample®. An O-vacancy may be created when the doping
with N is obtained. Indeed, Cheng et al. observed a Raman shift of a N-doped TiO2 sample with
respect to a reference sample of bare titania®” Therefore, the sample S6 and S1 are analysed
with the Raman spectroscopy. The STD sample and the commercial titania P-25 were also
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tested and used as the reference samples. A positive shift of 3 cm™ for the main peak of anatase
is observed for the sample S6 with respect to the STD sample; moreover, a positive peak shift
of 5.5 cm™ is noticed with respect to the reference P-25 sample. This indicates the presence of
oxygen vacancies which could have formed as a result of the N-doping. Conversely, the S1
sample only shows a 2.5 cm™ positive shift with respect to the commercial P-25, that is the
same value obtained for the STD sample. This difference in the shift values of the two yellow
samples (S6 and S1) can explain the greater activity of the sample S6 over the S1 one, since a

higher amount of oxygen vacancies is present in the sample S6.
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Graph 4.1.1-A. Raman spectra for the samples prepared with NH4OH and the base/acid ratio 0.7 and 1. The
STD sample and the commercial P-25 are inserted for reference.

To sum up, the presence of nitrogen in the yellow-coloured TiO2, samples has been supported
by the UV-VIS spectra and by an increased photo-activity, while the Raman spectra only
showed the presence of oxygen vacancies. A XPS analysis would definitively confirm the
effective synthesis of N-doped titania powders and it will be carried out as soon as the

instrument is available.
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4.1.2. Modifications of the operative conditions on the synthesis of S6

As previously mentioned, the synthesis S6 was modified in two ways, obtaining the samples
S6-B and S6-C. The aim is to investigate whether different operative conditions affect the
kinetic of the reaction and if, eventually, there is an effect on the titania nanoparticles formation
and properties. The order of addition of the components and microemulsions was previously
studied and used in this project as defined in Paragraph 3.1, but different set ups are also
considered. So, the synthesis S6-B analyses the effect on the modified order of addition of the
two microemulsions, one with the acid and the other with the base (Figure 4.1.2-A). On the
other hand, the synthesis S6-C is designed to limit the action of the acid by being directly
neutralized to avoid the alteration of the micelles containing the base (Figure 4.1.2-B). Also in

this case, there is an outcome on the kinetic of the reaction.

o Hydrolysed
ME with Ti . . -
ME with Hydrolysis solution added
> il >> HNO, >> (20 min) > to the ME with > Reflux (1h) >
the base

Figure 4.1.2-A. Operative scheme for the synthesis S6-B which is a modification of the synthesis S6.

Hydrolysed solution
ME with Ti . : added to the ME with
precursor MHENvgth F?é%r%l?ﬁ)'s the base + Reflux (1h)
(TBT) 3 Neutralization for

every addition

Figure 4.1.2-B. Operative scheme for the synthesis S6-C which is a modification of the synthesis S6.

The properties of the powders for the samples S6-B and S6-C, obtained after calcination, are

studied and the data from the characterization analyses are presented in Table 4.1.2-A.

Bulk Density SBeT Band TiO; crystalline Oero dXR.D

Sample (g/mi) (m’g) | Gap (eV) hase Anatase Rutile

g g p p (nm) (nm)
S6 0.58 197 3.04 Anatase 8 /
S6-B 0.79 90 3.05 Anatase 6 /
S6-C 0.82 100 3.02 Anatase 7 /

Table 4.1.2-A. Summary of the main characterization data obtained from the titania samples synthesised with
the modifications on the synthesis S6. The Sger is measured on the samples after calcination. The dxgrp values
express the dimensions of crystallites.
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The XRD spectra (Graph 4.1.2-A) are equal to the one of the S6 sample and the anatase phase
Is present as the only polymorph in both samples. Rutile is not detected, so also in this case the
synthesis is selective for just one crystalline phase. The data for the dimensions of crystallites
are presented in the Graph 4.1.2-B. In general, the crystallites are slightly smaller than the

original S6 sample, but all the values are still comparable.
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Graph 4.1.2-A. Comparison of XRD spectra obtained after the operative modifications on the synthesis S6,
which is put as reference in the graph.
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Graph 4.1.2-B. Comparison for the dimensions of crystallites in the samples obtained after the operative
modifications on the synthesis S6, which is put as reference in the graph. The data are calculated from the XRD
spectra in the Graph 4.1.1-A. The straight line is for the polymorph percentage, while the bars are for the
dimensions of crystallites.
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In Graph 4.1.2-C, both the data of bulk density and specific surface area are presented. It is
possible to confirm the trend already noticed in the neutralization syntheses. Indeed, as the
surface areas of both samples S6-B and S6-C lower, with respect to the sample S6, their bulk
densities increase. Besides that, the bulk densities of the two powders are still considered to be
comparable with the sample S6, even though slightly higher. Given the fact that the stirring
time of the hydrolysis is always the same in the synthesis S6 and its modifications, it may be
supposed that the order of addition of the microemulsion has a relevant effect on the stability
of the system producing titania with a higher bulk density. This can also be an explanation in
the case of the synthesis S6-C because the use of a basic solution to neutralize every addiction
of the acidic microemulsion may alter consistently the system and the micelles.

Conversely, the specific surface area is not comparable with the one obtained from the original
S6 synthesis, but the values are similar to each other. These values are even lower that the Sget
of the STD sample (135 m?/g).
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Graph 4.1.2-C. Comparison of bulk density and specific surface area for the samples obtained from the
modifications of the synthesis S6. The STD sample is put as reference. The bars show the value of Sger, while the
line is the bulk density.

