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Abstract

The discover made by Fujishima and Honda in 1972 on the photocatalytic water
splitting catalysed by TiO: photosensitization effect [1] started a new increasing
interest in the research of this material that was anyway long studied before (first
report on TiO2 photocatalysis was done by Renz et al. on 1921 [2]), which led to
development of many new applications, especially in catalysis and photocatalysis,
environmental field (anti-bacteria, deodorization, water treatment, dirtiness
prevention by wettability control..), as well as in the energy harvesting and storage
(e.g Gritzel cells and Lithium Ion Batteries) [3].

In the last decades many aspects of TiO2 have been explored and countless efforts
have been dedicated to characterize the properties of titanium dioxide, but due to
the multitude of variables, much can still be explored and understood in order to
have a better knowledge of the material properties and subsequently engineer the
final product. For instance, final product properties strongly depends from synthetic
conditions, methods and process parameters, used precursor materials, dopants,
morphology and surface texture. Moreover, TiO2 may occur as different
polymorphs (mainly as anatase, rutile and brookite) as well as amorphous TiOz,
with up to 12 reported bulk and/or nanocrystalline phases, which compositions
depends on these factors too as by adjusting the synthetic conditions and post
treatments, the final combination of different amounts of each phase can be tuned.

Alongside the chemical and crystal properties, morphology and surface texture play
an important role in the final material properties. Nanoparticles morphology, as an
example, can enhance the adsorption coefficients of organic molecules adsorbed on
their surfaces, the rate of adsorption of molecules and the rate of electron transfer
at the particle surface. All important factors for catalytic processes. Therefore,
tailoring particles shape, size and surface morphology is necessary for a variety of
applications.



As can be easily understood, these mentioned “variables” are just for the starting
material (TiO2), but the problem (the final material properties-parameters
relationship) become more and more complex as external variables are added. For
example, in photocatalytic applications one of the key parameters of a catalyst is
the band gap, which is easily tuneable by the presence of a doping element, which
in turn may strongly modify all the other physical-chemical and textural properties,
so increasing the complexity of the material characterization.

In this thesis, the TiO2 system will be briefly introduced, with major stress on

the last trends and applications of nanostructured titania systems. Whereas in the
following chapters, the synthetic methodology adopted to produce metal oxides will
be explored and lastly will be reported the characterization of the TiO2 system that
has been performed during this PhD work, having special consideration for high
surface area nanoparticles synthetized by templated assisted sol-gel (TASG)
synthesis, which is extremely flexible in terms of composition, precursors and
doping materials that can be used, which in this work are Molybdenum and
Manganese. Likewise, in terms of real cases usage, the synthetized materials have
been tested for modern-day important applications by exploiting the tailored
material properties.
High surface area NPs, possibly characterized by hierarchical inter-and/or intra-
particle porosity, where obtained by using soft templates in order to improve the
material catalytic activity and to facilitate the diffusion of reagents/products, as well
as modify the surface physical-chemical characteristics of acidity, charge and phase
composition. Moreover, the contribution of doping with heteroatoms, has been
explored, by selecting two elements of the most interesting and promising
properties from literature research (Mo, Mn) and the modification of physical-
chemical properties as well as the changes in optical responses and the textural
modifications due respect the bare titania has been studied.

In order to investigate and have an idea of the catalytic real cases performances,
photocatalytic tests of Mo-doped TiO2 samples have been carried out for
photodegradation of Rhodamine B dye, a model molecule used as water
“pollutant”. Nonetheless manganese oxides, interesting due to various types of
labile oxygen and oxidation states (Mn**, Mn** and Mn*"), has been used at low
doping concentration supported on the strong acidic surface of TiO2 and tested as
catalytic promoter for the low-temperature NOx removal by using the Selective
Catalitic Reduction (SCR) with ammonia, exploiting the surface acidity/basicity
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characteristics as well as peculiar composition of the produced catalyst by the
TASG method.
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Chapter 1
Introduction

1.1 Motivation of the study

Titanium dioxide (TiOz) is the 9th most abundant element on the Earth (0.63%
of the Earth’s crust) but does not occur in nature as pure form but is derived from
ilmenite or leuxocene ores [4]. It was initially mass produced after the First World
War in 1918 for uses for both macro and micro-scale application such as pigment
in paints [5], sunscreens and ultraviolet protective cosmetics [6—8], food additives
[9], toothpastes, construction materials [10], ceramics, photoelectrochromics,
photovoltaics (especially dye-sensitized solar cells) [3], water splitting [1],
photocatalysis, sensor, mixed applications [11], etc [12—14]. TiO2 is well known
for its high chemical, thermal and under illumination stability, as well as its
environmentally friendly applications and low toxicity [15][16][14]. Along with
Zn0O, TiOz2 is also one of the most investigated wide band gap semiconductor for
catalysts-photocatalyst processes, as it is able to decompose several organic [17]
and inorganic pollutants in both liquid and gas phases [18-20], so it founds
applications in water and air cleaning systems and self-cleaning coatings
[21][22][23].

TiO2 may occur mainly as anatase, rutile and brookite polymorphs as well as
amorphous TiOz, but up to 12 reported bulk and/or nanocrystalline phases of TiO2
were discovered, with more detailed discussion in the next chapter of this thesis.

By properly tailoring the synthesis conditions and nanoparticle dimensions,
pure or mixed phases can be obtained. While in bulk TiO2, rutile is the stable phase
above 600 °C, synthesis methods starting from solutions containing a Ti precursor
generally lead to the formation of anatase. When TiO:2 nanoparticles (NPs) are
obtained, polymorphs that are usually metastable in the bulk may be, instead,
stabilized: among TiO2 polymorphs, anatase has the lowest surface energy, so NPs
of this polymorph under 15 — 30 nm dimension are more easily obtained [24-26].
Instead, if a strong acid is added, brookite NPs are somewhat preferentially formed
[26][27]. This polymorph is not commonly observed in minerals due to its
metastable character and difficult to synthesize in pure form.

Nanoparticles properties also differ from bulk materials in many ways and can
be critical to obtain tailored characteristics. For instance nanoparticles can enhance
the adsorption coefficients of organic molecules adsorbed on their surfaces [29], or
the rate of adsorption of molecules and the rate of electron transfer at the particle
surface, which are important factors for catalytic process. For these reasons,
tailoring particles size and surface acidity/basicity is very interesting for a variety
of applications, in order to impart the desired characteristics to the final material.
To have an idea of the implication of nanoparticle size and phase composition, as
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one of the many example that can be cited, Jang et al found that the degree of
decomposition of methylene blue, bacteria and ammonia gas by TiO2 nanoparticles
under illumination was directly proportional to the anatase mass fraction, but
inversely to the particle size [30].

As far as photocatalytic applications are concerned, the band gap is one of the
most important parameters. Anatase has a band-gap (Eg) of around 3.2 eV, whereas
that of rutile is 3.0 eV and that of brookite is in the range between 3.1 and 3.4 eV
(vide infra): consequently, TiO: is mainly active under UV light. Moreover,
electron-hole pairs are characterized by relatively fast recombination rate (from
pico- to micro-seconds) [31] that decreases its photocatalytic efficiency. In
addition, the TiO2 polar surface has a poor adsorption ability towards non-polar
organic molecules, further limiting is efficiency towards the removal of organic
pollutants [32].

With the aim of improving the understanding of nano-TiO2 physical-chemical
characteristics and the photocatalytic activity of such material, doping with
heteroatoms, including transition metals (Cr, Co, Fe, Ni, Mn, V, Cu, Ni and Zn)
and non-metals, has been subject of many studies, since it should allow narrowing
the band gap and improving its solar light absorption [33—-36]. Concerning doping
with transition metals, the absorption edge shifts towards longer wavelengths due
to charge-transfer transitions between d electrons of the transition metals and the
CB (conduction band) or the VB (valence band). Rare earths have good electron
trapping properties, resulting in a large absorption edge shift towards longer
wavelengths, whereas defects chemistry can also play an important role in the
reactions kinetics and charge recombination.

Non-metals (C, B, I, F, S, and N) doping at the O sites of TiO2 NPs has also
been largely exploited: N appears to be one of the most efficient (and investigated)
dopants, the enhancement of charge separation being ascribed to the formation of
paramagnetic species [O-Ti**-N*"-Ti*-Vo], where Vo is an oxygen vacancy. With
non-metals doping, impurity states are located near the VB edge and their role as
recombination centres might be minimized [34,37].

Other studies show, instead, that if TiO2 is modified by adding noble metals
(such as Ag, Pt , Pd , Rh and Au), electron-hole recombination is hindered by the
resulting Schottky barrier at the metal-TiO: interface, where the former acts as a
storing-transporting mediator of photogenerated electrons from the surface of TiO2
to an acceptor (in the reaction medium). Consequently, the photocatalytic activity
increases as the charge carrier recombination rate decreases [38—42].

Concerning transition metals, Mo doping is very promising since it introduces
an empty donor level below the CB (n-type doping), which only slightly perturbs
the band [43], so avoiding strongly localized d states that can reduce the mobility
of charge carriers [44]. In this context, titania nano-photocatalysts have, among the
most promising advanced oxidation technologies (AOTs), proven useful to treat
persistent organic pollutants (POPs) [45] (resistant to environmental degradation),
several other organic/inorganic pollutants in both liquid and gas phases [18-20], as
well as dyes, biological toxins and pathogenic microorganisms [46] due to peculiar
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properties such as, but not limited to, the effectiveness to generate hydroxyl radicals
[22], thus playing an important role in the remediation of environmental and
pollution challenges, especially underlining the incapability of conventional water-
treatment systems to fully decompose these pollutants in aqueous media, due to
industrial, agricultural [47], and domestic activities.

Concerning non-photocatalytic application, TiO2 is, among many other
applications, also widely used as support or stand-alone catalytic material for a
variety of uses such as removal of nitrogen oxides. The BP’s Energy Outlook of
2016 estimate that fossil fuels will remain the dominant source of energy for the
whole world’s economy, with 60% of the energy increase till 2035, parted as oil
(+63%), natural gas (+193%) and coal (+5%) accounting for 53% of the growth.
The combustion of fossil fuels of course inevitably leads to the production of
different air pollutants as sulphur dioxide, nitrogen oxides, particulate with heavy
metals and not last, volatile organic compounds (VOCs). NOx have been shown to
be major air pollutants discharged by combustion engines (as the primary mobile
sources), power plants and nitric acid production plants (as stationary ones) and are
associated with a series of environmental issues (eg. acid rain, ozone depletion and
photochemical smog), especially NOz have a high global warming potential (around
300 times higher than CO2) meanwhile N20 greatly contributes to ozone depletion
due to its long lifetime (~150 years) [48]. To reduce NOx emissions, multiple
technologies have emerged, among them the selective catalytic reduction with
ammonia (NH3—SCR), technology initially developed by Hitachi Zosen in Japan in
the 1970s [49], is one of the most reliable and common method due to the NOx
reduction efficiencies, durable performance and reasonable costs. The current
industrial SCR processes, in facts, can efficiently reduce up to 90-100% NOx
emissions [50] by producing harmless N2 and H20. The catalysts employed for SCR
are usually supported V20s5/TiO2 [51][52], mixed V205—WO3/TiO2,
V205—Mo03/Ti02 and for the more recent applications also consist of zeolite-
supported Cu and Fe [53]. The former system is successful thanks to high activity
and resistance to SOz poisoning but suffer the disadvantage that it does not work at
reaction temperatures lower than 250 °C, so the SCR must be located upstream of
the desulfurizer control device to avoid reheating the gas flow, however in this case
the catalyst deactivation is faster due to higher SOz exposure. The need to lower
investments and to increase thermal efficiency leads to a pressing need for low-cost
and low-temperature catalysts (LTC) alternatives as after desulfurizer and
particulate removal device the flue gas is relatively clean but with an outlet
temperature <150 °C [54]. Developing LTC with both excellent efficiency and
stability for SCR of NOx by ammonia is therefore a challenge. Zeolite-based
catalysts with their thermal stability can be used at higher temperatures while
titania-based catalysts can cover the medium temperatures uses thanks to their high
selectivity (as much as ~95—-100%) combined with lower costs. In this sector, Mn
and Cu-based oxides have been reported to efficiently catalyse SCR reactions at
low temperatures similarly to V-based oxide catalysts [55], but doping metal
content reaches high values as much as 20% weight content.



Manganese oxides are also interesting due to various types of labile oxygen and
oxidation states (Mn?**, Mn** and Mn*"), which can have a significant role to
complete a catalytic cycle [56]. Kijlstra et al. for instance suggested that, in the case
of the SCR reaction, it may starts with the transformation of coordinated NH3 on
Mn** ions to NH: species [57]. Furthermore, manganese is a less toxic metal
compared to Co, V and N1 and it is relatively abundant with an average upper crustal
abundance of 600 mg kg! [58].

Taking into account all these factors, and aiming to tailor titania catalytic
properties, the study of a reliable synthetic route and characterization of TiO2
nanoparticles, followed by synthesis and characterization of the transitional metal
doped counterparts (with Molybdenum and Manganese) has been carried out.
Nonetheless, produced materials with appropriate synthetic route, based on their
characteristics, have been tested for two real life applications: 1) the NH3—SCR
reactions for Manganese doped TiO:2 and 2) the degradation of the model molecule
Rhodamine B in water under low irradiance visible light, with the aim to estimate
the photocatalytic capabilities of the synthetized Molybdenum doped nanoparticles.

10



Chapter 2
Theory

To allow a better reading experience, especially for not-of-the-field readers, as
well as provide a resume on the state-of-the-art literature on the topics, it is
necessary a brief overview of the main theoretical aspects, information regarding
the used materials and techniques, along with the fundamental parameters needed.

2.1 TiO2 Nanoparticles — Physical and Chemical
Properties

More than a decade of research led to advanced understanding of many aspects
of nano-TiOz, from its synthesis to properties and applications. As this is of course
true, it is also important to notice that in the vast literature, inconsistences and
contradictory results are not so uncommon due to bulk and surface
structure—property relationships that add others degree of freedom to the material
properties and catalytic performances, obstructing the correct comparison of results
from different synthetized materials and the univocal understanding of TiO:
nanomaterials characteristics.

Due to its modified properties and reactivity at small sizes, nano-TiO2 finds
applications in many innovative areas like solar energy harvesting, photochemical
hydrogen generation from water and biomedical implants coatings [59], all of them
in addition to traditional applications already listed in the previous chapter of this
thesis.

2.1.1 Crystalline, Nanocrystalline and Amorphous Phases of
Titania

There are, up to now, 11 reported bulk and/or nanocrystalline phases of TiOz
which structural characteristics and structures are reported in Table 2.1-1 and figure
2.1-2 respectively, plus one recently discovered high pressure phase. They are:
Rutile discovered in 1791 by the British amateur chemist Willem Gregor from
ilmenite sand (FeTiO3), while the name comes by the German geologist Abraham
Gottlob Werner in 1800 from the Latin rutilus, meaning "reddish"; Anatase, named
in 1801 by Rene Just Haiiy from greek “avdtacic” ("anatasis") that means
"extension" in allusion to the length of the pyramidal faces being longer in relation
to their bases than in many tetragonal minerals (Figure X) [60]; and Brookite,
named in 1825 by Serve-Dieu Abailard "Armand" Lévy in honor of Henry James
Brooke, amateur English crystallographer and mineralogist [61].
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Figure 2.1-1: Typical natural occurring crystals (from left to right) of: Anatase [60], Brookite [61]
and Rutile.

These three phases are naturally occurring polymorphs. To these will be later
added: TiO2(B) discovered in 1980 [62] with structure isotypic to that of NaxTiO2
(titanium bronze), x~0.2, where the name “TiO2(B)” comes from; two more
metastable modifications obtained in ambient pressure synthesis that are hollandite-
like (TiO2(H)) discovered in 1989 [63] and ramsdellite-like (TiO2(R)) discovered
in 1994 [64]. To these ambient pressure phases, high-pressure polymorphs have
been identified confirming theoretical calculations. These structures depend on the
pressure and TiO2 adopts isotypic structures of orthorhombic PbO: (columbite-
type) TiO2(II), baddeleyite-like (ZrO2) at more than 12GPa, cottunite-like (PbCl>)
OII [65] between 4-12GPa, pyrite (FeS2), or fluorite (CaF2) cubic phase. The
cottunite structured has been denoted as the “hardest known oxide” [66], later
analysed again by other researchers, reporting a bulk modulus of around 300 GPa
[67]. The last reported 12™ high-pressure polymorph in 2017 is the Riesite which is
the result of a retrograde transformation of baddeleyite-type TiO2 at temperatures
between 1000 and 1500K at pressures below 6 GPa. [68][69]

In addition to these crystalline phases, there are at least 3 reported non-
crystalline TiO2 phases: one low density amorphous TiO2 and two high density
amorphous structures. [70][71][72]

Densities for ambient pressure stable phases ranges from the lowest ~3.5 of
TiO2(H) to ~4.2 for rutile g/cm®, while for high pressure phases their densities
range from ~4.3 for TiO2(II) to ~5.8 g/cm? for the cubic one. The shape change of
the polyhedron is a consequence of the change in the coordination number of Ti
from 6 to 7, 8, and 9 due to the pressure increase. Increased edge sharing decreases
the Ti—Ti distances and hence increases the structure energy. Hence for the six low-
pressure bulk phases, the relative phase stability is in the order: rutile > brookite >
anatase > TiO2(B) > TiO2(R) > TiO2(H), which scales roughly with the number of
polyhedra per unit cell.
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Figure 2.1-2: Structures of TiO: phases in the ball-and-stick and polyhedron models where red
balls are O atoms and blue balls Ti atoms. Thin line cages represent the unit cells. [73]
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2.1.2 Effects of nanoparticles size in TiO2

It is known that particle size affects many physical-chemical properties of
matter. One of the effects regards the structural characteristics, such as surface
stress and lattice contraction/expansion. Zhang et al [74], Eltzholtz et al [75] and
Matg¢j et al [76], synthetized nearly spherical anatase nanoparticles with sizes in the
range 4-35nm, 7-35nm and 3-25nm respectively with different synthetic routes;
Their results showed a decreasing in cell volume and negative strains (contraction)
in both a and c axis (figure 2.1-3) that increases in magnitude by decreasing particle
size as one can expect due to “structure strain”. Depending on the environment and
synthetic conditions, these results are not always with the same trend, as a preferred
growth direction or the presence of ligands and their binding strengths may
influence surface stress: stronger binding could result in a negative surface stress
(positive strain) and hence a lattice expansion at small sizes. [77][78]
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Figure 2.1-3: a) cell parameter change with anatase nanoparticle diameter due to structural strain [74],
b) size dependence of the bulk modulus [79]. The solid curve represents the effective bulk modulus (whole
particle), the dashed curve represents the bulk modulus of the particle core only. Reprinted with
permission. Copyright of respective journals.

A positive strain/increase in cell volume with decreasing nanoparticle size can
also be possible due to the presence of surface defect dipoles caused by the
distortion of the Ti-O octahedra [80] and Ti*" vacancies [81].

Mechanical properties of nano-TiO2 also depend on size. Chen et al [79] found
that bulk modulus follow the trend in figure 2.1-3 b, where the highest value of
240GPa is for nanoparticles of around 15nm. This trend was explained with two
main contributions: by decreasing nanoparticles size the bulk modulus is firstly
increased due to the enhanced overlap of dislocation strain fields, but under 15nm
arises the inability to retain dislocations inside the small particles, which are also at
high pressure due to surface stress.

2.1.3 Electronic structure

Tiatom in TiO2 donates its 3d and 4s valence electrons to the oxygen 2p orbitals
and so have empty d band. TiO: is a wide-band-gap semiconductor, the band gap
energy values for phase pure TiO:z are reported in table 2.1-2. Titania, both natural
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and synthetic is usually slightly oxygen-deficient, TiO2x (x = 0.01). The vacancy
defects, the absence of the atoms/ions from the lattice structure, are very common
in all types of crystalline materials. These point defects in the lattice are formed to
minimize the Helmholtz free energy for the establishment of thermodynamic
equilibrium and can effectively alter the charge distribution - electronic energy
levels near the defect site. Moreover, oxygen vacancies (Vo) have the lowest
formation energy among the various defects. This small oxygen deficiency, which
can also be considered as Ti** impurity, provides n-type doping to the
semiconductor material, which act as donors in semiconducting metal oxides,
which play crucial roles in defining various physical and chemical properties of the
material such as (ferromagnetism, superconductivity, phase transition,
photocatalytic effect, photoelectrochemical performance, piezoelectric response,
redox activity, etc [82]). For instance, as an n-type semiconductor, it acts as a
photoanode in an electro-chemical cell upon photoexcitation across the band gap.
Band structure and density of

. @) 4] H
states (figure 2.1-4) for Anatase, Rutile 4 §< ;,
. > 2 =X
and Brookite have been calculated by 2 ) ﬁ,"*‘ ma
Zhang et al [83] using DFT £ RN = =
calculations, while the electronic =g S i 53 '

structure of TiO2(B) was calculated by Z AM GZ
Nuspl et al [84]. From these works