Considering the DRS analysis, the two samples S6-B and S6-C are both yellow, so the spectra
presented in Graph 4.1.2-D were expected, as previously seen for the other samples that
showed the same colour. Indeed, the reflectance starts to lower in the visible range of light and
then it drops around 400 nm. The band gap values are comparable, also with the original sample
S6, as shown in Graph 4.1.2-E, and overall higher than the STD sample. For these reasons, it

could be interesting to test these two powders in the photo-reforming of glycerol, even though
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the bulk density and the surface area are not optimal values for the wanted catalyst. In fact, the
analysis of the reaction products and parameters could be an indicator of whether a low bulk

density and high surface area have a considerable effect on the reaction progression and

outcome.
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Graph 4.1.2-D. DRS spectra of the TiO, samples obtained after the operative modifications on the synthesis S6,
which is put as reference in the graph.
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Graph 4.1.2-E. Bang gap values of the samples obtained after the operative modifications on the synthesis S6,
which is put as reference in the graph, along with the STD sample. Data obtained from the elaboration of the
spectra in Graph 4.1.1-D.
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4.1.3. Reproducibilityof the synthesis S6

Overall, within the scope of the project, the sample S6 (NH4OH with base/acid ratio 0.7) shows
the most promising characteristics to be used as a photocatalyst, namely a high surface area and
a low bulk density. Moreover, it is composed only of the anatase polymorph with quite small
dimensions of the crystallites in the order of the nanoscale. Therefore, the synthesis S6 is
replicated to verify its reproducibility and the samples are analysed as the others before to

confirm the consistency of the data.

Bulk Density SeeT Band TiO; crystalline Oxeo dXR.D

Sample 5 Anatase Rutile

(g/ml) (m4g) | Gap (eV) phase (nm) (nm)
S6 0.58 197 3.04 Anatase 8 /
S6 (3) 0.74 138 3.04 Anatase 9 /
S6 (4) 0.72 120 3.09 Anatase 10 /

Table 4.1.3-A. Summary of the main characterization data for the reproducibility of the synthesis S6. The Sger is
measured on the samples after calcination. The dxrp values express the dimensions of crystallites.

The XRD spectra concerning the reproducibility of the synthesis S6 are showed in the Graph
4.1.3-A. The two replicas show the exact same results since only the anatase phase is present
in the powder, as in the original sample S6. Rutile is not detected in any of the samples. Also,
the dimensions of the crystallites (Graph 4.1.3-B) are comparable with the initial sample S6,

and overall, they all are below 10 nm.
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Graph 4.1.3-A. Comparison of XRD spectra for the reproducibility (light blue) of the synthesis S6 (blue).
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Graph 4.1.3-B. Comparison for the dimensions of crystallites in the samples for the reproducibility of the
synthesis S6. The data are calculated from the XRD spectra in the Graph 4.1.2-A. The straight line is for the
polymorph percentage, while the bars are for the dimensions of crystallites.

The two replicas give a value of bulk density comparable within each other, but slightly higher
with respect to the initial synthesis S6. The data are presented in the Graph 4.1.3-C. For what
concerns the surface area, the two reproductions of the S6 synthesis give two high values for
the surface area, which are lower when compared to the synthesis S6 performed at the

beginning, but they are similar to the STD sample (135 m?/g).
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Graph 4.1.3-C. Comparison of bulk density and specific surface area for the reproducibility of the synthesis S6.
The STD sample is put as reference. The bars show the value of Sger, while the line is the bulk density.
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In Graph 4.1.3-D, the DRS spectra obtained by the replicas are presented. The two
reproductions of the synthesis S6 give two samples with the same type of spectra depicted
previously. As also these powders are yellow, the reflectance starts to lower already in the range
of visible light. The drop in reflectance is still quite and it occurs around 400 nm. Graph 4.1.3-
E presents the data of band gap energy values, which are all similar to each other, also with the

S6 sample.

1,8
1,6
1,4
1,2

1

0,8

0,6 /"‘—
0,4

0,2

0

%R (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

—5S6 S6 (3) S6 (4)

Graph 4.1.3-D. DRS spectra of titania samples for the reproducibility (light blue) of the synthesis S6.

3,15
3,09
3,1

3,04 3,04
3,05

w

2,95

Band gap (eV)
~N
()

2,85
2,8
2,75

2,7
S6 S6 (3) S6 (4)

Graph 4.1.3-E. Band gap values for the reproducibility of the synthesis S6. The STD sample is put as reference.
The data are obtained from the elaboration of the spectra in graph 4.1.2-D.
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4.2.  Synthesis of the rutile polymorph

Rutile is another polymorph of titania that can be obtained selectively by modifying some
parameters during the synthesis, as the stirring time and the type of acid used.

In this work, the hydrolysis time is firstly modified to be longer so that rutile will form, since it
is the thermodynamic product. According to literature’®, the optimal stirring time to do that is
4 days (sample R-4gg). After that, the change of the acid is analysed. The STD synthesis is
based on the use of nitric acid and it can be substituted with hydrochloric acid. The literature
proposes a synthesis using the same starting reagents as the STD synthesis and hydrochloric
acid with a concentration 10M?8%8_ In this project, the concentration of HCI tested is 5M since
this allows the system to reach a higher value of water-to-surfactant ratio (Rw) that is equal to
the one used in the STD synthesis (Rw=21). The data resulting from the characterization of
these two samples are presented in Table 4.2-A, along with the values for the STD sample,
which is put as a reference. Moreover, the operative conditions for the syntheses are reported

since they are quite different.

Bulk S Band TiO2 dxrb dxrp
Sample Synthesis density (mBziT) ap(eV) crystalline = Anatase | Rutile
(g/ml) g9) | 9ap phase (nm) (nm)
. = 0 .
sto | FYBSRRSN 12 135 ses | S 98 8s
R-4gg Hgﬁo“gd; 0.59 50 2.99 Rutile / 15.1
. - 0 .
sHel | YDZLRSN | g69 a0 205 | R 5 13

Table 4.2-A. Summary of the main characterization data obtained from the attempts to synthetize the rutile
polymorph. HYD = hydrolysis time, R = reflux time.

e XRD analysis
The two samples (R-4gg and S-HCI) are prepared with operative conditions quite different, but
they are both composed of rutile. Actually, the sample obtained with HCI has a low percentage
of anatase (6%) that is visible from the XRD spectra in Graph 4.2-A. Conversely, anatase is
not detected in the sample prepared with a longer stirring time (R-4gQ).
The dimensions of the crystallites for both samples are presented in Graph 4.2-B. The value

for the sample R-4gg (15 nm) is consistent with the results reported in literature for the same
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synthesis?®, and also the sample S-HCI is obtained with crystallites in the same range of size
(13 nm). Rutile is usually the most stable form of titania when its dimensions are bigger than
35 nm, since it tends to grow fast as soon as it forms; while anatase is the most stable form for
values below 14 nm?°. Therefore, both syntheses are able to develop rutile nanoparticles, even

comparable with the dimensions of crystallites for the anatase phase.
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Graph 4.2-A. XRD spectra for the samples S-HCI, R-4gg and STD. The reference pattern for anatase and rutile
are also inserted in the graph.
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Graph 4.2-B. Comparison of the dimensions of crystallites for the sample S-HCI, R-4gg and STD. Also, the
percentage of each crystalline phase is inserted in the graph. The data are obtained from the elaboration of the
spectra in Graph 4.2-A. The straight line is for the polymorph percentage, while the bars are for the dimensions

of crystallites. A=anatase, R=rutile.
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e Bulk Density and Specific Surface Area (Sger)

In Graph 4.2-C, the data for both bulk density and specific surface area are presented. The
STD sample is always put as a reference. The bulk density of the two samples is similar and
more than half when compared with the STD sample. The values are also comparable with the
data obtained from the neutralization syntheses even though in this case the base is not used
and the acid is still HNOs. For this reason, the explanation for a lower bulk density is in the
stirring time, which is far longer for the sample R-4gg, or in the heating step, that is not present
in this synthesis. On the other hand, for the sample obtained with the use of hydrochloric acid,
an explanation for this lower bulk density could also lie in the type of acid. Indeed, HCI has a
strong influence on morphological and physical properties of the final titania, since CI" and
NOjs™ anions have a different chemical complexation on the crystalline structure?.

Concerning the specific surface area, both samples show a low value. The one for the sample
R-4qg is equal to the study from which the procedure was taken’®. Also, the sample S-HCI gives
a value slightly lower than the one reported in literature?®, even though the concentration of the

acid used in this project is lower and the operating procedure was partially modified.
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Graph 4.2-C. Comparison of bulk density and specific surface area for the sample R-4gg and S-HCI. The STD
sample is put as a reference. The bars represent the Sger, while the line is the bulk density.

e DRS spectra and Band Gap calculation
The DRS spectra (Graph 4.2-D) for these two samples are analogous to the STD titania, thus
the drop of reflectance is around 400 nm. Nitrogen is not expected to be presented inside the

crystalline structure of these two samples since no base is used and the acid is switched from
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HNOs to HCI. In fact, the two powders are white. The values of band gap (Graph 4.2-E) are
comparable with each other and they are consistent with the data in literature for the rutile

crystalline phase of titania, as the band gap should be ~ 3.03 eV,
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Graph 4.2-D. DRS spectra of the sample S-HCI (purple), R-4gg (red) and the STD sample (orange), which is put
as a reference.
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Graph 4.2-E. Comparison of band gap values for the samples S-HCI, R-4gg and STD. The data are obtained
from the elaboration of the DRS spectra in Graph 4.2-D.
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4.2.1. Synthesis of rutile polymorph using HCI and the neutralization approach

As previously mentioned, a second way to obtain the rutile crystalline phase of titania is by
changing the type of acid. Since the synthesis with HCI is not broadly studied, some further
tests are done using the neutralization approach developed within this project with the aim of
synthesizing the rutile form of titania. In this case (Figure 4.2.1-A), both ammonium hydroxide
and sodium hydroxide are tried in the best base/acid ratio (0.7) already discovered when HNO3
is used. While, for longer hydrolysis time only ammonium hydroxide is used (Figure 4.2.1-B),
since sodium hydroxide did not show good properties in terms of surface area and bulk density

in the previous synthesis.

ith Ti ME with
MEEZ\SEQOII ME with Hydrolysis NH,OH or Reflux 1h Drying and
p(TBT) HCI 1h NaOH (ratio Calcination
0.7)

Figure 4.2.1-A. Operative scheme for the synthesis of titania with the neutralization approach when HCl is used.
The hydrolysis and reflux time are 1 hour; both NH4sOH and NaOH are tested.

ME with Ti . : ME with -
ME with Hydrolysis : Drying and
> gt >> HCI > (16h 0 24h) N"'4%"7')(ra“° > Reflux Sh >> Calcination

Figure 4.2.1-B. Operative scheme for the synthesis of titania with the neutralization approach when HCI is used.
The hydrolysis is 16 or 24 hours and the reflux is 5 hours in both cases; NH4OH is only used.