() ¢
results that anatase appears to be an > 4 b
indirect band gap semiconductor, Eﬂ ; HmmzZuam
while rutile and brookite belong to the 5 -2 %
direct band gap category. As a result, :‘; N

indirect band gap anatase exhibits a
longer lifetime of photoexcited
electrons, property that can be useful in
photocatalytic applications. In
addition, from the simulations, anatase
has the lightest average effective mass

G ZT Y SX UR0 6 12 18 24 30
of photogenerated electrons and holes K-point X DOS / states eV

as Compared to rutile and brookite, Figure 2.1-4: band structure and DOS for anatase
which implies a fast migration of (a), rutile (b) and brookite (c). [83]

charges that can move to the surface, resulting in the lowest recombination rate of
photogenerated electron-hole pairs [83]. From the calculations is also possible to
underline how the valence bands DOS primarily consist of O 2p states (black lines)
and a few Ti 3d states (blu lines), indicating the strong p—d hybridizations between
the two states (bonding states), while the conduction bands are mainly composed
by Ti 3d states, mixed with a few O 2p and Ti 3p states (red lines). Strong

hybridization also appears between p-d conduction states (antibonding states).
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CBM

a) Indirect BG b) Direct BG

Figure 2.1-5: Schematic representations of a recombination processes of photogenerated e-h pair
within indirect (a) and direct band gap (b)

TiO2(B) is a semiconductor with a band gap of 3 - 3.2 eV. Similar to anatase
and rutile, also the n-doped TiO2(B) shows photoanodic and photocatalytic activity
in UV light, sometime reported to be even superior to that of Degussa P25 [85], the
material considered to be all purpose photocatalyst with excellent performance. The
unique properties of P25 arise from its special composition that is actually a mixture
of anatase and rutile with some amorphous portion in a ratio of about 78:14:8
respectively [86]. In facts, samples containing a mixture of anatase and rutile,
outperform pure phase samples [87][88] (depending also on crystallites sizes) due
to the band alignment of around 0.4 eV between anatase and rutile, with anatase
possessing the higher electron affinity.

Table 2.1-2: Phase pure energy gap values of the natural occurring TiO: phases.

Eg (eV) Ref. (Eg)
Anatase 3.19-3.23 [89][90][911[92]193]
Rutile 3.0-3.031 [89][90][911[93][94]
Brookite 3.1-34 [90][91][95]
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2.1.4 Raman features of TiO: polymorphs

Many studies have clearly established
that anatase (tetragonal, space group:
[41/amd) structures have 6 Raman-active
modes (Aig + 2Bi1g + 3Eg) with characteristic
scatterings at 146 (Eg), 396 (Big), 515 (Aig)
and 641 cm! (Eg) [96][97][91]; brookite
(orthorhombic, space group: Pbhca) structures
have 36 Raman-active modes (9A1g + 9B1g +
9B2g + 9B3g) with commonly visible peaks at
about 128 (Aig), 153 (Aig), 247 (Aig), 322
(Big), 366 (Bzg), and 636 cm’! (Aig)
[91][98][99][100][101], while rutile
(tetragonal, P42/mnm) have 4 (Aig+ Big+ Bog
+ Eg) Raman active modes which gives
typical scatterings at 143 (Big), 235 (two-
phonon scattering), 447 (Eg), and 612 cm’!
(Arg) [91][97].
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Figure 2.1-6: Raman spectra of the three
phase-pure powders (A=anatase, B=brookite,
R=rutile) [91]
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Figure 2.1-7: Raman spectra of brookite crystal at 300 K at different laser sources excitation and
polarizations direction. DFT-calculated values are shown at the bottom. Reprinted with permission.

Copyright of respective journal. [98]
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2.3 Solution-Based Synthesis Methods of Titanium
Dioxide Nanoparticles

Literature provides hundreds of methods to prepare nanoparticles and
nanostructures. We can firstly distinguish physical, chemical and bio-assisted
methods as well as top-down and bottom up methods classification. Physical
methods usually depend on the top-down approaches where small particles are
obtained from larger ones. Physical methods usually apply mechanical stresses,
high energy radiations or thermal or electrical energy to cause material
melting/evaporation/condensation or abrasion, exfoliation or atoms/clusters
sputtering. Some examples are high energy ball milling (HEBM) [102], laser
ablation (LA), electrospraying, inert gas condensation (IGC), physical vapour
deposition (PVD), melt mixing. These methods can be advantageous as they are
free of solvent contamination and are most suited to produce large quantities of
material but often lacks in size resolution control (tens of nanometres).

In contrast, chemical/bio assisted methods proceed uses in most cases (but not
always) a bottom-up approach, in which molecular precursors react to grow a larger
structure. Some examples of bottom-up methods include self-assembly of
monomer/polymer molecules, chemical or electrochemical precipitation, sol—gel
methods, chemical vapour deposition (CVD), laser, plasma and flame (FSP)
pyrolysis synthesis and bio-assisted synthesis. Most commonly used chemical
methods for NPs synthesis, are sol-gel techniques, microemulsion methods,
hydrothermal, chemical vapour synthesis and plasma enhanced chemical vapour
deposition (PECVD).

Bio-assisted methods also known as biosynthesis or green synthesis, provides
a low-toxic, cost-effective and efficient routes to synthesize NPs. These methods
employ plant extracts, bacteria, fungi, viruses, yeast, actinomycetes, and other
biological systems to produce nanoparticles like Ag, Au, Pd, TiO2, CdS and many
other by, for instance, turn the metal ions into the element metal through enzymes.
Lactobacillus bacterium as an example was used for the synthesis/nucleate/grow of
Au, Ag and TiO2 NPs [103][104], as well as there are many reports on the NPs
biosynthesis of SiO2, TiO2 [105], magnetite [106], and ZrO: [107] using fungal
species.

Chemical ways are performed at a smaller scale but with resolutions that can
approach the atomic-layer limit [108]. For this reason, in a context of material
characterization and laboratory scale production, such as in this research work, the
latter is preferred, especially solution-phase methods where long organic molecules
can be used as protecting structure and/or directing agents in solution to
control/limit the growth and the nanoparticles size. The choice of the synthetic
method depends on important factors, such as the consideration that the conversion
of a heterogeneous catalytic reaction takes place over the surface of materials and
therefore, increasing the number of active sites and their nature are somewhat
priorities in the material design. Thermal stability is another issue that can be
optimised by other strategies like exploiting the use of supports of different
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materials that are more thermally stable [109]. In this context, supported metal
oxide catalysts are usually prepared by impregnation, ion-exchange, coprecipitation
and deposition precipitation methods [110] or using “one-pot” routes such as sol-
gel technique.

The sol-gel method refer nowadays in the synthesis of solid materials from
solution-state precursors (wet chemistry) which require low temperatures in
contrast to more classical methods [111], which can be a big advantage in terms of
process energy consumption and thus CO2 emissions. Classically the term “sol”
refers to the colloidal suspension of solid particles in a liquid, while “gel” refers to
polymers containing liquid as this process consist in the creation of suspensions in
the liquid that lead to the formation of a network of particles [112] through
hydrolysis and condensation steps, where respectively water disintegrate the bonds
of the precursor to start the first step in formation of the gel phase, followed by
condensation that leads to the formation of nanomaterials where the excess water is
removed. The fundamental steps of the sol-gel method can be summarized as
follows:

i.  Preparation of the solution of precursors;

ii.  Hydrolysis and partial condensation of alkoxides (M(OR)x where R is the
alkyl group). A nucleophilic substitution of a water molecule results in the
replacement of an alkoxy group with a hydroxyl one (MOH) with the
alcohol (R-OH) as the leaving group (reaction n® 1) [112][113];

iii.  Formation of the gel via polycondensation of two hydrolyzed precursors
(M-OH species) (reaction n°2 and 3) to form a three-dimensional polymeric
network (the gel);

iv.  Drying the gel to form a dense “xerogel” caused by the evaporation of the
solvent and consequent collapse of the gel network, or an aerogel through
supercritical drying;

v.  Heat-threatment/calcination to obtain mechanically stable materials.

=M—-OR + HOH =— =M-OH + ROH (1)
=M-OH + =M—-OH =—= =M-0-M= + HOH ()
=M-0OH + =M -OR <= =M-0—-M= + ROH (3)

The choice of precursors, solvents and their percentage, pH of the solution,
water content, type and concentration of additives (catalysts, surfactants, structure
directing agents), reflux temperature and time, pre- and post-heat treatment and
temperatures, drying methods and aging time are some of the main parameters that
can be used in order to achieve the desired nanomaterial. Reaction rates, for
instance, depends on and increases with the increase in the difference (N-z)
(coordination number and the charge of the element M respectively) [112], while
decrease with steric encumbrance of the alkoxide in accordance with a nucleophilic
substitution mechanism. In the case of non-metal alkoxides (e.g. Si, P, Ge), the rates
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of hydrolysis are slower compared to metal alkoxides where the M-O-R bonds are
usually high polarized. For this reason, mixed oxide preparation can be tricky as the
different rate of hydrolysis can lead to different gelation times and consequently
phase separation.

2.3.1 Template assisted sol-gel synthesis

A subcategory of sol-gel method is the template assisted sol-gel synthesis
(TASG), where reactions take place in a confined environment by exploiting the
self-assembly of molecules into a remarkable range of nanostructures depending on
the environment, such as the self-assembly of lipids or surfactants molecules
immersed in two mutually immiscible components which are usually a polar
(usually water) and non-polar (usually a hydrocarbon liquid or oil) phases or,
environmentally-viable supercritical carbon dioxide [114][115] that solve the
problems of difficult separation and removal of solvent from products in
conventional reverse micellar syntheses. To reduces the interfacial tension, in facts,
surfactant molecules creates an interfacial layer separating the polar and the non-
polar phases. Parameters such as surfactant shape and type, solvent properties (e.g
ionic force), pH and other physical properties as temperature and pressure
determines the final thermodynamically stable phase structure. Some examples are
micelles (spherical aggregates), cylindrical and lamellar structures. A schematic
phase diagram is reported in figure 2.3-1, whereas figure 2.3-2 shows the effect of
surfactant shape over the final phase structure [116][117].
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Figure 2.3-1: Schematic phase diagram as a function of the three components composition. [116]
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Figure 2.3-2: (a) Two examples of typical lipid molecules; (b) Schematic of an amphiphilic molecule with
the hydrophilic and hydrophobic parts; (¢) Average shapes of self-assembling in water/oil; Adapted from
[116] and [117].