The results from the characterization of these samples are presented in Table 4.2.1-A and the
operative conditions of the syntheses are also reported for a better understanding. The STD
sample is put as a reference, while the sample S-HCI is inserted for comparison since the
operative modification are done on its synthesis. In particular, the aim is to verify that the
neutralization approach in the ME synthesis using HCI can produced titania samples mainly
composed of the rutile polymorph.
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Bulk s Band TiO2 dxrD dxrp
Sample Synthesis density (mBsT) ap(eV) crystalline | Anatase = Rutile
(9/ml) 9) 9ap phase (nm) (nm)

STD HYDH}&’)? M1z 1 oz Y a8 85
sHel | YPZIRSN 0g 30 20 | R 25 a3
s7-24h | T fﬁ‘ﬁfoﬂ“ 048 230 314 | Anatsse = 9.4 /
s7-16h | T j?\?HTOSS; 051 = 48 | 311 | Anatase 11 /

S7R :\élD+1|r\]|’HFiéE|; 067 198 308  Anatase | 5.9 /

ser | TDINRIN 036 10 314 / / /

Table 4.2.1-A. Summary of the main characterization data obtained from the attempts to synthetize the rutile
polymorph with the neutralization approach. HYD = hydrolysis time, R = reflux time.

e XRD analysis

Firstly, it was not possible to perform this analysis on the sample synthesized with NaOH and
1 hour of hydrolysis. Indeed, due to the yield of the synthesis, there is not the proper amount of
titania powder to be analysed with the XRD instrument; moreover, it is not worth doing the
analysis because of the low yield of the synthesis. Furthermore, the Raman analysis carried out
on the sample was not helpful as well. Eventually, the SEM analysis showed the strong presence
of NaCl in the sample, making the detection of titania polymorphs difficult with the previous
characterization techniques.

All the other samples are formed only by the anatase polymorph as it is confirmed by the XRD
spectra (Graph 4.2.1-A). So, the neutralization approach applied to the syntheses with HCI is
not selective for the rutile crystalline phase; conversely it is selective for the synthesis of pure
anatase. Moreover, the hydrolysis time is studied, but in this case a longer stirring time does
not result in the formation of rutile. Probably the time was not long enough for the
thermodynamic product to form. The base may favour the formation of the anatase polymorph,
as the sample obtain with just HCI is composed mainly of rutile (Paragraph 4.2.) and the

stirring time is 24 hours.
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The dimensions of crystallites (Graph 4.2.1-B) for the samples with the longer hydrolysis
times, 24h and 16h, are comparable with the one for the STD sample. On the other side, the
sample obtained after 1 hour of hydrolysis has smaller dimensions of crystallites, which are
more consistent with the values obtained with the neutralization of the HNO3z microemulsions

as the stirring time is closer to these preparations.
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Graph 4.2.1-A. XRD spectra of the samples obtained after the neutralization approach when HCI is used. The
samples S-HCl and STD are put as references.
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Graph 4.2.1-B. Dimensions of crystallites for the samples obtained after the neutralization approach when HCI
is used. The samples S-HCI and STD are put as reference. The data come from the elaboration of the XRD
spectra in Graph 4.2.1-A. The straight line is for the polymorph percentage, while the bars are for the
dimensions of crystallites. A=anatase, R=rutile.
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e Bulk density

This set of syntheses (see Figure 4.2.1-A and 4.2.1-B) show values of bulk density lower than
the syntheses with the neutralization of the HNOs microemulsion. The characterization data
(Graph 4.2.1-C) are all below the bulk density of the sample prepared with HCI and no
neutralization. In particular, when the hydrolysis is longer, more than 16 hours, the bulk density
tends to be lower. The sample prepared with 1 hour of hydrolysis has a value of bulk density
closer to the samples with the neutralization of the HNOs microemulsion. This is probably
because the hydrolysis times are quite similar among each other, 1 hour and 20 minutes,
respectively; moreover, the time for heating with reflux is the same.

The sample prepared with NaOH and 1 hour of hydrolysis seems to be quite interesting. The
bulk density is considerably low with respect to the other samples and among all the syntheses,
it is the only powder with a value closer to the bulk density of the commercial P-25 (0.1 g/ml).
in this case, it is difficult to define an explanation, since it was not possible to obtain such value
in the neutralization syntheses with HNO3, so, probably the HCI plays an important role in
determining the bulk density of the powder. Anyway, as previously seen in the XRD section,
this sample displays a strong presence of the NaCl salt as an impurity and the value of bulk

density might not be the real one.
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Graph 4.2.1-C. Comparison of bulk density for the samples obtained after the neutralization approach when
HCI is used. The samples S-HCI and STD are put a reference.

e Specific surface area (Sger)
The samples obtained via the ME synthesis with the neutralization of HCI show quite different

surface areas depending on the hydrolysis time. All the values for the samples prepared with
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NH4OH are higher than the STD sample (135 m?/g); the sample obtained with 24 hours of
hydrolysis is even higher than the sample S6 (198 m?/g) which is the best data in the set of
syntheses with neutralization approach when HNOs is exploited. It seems like, when using a
preparation method based on the neutralization approach, the type of acid is not important as
high-surface area anatase will form. On the other side, the type of base has a crucial role since,
when sodium hydroxide is used in the same conditions of ammonium hydroxide (considering
the synthesis with 1 hour of hydrolysis), the surface area extremely drops to the lowest value
obtained in all the syntheses performed in this project. This is in contrast with the data obtained
before from the bulk density since usually as the surface area decreases, the bulk density
increases. This trend was confirmed in the first set of syntheses with neutralization. Otherwise,
in this case, the Sget of the sample with NaOH is a very small value, but also the bulk density
lowers considerably. Conversely, the other samples confirm the trend previously noticed in the
first set of syntheses with neutralization.

Thus, the sample prepared with NaOH shows quite peculiar characteristics. It has a very low

surface area and a little value of bulk density, which is one of the goals of this paper.
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Graph 4.2.1-D. Comparison of specific surface area for the samples obtained after the neutralization approach
when HCI is used. The samples S-HCI and STD are put as reference.

o DRS spectra and Band Gap calculation
The DRS spectra of all the samples are similar (Graph 4.2.1-E). They show a drop in

reflectance that starts around 400 nm. Their band gaps, presented in Graph 4.2.1-F, are in
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general higher values with respect to the samples obtained in the neutralization of the HNO3
microemulsion, even though they are composed of anatase.
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Graph 4.2.1-E. DRS spectra for the samples obtained after the neutralization approach when HCI is used. The
samples, where NH4OH is used, are pink, while the one prepared with NaOH is yellow. The samples S-HCI
(purple) and STD (orange) are put as a reference.
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Graph 4.2.1-F. Band gap values for the samples obtained after the neutralization approach when HCl is used.
The samples S-HCI and STD are put as a reference. The data are obtained after the elaboration of the spectra in
Graph 4.2.1-E.
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4.3. Photocatalytic activity of TiO2-m

After the synthesis and characterization of all the samples, the ones with the optimal properties
are selected to test their photoactivity, since the final goal is to use the titania as a catalyst in
the photo-reforming of glycerol. A first set of reactions is done by using the bare support,
eventually comparing the hydrogen production rate and the liquid products obtained for each
sample. Before the catalytic tests, an attempt to calculate the quantum efficiency of the titania
catalysts is done (Paragraph 4.3.1); moreover, a study on the transmittance of the systems was

carried out (Paragraph 4.3.2).

4.3.1. Quantum Efficiency calculation

In photocatalytic processes, the efficiency for the conversion of the light energy to chemical
energy could be an interesting parameter to consider. In fact, it enables to understand which are
the photo-catalytically active sites since the light is not reaching the surface of the catalyst due
to shading. So, it is relevant to define the part of light effectively used by the catalyst. The
efficiency can be calculated as the quantum efficiency, or quantum yield (QY), indicating the
ratio of the products obtained and the photons absorbed (equation 11)%. The product
considered is Hz (in moles), while the number of photons absorbed is obtained from the intensity

of the light at one wavelength (see Paragraph 3.6.2).

Q _ amounof product formed (11)

" amount of photons absorbed

Before calculating the quantum efficiency for the titania samples, some tests are performed to
define the transmitted and scattered light for the system. Indeed, the light irradiated (lo) from
the solar simulator is not the same amount of light transmitted (I+) at the bottom of the reactor
since there may be adsorption (la) and scattering (Is) of light that can occur in the system. So,
the light irradiated is the sum of all these phenomena (equation 12) that must be taken into

consideration when calculating the quantum efficiency.

lo=Ilr+1la+1s (12)
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Moreover, it is necessary to find the proper instrument to use, the fibre optic spectrometer or
the radiometer, so both are tested to understand if the possibility to use the radiometer is viable

since it is a faster way to perform the analysis.

e Optic fibre spectrometer

The fibre optic spectrometer is exploited to verify the data obtained by the radiometer with the
two probes (UV and Visible regions). The radiometer is faster to use since it gives a direct value
of the measure; moreover, the fibre optic spectrometer has some structural limitations since it
has an optimal angle of detection which is not easy to observe in these kinds of measurements
due to the structure of the reactor. For these reasons, this instrument is used just for the first
analyses.

In the following graphs, the transmitted and scattered light are measured when there is just the
filter at 400nm with nothing in between (Graph 4.3.1-A), when the reactor is placed under the
lamp (Graph 4.3.1-B) and when the reaction mixture, without the catalyst, is put inside the
reactor (Graph 4.3.1-C). In the last case, the reaction mixture is composed of the solvent
(water) and the substrate (glycerol) in the same amounts used during the photocatalytic reaction
to simulate the system that is usually present. The light transmitted lowers, as the reactor is
placed below the lamp and then again when the reaction mixture is added. At the same time,
the scattering increases. The scattering is not measured in the first case as nothing is between
the source of light and the probe of the spectrometer, so ideally there is not scattering.
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Graph 4.3.1-A. Transmitted light of the lamp with a 400nm filter. Analysis performed with a fibre spectrometer.

72



800

700

600

500

400
300

Intensity (W/m?)

200

100

150 250 350 450 550 650 750 850
Wavelength (nm)

= Transmittance

Scattering

Graph 4.3.1-B. Transmitted and scattered light with a 400nm filter when the reactor is placed below the lamp.
Analysis performed with a fibre spectrometer.
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Graph 4.3.1-C. Transmitted and scattered light with a 400nm filter when the reactor with the reaction mixture is
placed below the lamp. Analysis performed with a fibre spectrometer.

e Radiometer with probes in the UV and Visible range of the spectrum
The radiometer is used in the same way as the fibre optic spectrometer, but instead of producing
the whole spectrum, it just gives the value of the light intensity detected.
The Graphs 4.3.1-D collect the values of light intensity, both transmitted and scattered, in the

UV and visible range in three conditions:
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— Direct source of light,

— Reactor placed below the lamp,

— Reaction mixture added to the system (solvent and substrate).
The trend is the same showed with the optic fibre spectrometer, even though the measures are
less precise. Indeed, the transmittance seems to increase when the reaction mixture is added to
the reactor, in both cases. Anyway, the values for the light intensity are all quite low, so the
difference between the intensity in the three cases can be considered as part of the instrument
error. In general, it can be stated that the overall system (glass, solvent and substrate) has a low
relevance in the scattering phenomena, as most of the light is directly transmitted to the bottom

of the reactor.
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Graph 4.3.1-D. Transmitted and scattered light with a 400nm filter in three conditions. Analysis performed
through a radiometer with a probe in the visible range (graph on the left) and one in the UV (graph on the
right).