Surfactants exists in countless compositions, shapes and different types as
shown in figure 2.3-3. We can distinguish ionic surfactants (cationic and anionic)
such as carboxylic acids and amines, non-ionic as alkyl ethoxylates or esters that
carry no charge and are relatively non-toxic [118] and finally a special class of
zwitterionic and amphoteric surfactants which possess both charges in different
regions of the chain that are used for special needs. Every class has its peculiar
characteristics and behaviour: ionic surfactants like tetradecyltrimethylammonium
bromide (TTAB) aren’t affected greatly by temperature as can be seen from the
phase diagram in figure 2.3-4 contrary to the non-ionic counterpart as tri-block-
copolymers such as Pluronics®: for them it has been shown [119] that the
aggregation number increases with temperature, while the core, as expected,
become dehydrated at higher temperatures, therefore non-ionic surfactants are more
susceptible to temperature changes due to the change in solvent properties and
subsequently interaction with the polar groups (e.g swelling) as shown in the phase
diagram of P85 non-ionic surfactant (figure 2.3-4 right) [120].
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Figure 2.3-3: Main types of surfactants with examples and molecular structures.
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Figure 2.3-4: Phase diagrams of (left) the TTAB ionic surfactant and (right) the non-ionic P85 tri-block-
copolymer (adapted from [120]).

Is therefore possible to exploit many parameters in order to tune the nanoreactor
size and shape of a template assisted synthesis. In this work, we opted for a non-
ionic surfactant (a polyoxoethylene-oleyl-ether) as it is a flexible choice
(temperature tuneable) and can be potentially recycled after use by solvent
extraction. In facts, non-ionic surfactants are the most common type used in
preparing micelles due to stability, compatibility, low toxicity and tend to not

change the physiological pH in solution compared to their anionic, amphoteric or
cationic counterparts [121][122].
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The water/oil reverse micellar system acts as an excellent reaction site for the
NPs synthesis. The template assisted synthesis with reverse micelle is known since
the 1960s but only used as nano-templates for materials synthesis of monodispersed
metal particles of Pt, Pd, Rh and Ir in 1982 [123]. Even though the reverse micellar
system is heterogenous, it is an equilibrium system and thus thermodynamically
stable as the interactions between polar head-groups of the surfactant molecule and
the nonpolar tails favour only aggregates of a very specific size and configuration,
so the microemulsions typically have narrow droplet size distributions.

The sol-gel method within reverse micelle presents different advantages:

- micelles can solubilize high amount of polar solvent present in the medium
with increasing the water or polar components/surfactant ratio;

- has excellent control of the final powders stoichiometries;

- is able of atomic scale mixing;

- reach narrow sizes distributions with control of sizes and shapes as the
surfactant molecules creates a layer separating the polar and apolar phases
acting as a steric barrier which prevents the coalescence of the droplets and
particle nucleation can be initiated simultaneously at a large number of
locations (inside the micelles), well isolated from each other;

- obtained particles might also be extremely well dispersed;

- low energy consumption (low temperature);

- use of simple equipment;

- isaflexible method in terms of composition and precursors that can be used,
along with doping materials.

To achieve reverse micelles or P>1
. Inverse
other structures it is necessary to _ micelle Interface
h £ ¢ R g | 1>P>1/2 Water
parameter, P: =1
reac specific range 0 A tamelr | I

S Cylindrical
A micelle

water/oil/surfactants composition  P=3

oil B

g P<1/3

Spherical
micelle

molar ratio (®) and the critical

and especially water/surfactant ;
%4 1

micelle  concentration (CMC),
which is the minimal concentration Figure 2.3-5: Interface curvature as a function of the
of surfactant molecules above packing parameter P.

which micelles are formed that are function of surfactant types and physical-

chemical properties of the environment, such as ionic force (especially for ionic

surfactants where the effective dimension of the polar head is a function of it), pH

and temperature (that is instead especially important for non-ionic surfactants as it

changes the solubility and so the swelling of the polar section). Usually, the higher

the o, the larger the water pools of the micelles and the nanoparticles formed within,

and vice versa. Although such a correspondence between the size of the synthesized

nanoparticle and the parameter @ was approved in many experiments, it has been

put into question lately, since within a number of performed syntheses a similar

correspondence could not be established. Zhang et al. for instance have studied the
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synthesis of Ag NPs within reverse micelles and the effect of the @ parameter on
the particle size and their size distribution. Their studies revealed that there is
continuous decrease in the particle size from 5 to 1.5 nm decreasing the ® value
from 15 to 2.5 [124]. Aziz et al [125] found that, by increasing the molecular weight
of chemical modifier reagent or decreasing calcination temperature, NPs size
decreases. An increase of polar head group volume increases particle dimensions,
whereas increasing polarity of hydrocarbon tails have the opposite effect as reported
in a study of the hydrodynamic diameters of reverse micelles of different non-ionic
surfactants di-block copolymer (brij-52, brij-56, brij-58 and brij-93) in
ethylammonium nitrate/benzene emulsion [126]. Other researchers reported that
the size of reverse micelles (hydrodynamic diameter) of non-ionic surfactants (e.g
triton-X-100) increase as ® ratio increases [127][128].

Phase diagrams, along with the packing parameter (P) (figure 2.3-5) or more
advanced models as the net and average curvature framework [129] with the
hydrophilic—lipophilic parameter (H) [130] can be useful tools to guess the starting
point for a correct emulsion composition and temperature.
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Microemulsion with Reactant A Microemulsion Interface/Triggering agent
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Chemical Reaction, Molecular Nucleation and
Microemulsion with Reactant A Growth resulting in Nanoparticles Formation
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(one microemulsion
process)

ROUTEB
(two microemulsion
process)

Microemulsion with Reactant B

Figure 2.3-6: Typical reverse micelle system and microemulsion routes to synthesize NPs. Adapted from
[124]

Within reverse micelle method, we can distinguish two main microemulsion
synthesis routes as shown in figure 2.3-6: In route A, microemulsion processes are
diffusion controlled since the reactant B must diffuse through the interface
encapsulating the reactant A. In route B instead, the two microemulsions carrying
the separate reactants are mixed together in appropriate ratios, while Brownian
motion of the micelles lead to intermicellar collisions that, if sufficiently energetic,
leads to the mixing of the micellar components allowing the chemical reaction to
take place in this nanoreactor.
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2.4 Molybdenum

Its name is derived from ‘molybdos’, -
the Greek word for “lead”, discovered by U
the Swedish chemist Peter Jacob Hjelmbut 0‘
incorrectly regarded as a lead ore because
its black molybdenite ore is similar to
graphite in appearance until it was analysed
by the German-Swedish chemist Carl Flallos
Wilhelm Scheele in 1778 [131], whom  21%
research proved that it was neither graphite B ket
nor lead but could not isolate the metal. 21%
Later, Peter Jacob H-]elm by uSing carbon, Figure 2.4-1: Molybdenum consumption (2016)
molybdic acid and linseed oil was able to [133]
produce molybdenum metal by heating this paste. The new element was than
announced in the autumn of 1781. Its average abundance in the earth's crust is
about 1 mg/kg or 1 part per million (ppm) and is one of the most highly concentrated
trace elements in sea water at 10 parts per billion (ppb) [132].
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Molybdenum is an element with a rich chemistry, vital within the biosphere for
the activity of a large group of enzymes and have many versatile applications, such
as in metallurgy thanks to its anti-wear properties as lubricants particularly in
extreme environment, as pigments as they are non-toxic and act as efficient
corrosion inhibitors and smoke suppressants. Molybdenum is used in steel to make
lighter and stronger alloys that have been in high demand in the aerospace and
automotive sector, or in cast iron to improve strength, weldability and corrosion
resistance. Among other non-metallurgical uses, catalysis represents the 7% of the
consumption in 2016 and increasing. It is estimated 60 percent of global
molybdenum supply comes as a by-product of copper smelting while the remainder
comes from primary molybdenum mines [133].

Thanks to its many oxidation states (1 £2, +3, +4, +5, +6) and coordination
numbers (from 4 to 6), Molybdenum can form multiple Mo-Mo bonds and
compounds with most inorganic and organic ligands, resulting in many catalysis
applications. Molybdates are in fact used as catalysts for the selective oxidation of
olefins to unsaturated aldehydes and acids, in the synthesis of acmylomitride by the
ammonoxidation of propane by bismuth molybdate, and in the liquefaction of coal.
The use of molybdenum compounds in homogeneous catalysis is also
significant.[134]

The element is located in the 4d-block between Nb and Tc, has six valency
electrons and nine atomic orbitals. In the metal oxidation state, the efficient overlap
of the 4d-orbitals and the number of bonding electrons available is reflected in its
high strength of interatomic bonding. In fact, with a moderate Pauling
electronegativity (1.8), all six valency electrons are available for chemical bonds in
contrast to the more electronegative later d-block transition metals which normally
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use up to two electrons. Molybdenum ions have also relatively large radii (Table
2.3.1-2) [135], which imply a low polarity, higher coordination numbers (CN) are
usually observed and for many molybdenum compounds the observed CN is 6 as,
for example, with MoO3 where the molybdenum ions occupy octahedral sites. This
coordination is comfortable to avoid steric overcrowding or unsaturation, in
contrast with the larger lanthanides, where CN of 7-8 are common. Lower CN may
reflect the requirements of the 18-electron rule, or, the presence of bulky ligands,
whereas higher CN arise when small ligands are present, especially when combined
with an 18-electron environment.