After confirming that the radiometer can be used for these kinds of measurements, the following
analyses with the titania powder are performed just with this instrument. Therefore, the
commercial titania P-25 is tested at increasing concentrations: 0.2 g/L, 0.5 g/L and 0.8 g/L. As
before, the data are collected in two graphs (Graph 4.3.1-E) separating the two ranges of the
probes. In both graphs the trend is the same; the transmittance lowers as the concentration
increases, while the scattering is quite similar for all the concentrations tested. Moreover, it can
be noticed that the intensity of the light transmitted, when the filter is placed on the lamp of the
solar simulator, is 1000 times lower than the light intensity if there is no filter (see values in
Paragraph 4.3.2). This aspect represents a problem since the hydrogen production rate is too
little when the filter is used in the photocatalytic reaction used to calculate the quantum vyield.
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I (W/m?)

The intensity of the light transmitted is not high enough and the bare titania used in the reaction
is not sufficiently active to produce hydrogen. So, if platinum is added to the titania powder,
obtaining a supported PUTiO- catalyst, it is possible that the activity is sufficiently high to

produce enough hydrogen to be detected by the GC analysis instrument.
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Graph 4.3.1-E. Transmitted and scattered light with a 400nm filter when the catalyst is inserted in the reaction
mixture. Three different concentrations of the commercial titania P-25 are tested. Analysis performed through a
radiometer with a probe in the visible range (graph on the left) and one in the UV (graph on the right).

4.3.2. Photocatalytic reforming of glycerol

The photo-reforming of glycerol is a degradation reaction where the substrate is converted into
other products and eventually oxidized to CO2, together with the production of hydrogen.
Therefore, a wide number of products can be obtained. A reaction mechanism was proposed by
some previous studies and it involves the production of hydrogen as a gas and some liquid
products, namely dihydroxyacetone, glyceraldehyde and glycolaldehyde. So, to better analyse
the photocatalytic reaction, the liquid and gaseous products are discussed separately.

As previously stated, not all the samples obtained by the different preparation methods are
tested in the photocatalytic reaction of glycerol, so the results are presented divided per type of
synthesis to allow a clearer understanding of the data. For a better comprehension of the results,
the Table 4.3.2-A presents a summary of the main characterization data for the titania powders
tested in the photo-catalytic reaction.

The STD sample is inserted as a reference; moreover, the commercial titania P-25 is tested for
comparison. The samples S1, S2, S4 and S6 are obtained with the neutralization approach and

they show the best properties, especially the specific surface area. Additionally, the sample S4
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is synthetized with NaOH in the ratio 0.7 and it shows quite good properties, S0 a comparison
with the sample S6 (NH4OH ratio 0.7) is done. Then, the samples S6-B and S6-C are tried out
to compare their photo-activity with the original S6 sample. Moreover, the two samples
obtained to confirm the reproducibility of the synthesis S6 are used in the photocatalytic

reaction to verify they have the same activity.

Bulk )
sample Svnthesis SBET de:sit Band | Crystalline dxrD
P y (m?/g) y gap (eV) phase (nm)
(g/ml)
HYD 1h, R 5h; A=95%:; _
STD HNOs 135 1.2 3.08 R=50% A=9.8
=80%:
P-25 Commercial TiO2 49 0.1 3.15 'g:g%(,//z A=21.7
HYD 20 min, R 1h;
S1 HNOs + NH:OH (1) 158 0.99 2.91 Anatase 95
HYD 20 min, R 1h; A=91%:; _
52| |INOs + NHiOH 05) 87 0.75 2.95 R=0% A=9.4
HYD 20 min, R 1h; A=66%:; _
> HNOs+NaOH (0.7) M 076 296 1 poguy | ATED
HYD 20 min, R 1h;
S6 HNO3 + NH:OH (0.7) 197 0.58 3.04 Anatase 7.9
HYD 20 min, R 1h;
S6-B HNO3 + NH4OH (0.7) 90 0.79 3.05 Anatase 5.6
HYD 20 min, R 1h;
S6-C HNO; + NH:OH (0.7) 100 0.82 3.02 Anatase 7

Table 4.3.2-A. Summary of the characterization data for the samples successively tested in the photo-reforming
of glycerol.

e Gaseous products analysis
The activity of the catalyst is analysed as the Hz production rate expressed in pmol H2/Qcatalyst™h
to be consistent with the data present in literature and make a comparison. The best value for
H> productivity in glycerol PR is around 600 umol Ha/gcatayst™h for bare titania formed by rutile
polymorph® | while the commercial titania P-25 shows a slightly lower value of 450 pmol

Ho/ gcatalyst*h70-
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Firstly, the data for the neutralization syntheses (Graph 4.3.2-A) show a high value of H>
production rate for the sample S6 (NHsOH with ratio 0.7) which is more than twice the value
for the STD sample. In addition to that, the sample S6 shows a higher H. production rate than
the titania powders tested in other studies with the same conditions, even greater than the
commercial P-25347 The possibility to have a N-doped TiO; catalyst could explain this great
activity of the sample S6. Also, the sample S1 (NH4OH with ratio 1) is thought to contain
nitrogen in the crystalline structure, but it does not show an activity as high as the sample S6.
So, there is something else contributing which may be the surface area of the catalyst. Indeed,
as more species can be absorbed on the surface of the titania, a higher number of organic
substrates and intermediates will be dehydrogenated, releasing Ho.

The sample obtained with NaOH and the same base/acid ratio of the sample S6 (0.7) is also
tested in the glycerol PR reaction, but it does not display a good value of Hz productivity, not

even comparable with the one of the STD sample.
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Graph 4.3.2-A. Comparison of the H, production rate for the neutralization samples (when HNOs is used). The
STD sample is put as reference.
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Graph 4.3.2-B. H; productivity for the samples obtained with the neutralization synthesis when HNO3 is used.
The graphs are a normalisation on the Sger (left) and on the bulk density (right). Data elaborated from the graph
4.3.3-A.

In the case of the sample obtained by the modifications of the synthesis S6, the Hz productivity
is lower than the one of the original sample S6, and also of the STD sample (Graph 4.3.2-C).
The bulk density of these two samples (S6-B and S6-C) is slightly higher than the one of the
S6 sample, but it is still lower than the STD one. Despite that, the hydrogen production rate for
the sample S6-B and S6-C is significantly lower than the STD one. What changes substantially
is the surface area of the two modified S6 samples which is half the original S6 sample. So, the
specific surface area has a great impact on the reaction and on the Hy productivity. These
considerations are confirmed by the normalization of the Hz productivity on the surface area
while the one on the bulk density (Graph 4.3.2-D) would require more investigation of the
absorption radiation. The surface area and the density are not the only parameters influencing
the photo-catalytic activity, which is also determined by the morphology, the active site and the
band gap. Regarding this parameter, it has to be noted that even if the samples are all yellow,
which suggests a lower band gap and the presence of nitrogen as dopant, this seems to have a
less significant effect with respect to the surface area. In fact, it has to be remembered that it
was not possible to determine whether N is efficiently inserted in the crystalline structure, so

the presence of a N-doped titania is just an assumption.
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Graph 4.3.2-C. Comparison of the H, production rate for the samples obtained after the modifications of the
synthesis S6. The STD sample is put as reference.

5,00 600
T 450 E
= 400 < S0
= 5
2 320 € 400
5 3,00 =
> 250 Z 300
S 2,00 2
=)
S 150 s 200
S 1,00 S
= o S 100 I
~ ) IN
£ o0 | . -
STD s6 $6-B $6-C STD s6 56-8 $6-C

Graph 4.3.2-D. H, productivity for the samples obtained after the modifications of the synthesis S6. The graphs
are a normalisation on the Sger (left) and on the bulk density (right). Data elaborated from the graph 4.3.3-C.

Concerning the reproducibility of the synthesis S6, the H> production rate of the first replica is
almost equal to the original synthesis, even though the surface area is lower and the bulk density
is slightly higher than the original sample S6. Indeed, when normalized on these values (Graph
4.3.2-E), the first replica displays the greater H> productivity for both parameters. When the
second replica of the sample S6 is tested in the PR reaction, a definitely lower value of H>
productivity is obtained, which is difficult to explain. Indeed, the properties of the sample S6(3)
and S6(4) are comparable and a similar activity was expected.
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Graph 4.3.2-E. Comparison of the H, production rate for the reproducibility (light blue) of the synthesis S6. The
STD sample is put as reference.
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Graph 4.3.2-F. Normalization of the H, productivity on the Sger (graph on the left) and on the bulk density
(graph on the right). The samples analysed are the ones for the reproducibility of the synthesis S6.

e Liquid Products analysis

From the HPLC chromatograms it is possible to verify the type of liquid products formed during
the reaction and quantify them. Some possible products for the reforming of glycerol are
dihydroxyacetone (DHA), glyceraldehyde and glycolaldehyde. Dihydroxyacetone is not
detected for any titania sample used, while glyceraldehyde and glycolaldehyde are found in
some of the samples. The STD titania is not able to transform glycerol into other products since
the conversion is 0 (Graph 4.3.2-G), but from the GC analysis it is known that H. is produced.
So, the reaction that takes place is the water splitting:

2HO>2H,+ 0O
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The same goes with the sample S2 (NH4OH ratio 0.5), but in this case, the properties of the
sample are not optimal and thus such behaviour can be expected. However, both with the

sample STD and S2, the conversions are zero because of a problem in the HPLC instrument.
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Graph 4.3.2-G. Selectivity and conversion for the titania samples synthetised with the neutralization approach
(when HNOs is used). The selectivity is on the two main products: glyceraldehyde and glycolaldehyde.

Otherwise, the titania samples obtained with NH4OH in higher base/acid ratios (0.7 and 1) allow
to form both glyceraldehyde and glycolaldehyde. The best conversion is given by the sample
S6 (ratio 0.7) which confirms the idea that this is the best catalyst synthesized within the project.
Indeed, it has the highest specific surface area and lowest bulk density, even though not
comparable with the commercial P-25, it is composed of pure anatase with particles in the nano-
dimensions; moreover, it may contain N in its crystalline structure due to the yellow colour of
the powder.

A comparison with the sample obtained with NaOH in the ratio 0.7 is performed. This catalyst
enables to produce only glyceraldehyde as a liquid product, in contrast with the results of
Maslova et al. where the presence of rutile is reported to have a superior selectivity for
glycolaldehyde™. In addition to that, this titania sample is formed by a mixture of anatase and
rutile (see Paragraph 4.1, XRD analysis), which should have a greater activity than the pure
anatase of the sample S6, as reported in literature’8. This can be explained by the promotion
of a photoinduced electron from the anatase conduction band to rutile, promoting charge
separation and thus increasing the overall photo-activity of TiO2®.
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Moreover, the conversion of this titania sample is lower with respect to the samples prepared
with NH4OH, especially the S6 one. Probably in this case the better properties of the TiO2 S6

played a fundamental role, such as in the production of Hz previously discussed.