Property Mo

Atomic number 42
Electronic configuration [Kr]4d5551
Valency orbitals 4d 5s 5p 5p
Ionisation enthalpies 18t 685 4 + -1_ + 4_ +4d

AHPion (kI molD d| 1558 ] e

34| 2618 oA Mo
4th 4480 4 45' L -H—-H—-H—%-H—Sd

Electronegativity 1.8 % e
Radius of atom in metal (pm) 139 E TN 3p
Tonic radii for six co-ordination 59 (VI) - ‘8‘ LTI
(0.8.), (pm) 69 (III) g e
MP/"C 2623 o ol vl Falls
BP/'C 4650 o
Temperature at which evaporation is 2610
1 gh'lem2
AHyap/ kI mol-1 590 (£21) _f_f_ is
AHformation (monatomic gas)/ kI | 664 (+13)
mol-1
Atomic weight 95.94

Table 2.4-1: Fundamental properties of molybdenum and electronic configuration

The d-band is divided into halves by a deep minimum which is characteristic
of body-centered cubic (Fig. 2.3.1-2 [136]), whereas a continuous d band is typical
of face-centered cubic metals [137]. As consequences, the melting point of Mo is
2623°C so it is a 'hot strength' material. Mo is resistant to most chemical reagents
but can be attacked by oxidising acids and fused alkalis. In air it oxidises slowly at
350°C and rapidly above 650°C, a weakness for high temperature uses in
atmospheres containing water or NOx. Its relatively low thermal neutron cross
section makes it suitable for nuclear applications.
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Figure 2.4-2: Calculated densities of states for transition metals with a cubic structure from the 3d, 44,
and 5d periods of the periodic table (vanadium, niobium, tantalum, molybdenum, and tungsten with a
BCC structure, rhodium and iridium with a FCC structure). [136]

Table 2.4-2: Shannon-Prewitt Effective Ionic Radius and coordination numbers of Molybdenum. [135]

Ton charge | Coordination number | Shannon-Prewitt Effective Ionic Radius (pm)
+3 6 69
+4 6 65
4 46
- 6 61
4 41
5 50
o 6 59
7 73

There are many molybdenum compounds with homopolar Mo-Mo bonds, as
well as many compounds with strong covalent bonds to other elements. The
oxidation state principle is not useful for the classification of these compounds in
the same manner of organic compounds. An example is the [MoOs3]a, which can be
described as covalent polymer. For these reasons, molybdenum compounds are
classified with a notation composed by 3 functions of the ligands attached as
following: MoLiXxZ- where 1, x and z are integer numbers including zero. X is a
singly occupied orbital on the ligand, L is a filled orbital containing two electrons
which are donated to an empty orbital on the metal and Z is an empty orbital on the
ligand which can accept the donation of an electron pair from the molybdenum. In
figure 2.3.1-3 are represented: (i) only the orbitals for the Pn-X-function, (ii) only
the orbitals for the pn-L-functions, (iii) only the orbitals for the Pr-Z-function. The
shading of orbitals indicated they are occupied by two electrons, while white
orbitals have no electrons or one electron (small arrow inside).
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Figure 2.4-3: Relationship between the nature of the primary molybdenum-ligand bonding
and the class of the ligand for monodentate ligands (only a single ligating atom). [138]

The oxides of molybdenum, used in a variety of industrial applications, for
example as catalysts, are many and diverse in chemistries and structures. There are:
binary oxides (dioxide, trioxide, and intermediate phases of general formula
Mo0nO3n-m (With n for instance up to 8 or 9 and m=l1); ternary oxides are even more
diverse, like polymolybdates (Mo"'), bronzes (compounds with generic formula
AxMo,yO: where A may be hydrogen, Ti" or an alkali metal cation), insertion
compounds containing typically (Mo"¥ / Mo'Y), and metal cluster compounds with
molybdenum in oxidation states down to 2.5. Another special feature of
Molybdenum is the apparent coexistence of oxidations states of Mo¥! Mo" and
MoV, characteristic not present in the neighbouring elements Nb and W, or likewise
the ability for Mo"! to assume different geometries in contrast to Cr¥! and W', For
a detailed discussion the reader can refer to the excellent and complete work of
Braithwaite et al [138].

Molybdenum in heterogeneous catalysis

Transition metals are widely used as catalysts of a great number of different
reactions. In particular, regarding Molybdenum, few important examples are the
hydrodesulfurization of petroleum on Mo-based catalysts which is one of the most
important heterogeneous catalytic processes employed [139], the liquefaction of
coal, the selective oxidation of olefins to unsaturated aldehydes and acids [140] and
the synthesis of acrylonitrile by ammoxidation of propene on bismuth molybdate.
Some other important examples and a comparison of Mo-compounds type with
their applications are reported in table 2.4-3 and 2.4-4 respectively. As can be seen
there are reactions involving hydrogens or oxygens, addition or decomposition
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which are usually classified as acid-base processes, as well as reactions of

isomerization and polymerization.

Table 2.4-3: Some reactions catalysed by Molybdenum based compounds with typical temperature

conditions. [134]

Conversion and

Reaction Example Catalyst T Selectivity or
yield (y)
Isotopic exchange H,+D; — 2HD MoO3/Al,0; 80 High
Isomerization .
(structural) n-pentane — isopentanes MoOs/AlL0O;3 425-450 50 95
Ring contraction Cyclohexane — methyl MoO3/Al>03 455-495 y=37
cyclopentane
Epoxydation Propylene + H,0, — MoO; (in H20, 60 80 100
propylene oxide + pyridine)
Polymerization Ethylene — MoOy/ALO; | 200-260 50
polyethylene
Dehydratation Isopropanol — propylene MoO; 191-224 100 _
Table 2.4-4: Main applications and catalysed reactions by Mo-compounds type
Catalyst Application Reaction
S-Co-Mo or Remove S from crude

Ni-Mo on ALLO3

Hydrotreating, hydrodesulfurisation

petroleum

Bi-Mo oxides

Propene selective oxidation,

ammoxiation

Synthesis acrolein, acrylonitrile

Mo-V oxides

Acrolein oxidation

Synthesis acrylic acid

Fe-Mo oxides

Methanol oxidation

Synthesis formaldehyde

Mo oxide on ALLO3

Olefin metathesis

Propene to ethene and butene

Mo complexes

Epoxidation

Olefin to epoxide

Heteropolyacids-
phosphomolybdate

Propene hydration

Propene to alcohol

Catalytic behaviour is somewhat difficult to relate to single physical-chemical
feature, nonetheless one important parameters is the oxidation state: Fiedor et al
[141], in a study of Mo oxides over TiO2 support found the distribution of Mo
oxidation states at different degrees of reduction with hydrogen. From this data and
the catalytic yield for different reactions it was concluded that the insertion of
oxygen in hydrocarbon molecules is catalysed by the oxide of Mo®" [142], while
metathesis of propene involves Mo*" ions as active centres. Results indicated that
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Mo oxidation states < +4 are required for propene hydrogenation as Mo** ions are
the main active centres for hydrogenation reaction, whereas hydrogenolysis require
the presence of Mo® metal atoms [143].
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Chapter 3

Synthesis and Characterization of

Titania and Metals Doped Titania

3.1 Introduction

Literature and patents provide many synthetic routes to produce TiO2
nanopowder [144][145]. Out of the different syntheses reported by the literature,
the reverse micelles method proposed by Chandra et al [146] allows obtaining high
surface area of doped TiOz, SiO2 and ZrO2 NPs. By such method, the self-assembly
of surfactant molecules in the organic phase produces a ‘“nanoreactor” where
reactions in water phase take place; the size of the reverse micelles, tuneable
through the polar head group and the alkyl tail length and structure, allows
controlling both size and shape of the NPs [126] as explained in the previous
chapter. The reverse micelle core provides a suitable environment for the controlled
nucleation and growth of TiO2 NPs, simultaneously affording a good dispersion of
metal oxides MoOx and MnOx species as consequence of Mn and Mo doping.
Micelles nanoreactors have been produced by using the non-ionic Brijs surfactant
which consist of varying numbers of polar head group containing polyoxyethylene
groups that can be solvated by H-bonding, giving them a stronger amphiphilic
character and a separate hydrophobic tail consisting of polymethylene chain. This
approach will be regarded as “reverse-micelle template assisted sol-gel method”.

3.2 Undoped Titania

The most used commercial TiOz is the P25, from Degussa (recently named

Evonik-Degussa Airoxide) that consist of a rutile/anatase mixture around 20/80
ratio, respectively. P25 is an efficient photocatalyst under UV illumination and is
commercially synthesized through a flame hydrolysis process of titanium
tetrachloride that produce highly fine aggregates formed by anatase and rutile,
intensively interlinked between them [147].
High surface area NPs, possibly characterized by hierarchical inter-and/or intra-
particle porosity, can be obtained by using soft templates in order to improve the
material catalytic activity and to facilitate the diffusion of reagents/products [148].
For instance, mesoporous TiO: particles have been obtained by using either a
triblock copolymer (e.g Pluronic P123) or an ionic surfactant (e.g.
cetyltrimethylammonium bromide), whereas when di-block copolymers are used
(e.g. Brij-n) porosity forms among the NPs [148].
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Non-doped TiO2 powders studied in this work were obtained by two types of
templated assisted sol-gel (TASG) synthesis and one sol-gel (SG) synthesis carried
out at acidic pH in the absence of any template. In details the three synthetic routes
were the following and schematised in figure 3.2-1:

a) a TASG method in the presence of a tri-block copolymer forming micelles in
water/ethanol, so to obtain TiO2 NPs characterized by both intra- and
interparticle mesoporosity (M-TiO2 sample);

b) a reverse-micelle TASG method, where a di-block surfactant is used in a
cyclohexane/water mixture, so to obtain TiO2 NPs characterized by interparticle
mesoporosity (RM-TiO2 sample);

¢) a SG method under pH control, so to obtain brookite-containing TiO2 NPs and
then to further tuned the brookite content and the NPs size by varying the
calcination temperature (200 and 600 °C) (B-Ti02-200 and -600 samples).

(a) ‘ Teflon bottle
HO(/\/O}*\ N (’\/O#H »
Hydrophilic > Hydrophilic +Ti(OC(CH3)3)q Centrifugation/washing treatment
in EtOH/H,0 in AcCOH Calcination @ HT (450°C for 4h)
2 — > > . <
q:}} Aging X
[ 2t n
$ : E
85°Cfor48h M-TiO,
(b) AP P
H . Centrifugation/washing treatment
Hydrophilic +Ti(O(CH,),CH,), @~ Calcination @ HT (500°C for 2h)
» s >
in cyclohexane +H,0 g
} RNTY
k17 .
' 2 50°Cfor2h
Calcination
C @LT
(c) , u>“ Ti(OCH(CH;),),4
A N Centrifugation/washing treatment B-TiO, 200
kg \oJ\ IPA +HNO, e Calcination
\ » >
/S ° Hydrothermal process/ :
.. precipitation Calcination
HT
L 'Y L4 25°Cfor 20 h e
B-TiO, 600

80°Cfor5h

Figure 3.2-1: Schematic representation of the three adopted synthetic routes for M-TiO2 sample (a), RM-
TiO2 sample (b) and B-TiO2 samples (c).

3.2.1 Synthesis of undoped Titania

All the reagents for the syntheses where ACS grade chemicals from Sigma-
Aldrich, whereas a commercial sample of Degussa P25 (P25) was used as reference.
The TiO2 NPs obtained by TASG method in the presence of tri-block copolymer
micelles (referred from now on as M-TiO2) were synthesised as follows: two
solutions were prepared, solution A was obtained by drop-wise adding 5.0 g
Ti(OC(CH3)3)4 (titanium(IV) tert-butoxide, 97 %) to 30.0 mL acetic acid solution
(20 %, v/v) and vigorously stirring for about 4 h; solution B was obtained by mixing
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3.0 g Pluronic P123 and ca. 20.0 mL ethanol. Solution B was then dropwise added
to solution A: the resulting mixture was sealed, stirred for 24 h at room temperature
and transferred into a Teflon autoclave for hydrothermal treatment at 85°C for 48
h. The resulting precipitate was centrifuged, dried at 80°C and calcined in air at
450°C for 4h [33][36].