For what concerns the samples S6-B and S6-C, modifications of the synthesis S6, the
conversion is comparable with the sample S6, 8.2 and 9.4 respectively, but glycerol is not
converted to any valuable liquid product as the conversion is zero.

On the other side, the reproducibility of the sample S6 (NH4OH ratio 0.7) gave slightly different
results, that are presented in Graph 4.3.2-H. The conversion for the first replica is lower,
moreover only glyceraldehyde is produced. The second replica does not show any liquid
product, so glycerol is not converted during the reaction. Furthermore, also in this case the

conversion is negative.
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Graph 4.3.2-H. Selectivity and conversion for the titania samples in the reproducibility of the synthesis S6. The
selectivity is on the two main products: glyceraldehyde and glycolaldehyde.

The samples tested in this project (Table 4.3.2-A) allow to obtain mainly glyceraldehyde and
in some cases glycolaldehyde. So, the reaction of glycerol reforming is thought to proceed with
an indirect mechanism where glyceraldehyde is formed as one of the primary products, as
already mentioned (see Paragraph 1.5). According to this mechanism, glyceraldehyde and
glycolaldehyde form as the first decomposition products in glycerol PR. Indeed, CO: is not
detected in the GC analysis meaning that the oxidation of glycerol is not completed, probably

due to the low activity of the bare TiO> catalysts used.
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5. CONCLUSIONS

This project is focused on the development of TiO> synthesised through the microemulsion
approach, which allows to tune the morphological and optical properties of the final powder.
Subsequently, synthetised titania is used in the photo-catalytic conversion of glycerol which is
a by-product of the biodiesel production. Photo reforming (PR) reactions could play an
important role in sustainable development since they exploit solar light to decompose organic
substrates. In addition to that, from the glycerol PR reaction, H> is produced, which is a

renewable-based energy vector.

Nanoparticles of titanium dioxide were successfully synthesised using the microemulsion (ME)
technique. Moreover, the standard ME synthesis was modified introducing a neutralization step.
Neutralization is achieved by the addition of a ME containing a base (NH4OH or NaOH) with
different base/acid ratios (0.5-1).

The neutralization approach allowed to obtain powders only composed of the anatase
polymorph of titania with small dimensions of the particles (< 10nm) if NH4OH is used with a
base/acid ratio higher than 0.7. When NH4OH was used with a lower base/acid ratio (0.5) or if
NaOH was employed in the synthesis, also the rutile crystalline phase formed. In particular,
one of the samples synthetised (S6) showed great morphological properties, namely a high
surface area (198 m?/g), a low bulk density (0.58 g/ml) and slightly stronger absorption in
visible light range. Moreover, this sample (S6) presented a yellow colour which could be an
indicator for the presence of nitrogen in the crystalline structure of titania (N-doped titania), as
it is supported by the absorption of visible light in the UV-VIS spectra. In addition to that, a
Raman positive shift demonstrated the presence of oxygen vacancies, which could have formed
because of the N-doping. Unfortunately, it was not possible to definitively have the
confirmation of the N presence through the XPS analysis, but it will be carried out when the
instrument is available,

Because of the final characteristics of the powder, the synthesis S6 was tested for the
reproducibility, resulting in two comparable samples. Nevertheless, the original S6 sample had
slightly better properties, namely a higher surface area and a lower bulk density.

In the PR of glycerol, the sample S6 showed a H, productivity greater than any of the other
samples obtained with the neutralization ME synthesis, and even than the STD one and the P-

25. In addition to that, glyceraldehyde was obtained as a liquid product when the sample S6 is
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tested, meaning that the decomposition of glycerol was significant, while for the other titania
samples only the water splitting reaction was observed. In addition, also when the sample
obtained through neutralization with a bigger base/acid ratio (1) was tested in the same
photoreaction, glyceraldehyde formed along with glycolaldehyde, while at a lower base/acid
ratio (0.5) no liquid products were present. Dihydroxyacetone was not detected for any of the
titania samples. So, the course of the photo-reforming reaction proceeded only in the first steps

of glycerol decomposition and while no CO2 was observed after the reaction time (6 hours).

Rutile was also synthesised, exploiting two different approaches. In the first case (synthesis R-
499), a longer hydrolysis time (4 days), no reflux and the use of HNOs3 allowed to form small
nanoparticles of rutile (15 nm), while usually rutile is more stable at bigger dimensions. In the
second case (synthesis S-HCI), a hydrolysis of 24 hours, reflux of 5 hours and the use of HCI
resulted in the synthesis of titania mainly composed of rutile with a low percentage of anatase.
The crystallites dimensions were similar to the previous case (13 nm). When the neutralization
approach was used in this synthesis with HCI, only anatase formed with no trace of rutile. The
effect of the base seemed to be more impacting than the type of acid used, even though better
properties in the titania powders were obtained when HNO3z was used rather than HCI. The PR
testing of the samples containing rutile is not present in this work because of issues in the testing
set-up, but it could be useful to see the differences in photo-activity for the two polymorphs of

the synthesised titania.

Eventually, an attempt to calculate the quantum efficiency of the titania catalyst was done.
Unfortunately, H> was not detectable when working at a single wavelength (365 nm or 400 nm)
if bare titania is used, so it was not possible to calculate the quantum efficiency. Anyway,
preliminary measures before the photoreaction showed an increase in the scattered light when
the commercial titania P-25 was inserted in the system, along with a lowering in the transmitted
light to the bottom of the reactor.

Future developments of the project may comprehend the synthesis of a supported Pt/TiO>
catalyst both to be tested in the glycerol PR reaction and for the calculation of the quantum

efficiency, since a higher photo-activity is expected with this type of catalysts.
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