The TiO2 NPs obtained by reverse-micelle TASG method (referred from now
on as RM-TiO2) were synthesised as follows [146][149]: the di-block copolymer
(polyoxyethylene (20) oleyl ether (commercial name: Brij O20) dispersed in
cyclohexane (the oil phase) by stirring at 50 °C. Afterwards, MilliQ water was
added to the mixture and stirred for 45 min, leading to the formation of a water in
oil (w/o) microemulsion of surfactant-incapsulated water nanoreactors.
Ti(O(CH2)3CH3)4 (titanium(IV) butoxide, 98 %) is then dropwise added to the
emulsion. The mixture is stirred for 2 h at the constant temperature of 50 °C and
finally the emulsion is broken by addition of 2-propanol, followed by sonication.
The solid phase is collected by centrifugation and dried at 100 °C for 24 h, followed
by calcination in air at 500 °C for 2h with a temperature ramp of 2.5 °C min™! to
remove the surfactant.

The TiO2 NPs obtained by SG method in acid conditions to obtain high brookite
content (B-Ti02) were synthesised by slightly modifying the method developed by
Mutuma et al [150]. In a typical preparation, 30 ml titanium isopropoxide
(Ti(OPr)4) was mixed to 30 ml isopropyl alcohol and stirred (at 500 rpm) for 20
min in a 150 mL beaker; bi-distilled water (300 mL) was added to the mixture under
vigorous stirring. After mixing, the solution was heated at 80 °C in a stove for 5 h
and, then, cooled down to room temperature (r.t.). The resulting liquid was dark
yellow. After cooling, pH was varied by addition of 1.0 M HNO3 solution, in order
to obtain a pH equal to 2.0. The sol was then left to gel at r.t. under stirring for 20
hours. The so-obtained gel was repeatedly washed with bi-distilled water,
centrifuged for 12 minutes at 4000 rpm and dried in a Teflon autoclave inside a
stove kept at 100 °C for 12h. Then, the sample was separated in two aliquots and
treated at either 200 °C (B-Ti02-200) or 600 °C (B-T102-600) for 2h (heating ramp
of 5 °C min™!) before cooling down to r.t. (cooling ramp of 5 °C min™"). Before use,
both B-Ti02-200 and B-Ti02-600 were washed four times with an ethanol/water
(1/3) mixture, centrifuged for 10 min at 8000 rpm and dried for 24 h at 60°C.

3.2.2 Textural, optical and surface properties of undoped Titania

The five undoped TiO2 NPs (P25, M-TiO2, RM-TiO2, B-TiO2 200 and 600
versions), were characterized by means of X-ray powder diffraction (XRD)
followed by Rietveld Quantitative Phase Analysis (QPA); TEM or SEM
microscopy; N2 adsorption/desorption isotherms at -196 °C; Diffuse Reflectance
(DR) UV-Vis spectroscopy; C-potential measurements. Those techniques were
adopted with the aim of assessing, respectively, the type and amount of occurring
TiO2 phases; the NPs size and shape; the NPs Specific Surface Area and pore size
distribution; their band gap energy (Eg) and the NPs surface charge.
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X-Ray Powder Diffraction

Powders X-ray diffraction patterns were collected on a X’Pert Philips PW3040
diffractometer using Cu Ka radiation (20 range from 20° to 70°; step = 0.026° 26;
time per step = 0.82 s). Equipped slits are 0.25° divergence, 0.5° scattering, 7.5°
receiving and a PIXcel 1D detector. Diffraction peaks were indexed according to
the Powder Data File database (PDF 2000, International Centre of Diffraction Data,
Pennsylvania). Crystallites average size (D) was determined by using the
Williamson-Hall plot calculated by the X Pert High Score Plus 3.0e software, while
the phase content (QPA, Quantitative Phase Analysis) was evaluated by the full-
profile Rietveld method applied to the diffraction patterns by using the same
software.

The XRD patterns of the five TiO2 powders are reported in figure 3.2-2 and the
results of QPA and crystallite sizes are reported in table 3.2-1.
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Figure 3.2-2: XRD patterns of P25 (1, black curve); M-TiO: (2, blue curve); RM-TiOz (3, green curve);
B-Ti02-200 (4, orange curve) and B-TiO2-600 (5, red curve). Peaks ascribed to Anatase Rutile and
Brookite are labelled as A, R and B, respectively.

From the acquired data, P25 (curve 1), in agreement with the literature
[86][147], results as a mixture of anatase (88.8 wt.%) and rutile (11.2 wt.%). For
the M-TiOz2 sample (blue curve 2), only anatase peaks are observed (at 25.5 (011),
37.4 (004), 47.9 (020), 54.0 (015), 54.9 (121), 62.6 (024), 68.9 (116) 26 values
(ICDD ref. code: 01-089-4203), and, accordingly, an anatase content of 100 wt.%
was determined by QPA. From the Williamson-Hall method, the size of M-TiO2
crystallites (Table 3.2-1) is 12.4 nm, as confirmed from TEM micrograph of the
sample (Fig. 3.2-3) that shows the occurrence of NPs with elongated shape and
rather homogeneous size.



Figure 3.2-3: TEM image of M-TiO: sample, with some particle and inner pore contours
highlighted.

The RM-TiO2 sample (green curve 3), shows peaks of anatase (at 25.2 (011),
37.8 (004), 47.9 (020), 53.8 (015), 54.9 (121), 62.6 (024), 68.7 (116) 26 values),
and a weak and broad peak due to the (121) brookite diffraction at about 30.7 26.
QPA analysis shows a composition of 83.0 wt% anatase, 14.9 wt.% brookite and a
smaller amount of rutile (2.1 wt%). The formation of brookite in the sample is likely
due to the adopted synthesis procedure, as the aqueous nano-reactors in the reverse
micelle likely contain a high concentration of Ti-precursor, which may, in turn, lead
to high concentrations of H' ions, as (small) Ti*' ions have high charge/surface ratio
and may lead to formation of an acid environment (where TiO2 NPs form and grow)
ultimately favouring brookite formation [27,28]. To this respect, the presence of
brookite has been found to favour the transition to rutile in anatase/brookite mixed
NPs obtained in acid medium [151].

Figure 3.2-4: SEM image of the RM-TiO: sample.

36



As a whole, the reverse-micelle method, using a calcination temperature of 500
°C for 2h, allows the formation of almost spherical NPs with homogenous shape
with a non-negligible amount of brookite, and a small fraction of rutile. The anatase
crystallite size (10.5+£0.4 nm) was very close to the NPs size (ca. 12 nm) as shown
in Fig. 3.2-4. The NPs morphology (shape and size) is important as it should affect
also the type of porosity occurring in the samples (as we will see later).

The B-Ti02-200 sample (orange curve 4 in the XRD pattern) showed, instead,
the diffraction peaks of only anatase (78.0 wt.%) and brookite (22.0 wt.%), with
smaller anatase crystallite size (5.5£0.6 nm) more likely polycrystalline and NPs of
inconstant shape and size (Fig. 3.2-5 left).

Figure 3.2-5: TEM image of B-Ti02-200 (left) and B-Ti0O2-600 (right) sample, with some particle’s

contours highlighted.

With the B-Ti02-600 sample, the thermal treatment at higher temperature lead
to a change in the phase composition and, in particular, a decrease of the amount of
brookite and the appearance of rutile, in agreement with Hu et al. [151], as shown
by B-Ti02-600 XRD patterns and the related QPA results. Such a phenomenon
should also affect the sample surface area that will be discussed later. As the
morphology, TEM image (Fig. 3.2-5 right) show the occurrence, as expected from
a higher temperature treatment, of larger NPs (with respect to the sample calcined
at 200°C, B-Ti02-200), with interference fringes, the assignment of which was,
however, not straightforward as the three polymorphs have very close interplanar
distances.

Table 3.2-1: Structural and textural properties of the studied samples as obtained by XRD and N:
isotherms at -196°C. Band-gap energy values, as obtained by DR-UV-Vis spectroscopy. pH at the
isoelectric point (pHikr), as obtained by (-potential measurement.

SSA
Crystallite size | QPA results (m?” g )¢ Band-gap ener
Sample Synthesis method y (nm)“e (wt ‘;s)l:, Total Pore (E-g g,;d,e’f &y pHiep
e Volume (cm? &
g"
. 3.304
flame hydrolysis of 19+3(A) 88.8 (A) 74
P25 . 3.28¢° 6.2-6.98
TiCls® 23+4 (R) 11.2 (R)
0.10 3.51f
. TASG with tri-block 3.25¢
M-TiO: 124+1.3(A) 100 (A) 150 2.37
copolymer followed 3.23¢
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by calcination at 450

0.28 3.35fF
°C
TASG with di-block 174
WD 105+ 04(A) | 83.0(A) 70 3.17
. copolymer followed 3.15¢
RM-TiO: o 54+0.1 (B) 14.9 (B) 3.56
by calcination at 500
oo 7.8+0.2 (R) 2.1 (R) 0.09 3.29f
3.374
Template-free SG 210
. 5.5+0.6 (A) 78.0 (A)
B-Ti02-200 followed by 3.38¢ 2.77
L 3.8+0.4 (B) 22.0 (B)
calcination at 200°C 0.31
3.57f
Template-free SG 39.0+5.5(A) 81.6 (A) 31 3.224
B-Ti02-600 followed by 16.8 +3.6 (B) 9.3 (B) 3.22¢ 2.36
calcination at 600°C | 52.1 £8.1 (R) 9.1 (R) 0.09 3.36f

? As obtained by applying the Williamson-Hall method
b As obtained by Rietveld refinement
¢ As obtained by applying the BET method

4 As obtained by linear extrapolation of the absorption edge

¢ As obtained by applying the Tauc plot method for indirect band-gap
semiconductor (F(R)*hv)!?
T As obtained by applying the Tauc plot method for direct band-gap

semiconductor (F(R)*hv)?
€ As reported in the literature for P25 NPs with average size in the 20-40 nm

range and from [147]

N: adsorption/desorption isotherms

N2 adsorption/desorption isotherms, reported in figure 3.2-6, were measured at
liquid nitrogen temperature (-196 °C) by means of a Micromeritics ASAP 2020Plus
instrument on powders outgassed at 150 °C for 4h to remove water and other
atmospheric contaminants from material surface. The powder Specific Surface
Area (SSA) was determined according to the Brunauer-Emmett-Teller (BET)
method; pore total volume was measured at p/p’=0.99 and the Pore Size
Distribution (PSD) was calculated by applying the BJH (Barrett-Joyner-Halenda)
method to the isotherm desorption branch.
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Figure 3.2-6: N2 adsorption/desorption measured at -196°C of P25 (red circles), M-TiO:z (blue circles)
and RM-TiO: (green squares) in section (a); B-TiO2-200 (orange triangles) and B-TiO:-600 (red
triangles) in section (b). Full marks: adsorption branch; empty marks: desorption branch.
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Figure 3.2-7: PSD as obtained by applying the BJH method to isotherms desorption branch with the
samples: M-TiO:z (blue circles), RM-TiO: (green squares); B-TiO2-200 (orange triangles); B-TiO2-600
(red triangles).

P25 shows a type II isotherm as expected from literature [152][153], with N2
condensation occurring at high relative pressure (i.e., P/P° > 0.85) due to the
presence some large (inter-particle) meso-macroporosity. The M-TiO2 sample
showed instead a type IV isotherm likely due to the occurrence of both intra- and
inter-particles mesopores, with the corresponding value of the SSA (Table 3.2-1)
being more than twice that of P25. The observed H2(b) type hysteresis loop is
typical of “ink-bottle” inter-particle mesopores associated with pore blocking
[154][155] (Fig. 3.2-8 e), with size distribution of neck widths very broad, as
confirmed by the corresponding PSD which show heterogeneous mesopores
dimensions: the most abundant family have a diameter of around 7.5 nm, whereas
smaller mesopores are likely intra-particle mesopores.
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Type IV(a) physisorption isotherms
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Figure 3.2-8: Schematic representation of some typical Type IV(a) physisorption isotherms and
corresponding pores geometry. Adapted from [154]

M-TiO:2 sample, on the other hand, has undergone calcination at 450 °C for 4h
to allows the removal of the organic template, but causing the
crystallization/synterization of the material and some structure collapse, with
consequent loss of SSA and interparticle mesopores stemming from the template
removal and consequent pore shrinkage occurring during calcination. M-TiO2
sample also shows some smaller intra-particle mesopores as also visible from the
TEM image (Fig. 3.2-4), probably due to the adopted synthesis/micelles removal.

RM-TiOz sample showed a type IV isotherm with H2 type hysteresis loop,
ascribed to capillary condensation within inter-particle mesoporosity, but a lower
SSA area (71 m? g'!). The corresponding PSD shows a maximum at 3.5 nm and a
tail towards larger diameter mesopores.

B-Ti02-200 sample is the one showing the highest SSA, likely due to the very
low temperature adopted during the thermal treatment. The N2 isotherms of both B-
T102-200 and B-T102-600 samples are compared in Fig. 3.2-6 b: type IV isotherms
with H2 hysteresis loops are observed, but lower total adsorbed volume and SSA
were measured with the high temperature threated one, which also showed highly
crystalline NPs, as confirmed by the sharpness of XRD peaks (red curve n°5, Fig.
3.2-2).

By considering only the Pore Size Distributions (PSD) (Fig. 3.2-7), all samples
showed occurrence of mesopores. The smallest mesopores diameters are obtained
with RM-TiO2 sample. The M-TiO2 sample showed an asymmetric PSD curve, with
maximum at 7.5 nm and a large pore volume. By increasing the calcination
temperature, two effects are observed on pore volume and size of B-TiO2-200 and
B-Ti02-600, respectively: the pore volume dramatically decreases and only few
larger mesopores are observed. Such phenomena are in agreement with the largest
particle size observed by TEM analysis.

Diffuse Reflectance UV-Vis spectroscopy

Diffuse Reflectance (DR) UV-Vis spectra of powder samples were measured
on a Cary 5000 UV-Vis-NIR spectrophotometer (Varian instruments) equipped
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with a DR apparatus (integration sphere). The obtained DR spectra are reported as
Kubelka—Munk function described in £q. (3.2.1) where R is the absolute reflectance
of the layer, s is the scattering coefficient and £ is the molar absorption coefficient
with the assumption of “infinite” thick layer.

F(R)—l_Rz—k 32-1
2R s G )

DR-UV-Vis spectra of all the samples are reported in Fig. 3.2-9. All the studied
powders, except B-TiO2-200 sample, absorb in a slightly broader range of
wavelengths with respect to P25, with the onset of absorptions at 382 nm (M-TiOz),
390 nm (RM-Ti0Oz2), 368 nm (B-Ti02-200), 385 nm (B-Ti02-600) and 375 nm for
P25. Energy gap calculation are reported in Table 3.2-1 with the corresponding
values of Eg as calculated according to three different methods as we are dealing
with mixed phases which can be considered either indirect band or direct band gap
materials. As expected, the Eg values calculated by linear extrapolation of the onset

of absorption and by the Tauc’s plot method for indirect transitions (F(R)*hv)!’?)
are very close, whereas higher values were obtained by using the equation for direct
transition (F(R)*hv)?) [156]. Though we are making an approximation, is possible
to use the values obtained by the first two methods to evaluate a possible trend in
the set of samples studied here. With B-Ti02-200, the small NPs sizes (~5 nm), that
implies higher quantum confinement, and the presence of only brookite, along with
anatase, brings about an increase of the Eg value with respect to both the M-TiO2
sample (pure anatase) and to the other samples, containing a certain amount in
rutile, in agreement with literature, which reports usually higher E¢ values for
brookite (3.1-3.4 eV), with respect to anatase (3.19-3.23 e¢V) and rutile (3.0-3.031
eV) (Table 2.1-1 for references).
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Figure 3.2-9: DR-UV-Vis spectra in the range 200-450 nm of P25 (1, black curve); M-TiOz (2, blue curve);
RM-TiO:2 (3, green curve); B-TiO2-200 (4, orange curve) and B-TiO2-600 sample (5, red curve).

Zeta potential

The surface of TiO2 nanoparticles dispersed in water is covered by hydroxyl
groups, and, as reported by Biswas et al [157], extra hydrogen ions are produced
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and the solution pH decreases with the increase in the solution of mass
concentrations / particle surface area as shown in Eq. 3.2-2. These hydroxyls,
however, can confer an amphoteric behaviour to the surface, where Ti-OH can react
either in basic way (Eq. 3.2-3) at low pHs or in acid way (3.2-4) at high pHs, or,
with another point of view, when solution pH is less than pHiep, Eq. 3.2-2 results in
creation of the positive surface charge (OH2") and positive zeta potential. When pH
is larger than pHiep, Eq. 3.2-4 results in creation of the negative surface charge (O
) and negative zeta potential [158][159].

TiV+H.0 — TiV-OH+H" (3.2-2)
Ti'V-OH + H* — Ti'V-OH2" (3.2-3)
Ti'"V-OH — TiV-O'+H" (3.2-4)
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Figure 3.2-10: Schematic representation of titania surface-water interaction

The value of pH that discern this behaviour (pHiep), and consequently the
surface associated properties, can be evaluated by means of zeta potential
measurements. In general, the pH at which the surface of a solid is neutral is the
isoelectric point (IEP) which corresponds with the point of zero charge (PZC) if no
adsorption of the ions in the solution takes place on the particle surface.
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Figure 3.2-11: {-potential measurement on the studied samples.

42



The C-potential curves (reported in figure 3.2-10) of the TiO2 NPs were
obtained by measuring the electrophoretic mobility as a function of pH by means
of electrophoretic light scattering (ELS) (Zetasizer Nano-ZS, Malvern Instruments,
Worcestershire, UK). Each sample powder was suspended in ultrapure water
(MilliQ) and either sonicated for 2 min (10 W/ml, 20 kHz, Sonoplus, Bandelin,
Berlin, Germany) or magnetically stirred for 5 min. The {-potential was measured
at room temperature after adjusting the pH step by step by addition of either 0.1 M
NaOH or 0.1 M HCL

The isoelectric point (pHiep) for all samples results below the values reported
for P25 NPs of 6.2-6.9 pHiep (Table 3.2-1) with average particle size in the 20-40
nm range [147] and of pure anatase NPs (~6.2pHiep) with average size in the 7.0-
20 nm range [157]. According to ref. [157], the primary particle size and the surface
area are the main factors affecting the charge of TiO2 NPs obtained by sol-gel
methods, whereas the type of crystalline phase do not affect the NPs surface charge
as they tested 100% to 36% anatase composition with fixed nanoparticles
dimension (36nm) reporting a variation of only ~0.2 pHigp.

As nanoparticle size decreases, it is known that the percentage of surface
atom/molecule increases significantly. Moreover, surface electronic structure,
surface defect density, and surface sorption sites also are strongly modified [160].
Additionally it has been observed that modification of the nanoparticle surface
coordination environment and the crystallographic orientation of exposed surface
lead to changes in the surface acidity constants/pHiep [161][162]. Consequently,
nanoparticle pHiep become function of particle size.

Nonetheless, Holmberg et al. [163] predicted that TiO2 NPs with a diameter
below 10 nm have a higher surface charge with respect to larger NPs, and so the
pHiep should increase with smaller NPs. In facts this trend is followed by the B-
Ti02-600 (40nm) in comparison to the B-TiO2-200 (5nm) and for the RM-TiO2 that
showed a higher pHigp, the former higher of other studied samples probably due to
the type of adopted synthesis, which allows to obtain NPs with controlled size by
nucleation and growth within the reverse micelles.

For pure TiO2 NPs (with diameter in the range of 14 - 33 nm) a PZC of 6.8
[164] was reported; Allard et al found a PZC of 6.1 with commercial anatase NPs
(with a diamater of ca. 20 nm) [165]; Al-Hetlani et al found a PZC of 5.98 for
smaller anatase NPs (around 7.2 nm [166]); Huijun et al reported a PZC of 6.2 for
anatase NPs (5-10 nm) [167]. The much lower value of PZC measured here may be
ascribed, rather than to the size of NPs, to the type of synthesis [168,169] that
probably favors the formation of a very acidic surface, in agreement with previous
work [157].
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3.3 Manganese doped Titania

3.3.1 Synthesis of Manganese doped Titania

Mn doped TiO2 and pure TiO2 nanoparticles were prepared by reverse micelle
microemulsion sol-gel method [146][149][170] in a process similar to that of
undoped sample RM-TiOz2 of the previous chapter, using Brij O20 as surfactant and
cyclohexane as apolar phase, titanium(I'V) butoxide 97% (Ti-(O-(CH2)3CHa)4 or for
short Ti-(BuO)4) and Manganese(II) nitrate tetrahydrate (Mn(NO3)2-4H20, Sigma-
Aldrich, purum p.a.>=97%) as precursors of the two respective metals. All
chemicals provided by Aldrich.

Different precursors amounts were used in order to obtain contents of 0, 1, 5
and 10 %wt Mn/(Mn+TiO2) with corresponding samples name of TiO2, Mn_1,
Mn_5, Mn_10 respectively. The synthesis procedure consisted in the following
steps: Brij-O20 was dispersed in cyclohexane by stirring at 50 °C. Meanwhile the
salt precursor of Manganese was dissolved in MilliQ water at the same temperature.
The homogeneous solution was added afterwards to the oil/surfactant solution and
stirred for 45°, which resulted in the formation of water in oil (w/0) emulsion of
surfactant nanoreactors containing the metal salt. Ti-(BuO)4 was then added to the
emulsion. At this point, the deionized water hydrolyses the Ti-(BuO)4 alkoxide end
groups forming titanium hydroxide groups. Afterwards, hydroxide groups undergo
polycondensation reaction and finally form titanium oxide (Ti—O-Ti) bonds [171]
and mixed Ti—~O—Mn bonds. The mixture was stirred for 2h always maintained at
50 °C and finally the emulsion was broken by addition of 2-propanol, followed by
sonication. The solid phase was then collected by centrifugation and dried at 100
°C for 24h, followed by calcination in air at 500 °C for 2h with a temperature ramp
of 2.5 °C/minute to remove the surfactant. For comparison, sample was prepared
by Incipient Wetness Impregnation (IWI) method by using manganese(II) nitrate
tetrahydrate Mn(NO3)2*4H20: the TiO2 support was impregnated by dropwise
addition of the concentrated salt aqueous solution under stirring at 80 °C. The
resulting powder was then calcined in the same condition as previous samples and
will be referred to as Mn_10IMP.

3.3.2 Textural, optical and surface properties of Manganese doped
Titania

As for the undoped Titania samples, the Manganese doped ones have been
characterised to understand the physico-chemical propertied and differences in
comparison to the undoped and reference TiO2 materials by maintaining the same
synthetic conditions of RM-TiO: to avoid new variables to get involved in the
material modification. This synthetic method will be used also used for
Molybdenum doped samples (chapter 3.4) due to a trade-off of obtained surface
areas, phases contents and time requirements for the synthesis. Same
characterization parameters have been used, if not otherwise specified.
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X-Ray Powder Diffraction

Manganese doped samples X-ray diffraction patterns were collected in the 20 - 90
20° range, by using scan step = 0.02 20, a time per step = 2 s to improve signal to
noise ratio and resolution compared to undoped titania samples as we are
introducing Manganese that may produce overlapped peaks and increase pattern
complexity.

The XRD patterns of the five samples: undoped TiO2 (same as previous RM-TiOz),
Mn_1, Mn_5, Mn_10, Mn_10IMP are reported in figure 3.3-1 and the results of
QPA and crystallite sizes are reported in table 3.3-1.
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Figure 3.3-1: XRD patterns of TiO2> and Manganese doped TiO:. Peaks ascribed to Anatase Rutile and
Brookite are labelled as A, R and B, respectively.

In the powder diffraction spectra the reflection peaks of anatase (Ref. code ICSD
01-073-1764) are seen at 20 around 25.3 (101) for the main peak, three overlapping
lines at 37.1(103), 37.9 (004) and 38.6 (112). One strong diffraction at 47.96 (200),
two lines at 54.0 (105) and 55.0 (211), two overlapping at 62.0 (213) and 62.7 (204),
two at 68.9 (116) and 70.2 (220), three close lines at 74.2 (107), 75.1 (215) and 75.9
(301), and lastly a double peak at 82.7 (224) and 83.1 (312).

The secondary phase patterns of brookite (ICSD 01-076-1934) diffracts two small
peeks under the anatase one (not detected without curve fitting) and a secondary
non overlapped peek at around 30.6° (211), which is visible in all the acquired
powder XRD. Lastly, a barely visible rutile phase can be detected with main peek
at 27 20° (110).

Table 3.3-1: Crystallite sizes and QPA of undoped and doped samples with goodness of fitting (GOF)
and standard deviations.

Crystallite sizes (Williamson-Hall) (nm)
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GOF Anatase stdev Brookite stdev Rutile stdev MnO:
TiO2 2,11 10,2 0,3 6,5 0,1 7,3 0,1 -
Mn_1 2,51 9 0,3 4,6 0,1 4,6 0,1 -
Mn_5 2,06 6,4 0,2 3,5 0,1 33 0,4 -
Mn_10 1,83 8,3 0,2 5,1 0,1 43 0,2 -
Mn_10 IMP | 2,51 8,7 0,2 5,6 0,1 8,1 0,4 9,7

Phases content (Rietveld) (%)

Anatase  Brookite Rutile MnO:

TiO2 81,3 16,2 2,5 -

Mn_1 81,1 13,6 5,3 -
Mn_5 74,6 18,5 6,9 -
Mn_10 76,3 16,7 7,0 -
Mn_10 IMP 69,2 18,1 4,0 8,7

For the impregnated sample Mn_10_IMP, the diffraction peaks of MnO2 (Ref. code
03-065-2821) are seen with main peeks at 28.8 (110), 37.5 (101), 43.0 (111), 56.9
(211), 59.2 (220), 64.9 (002), 72.6 (002). It is important to notice that only the
impregnated sample in the XRD spectra gives sharp peaks for the metal oxide
(MnO.) despite the relatively high metal concentrations of 10% weight also present
in the one pot counterpart sample (Mn_10). This feature can be indicative of high
dispersion, low crystalline/amorphous structure (crystallites of Mn oxides are too
small to be detected) and/or the metal is incorporated in the TiO: lattice as
substitutional atoms, as the Pauling’s rule [172] states that an octahedral
coordination is possible if the ratio between cation and anion radius, in our case

rM™* /r0*” is in the range between 0.732 and 0.414, where 7°° = 1.40 A is the
oxygen anion Pauling radius and r" ™" is the metal cation Pauling radius, which is

rTi*" = 0.68 A. Since Mn have oxidation states of Mn>" (0.80 A), Mn3* (0.66 A) or
Mn*" (0.60 A), octahedral coordination after the isomorphic incorporation of Mn
into the titania framework can be obtained for all these oxidation states [173]
provided that charge neutrality is maintained in the solid.
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Figure 3.3-2: Details and overlapping XRD patterns of TiOz, 5, 10 and 10% Mn impregnated samples.
In the inset the magnification of the main anatase diffraction peak (101).

Scattering intensities, as highlighted in Fig. 3.3-2, increase with doping level, as
expected since manganese have higher scattering factor than titanium for Cu Ka
energy. In Fig. 3.3-2 inset the (101) peek is shifting to higher diffraction angles for
doped samples, as the titania lattice is perturbed by the Mn substitution.
Isostructural substitution can be confirmed by the lattice size almost linearly
changing with the dopant percentage (Vegard rule). As expected, the impregnated
sample (101) peek position is at lower angles as compared to the one-pot
synthesised Mn_ 10 sample, as most of manganese remains at the surface, while the
impregnated sample peak position is somewhat the same of the 5% one pot sample.
We could dare to say that TiO: lattice can accommodate only up to the 5%
composition of Mn atoms.

No other phases can be detected with our instrumentation, but it is known that
Mn20s3 is more amorphous than MnO: [174], so more difficult to detect by XRD.

X-ray Photoelectron Spectroscopy

Manganese have six stable oxidation states (0, II, III, IV, VI and VIII), three of
them with significant multiplet splitting (II, III, IV), one with less defined splitting
or broadening (VI). Due to these multiplet splitting structures, a serious challenge
arises for both qualitative and quantitative analysis by XPS. In table 3.3-2 the
binding energies for reference Mn oxides of Mn2ps.» peaks are reported [175]
[176][177][178].
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Counts (a.u)

Table 3.3-2: Reference binding energies of Mn oxides.

Chemical state Binding energy Mn2ps;, (eV)

NZNEETZI mn®  638.6

Mn? 640.4-641.7
Mn304 Mn2/3*  641.3-641.7
Mn3* 641.7-641.9
Mn** 641.9-642.6

The surface atomic concentrations for manganese, oxygen and titanium with
the atomic ratios Mn/Ti are listed in Table 3.3-3 based upon the binding energies
of Ols, Mn2p, and Ti2p32 in the bare and doped titania oxide material. All the
values are referenced to the Ti2p32 BE value of 458.3 eV due to its intensity, lack
of interferences and absence of other oxidation states.

Ti2p O1s Mn2p

—TiO,
——Mn_1
——Mn_5
—— Mn_10 A
—— Mn_10_IMP Ial

468 456 484 462 460 458 456  ds4 4% 538 536 534 522 530 w28 526 685 650 645 640 635
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3.3-3: High resolution XPS spectra of Ti2p, Ols and Mn2p regions for undoped and Mn-doped
titania samples.

The doublet of Ti2p32 and Ti2p1/2 (464.0 eV) arises from spin orbit-splitting. These
peaks are consistent with Ti*" in TiO: lattice [179]. The XP Ols spectrum from all
the samples was curve fitted and the results are reported in Fig. 3.3-4. There are
three (for TiO2, Mn_1 and Mn 5) to four peak components (Mn 10 and
Mn_10_IMP): the lower binding energy peak is due to lattice oxygen bonded to Ti
and/or Mn (529.7+0.2 eV), whereas the higher BE one (around 531.4+0.3 eV, green
curve) is attributed to non-lattice oxygen/OH due to adsorption of OH™ at the
surface. Lastly, the blue curve component at 530.5+0.1 eV is due to the oxygen in
oxygen-deficient regions, whereas the higher binding energy peak (magenta curve)
at 533.2+0.2 eV is ascribed adsorbed/structural water which increases in Mn_10
and Mn_10 IMP samples [180][181]. It is important to notice how oxygen
vacancies increase with doping concentration, as can be derived by the relative
abundance peak component at 530.5+0.1 eV: it is around 10-11% in Mn_5 and
increases up to 16% in Mn_10 and Mn_10 IMP.
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Figure 3.3-4: O1s deconvoluted peaks for TiO2, Mn_1/5/10 and Mn_10_IMP samples.

The curve fitting procedure applied to Mn2ps/2 XP spectra of Mn_5 to Mn_10_IMP
samples shows (Fig. 3.3-5) five peak components that can be attributed to Mn**
(640.0£0.3 eV, red curve), Mn*" (641.36+0.3 eV, blue curve) [182], Mn*"
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Figure 3.3-5: Deconvoluted spectra of Mn2p3/2 region of a) Mn_5, b) Mn_10 and ¢) Mn_10_IMP samples
(642.5+0.3 eV, magenta curve), partially undecomposed Mn-nitrate (644.2+0.1 eV,
green curve) [183][184] and a satellite peak (shake-up) located at 646.0+0.2 eV
(dark blue curve) due to Mn** ions. Mn2p32 XP spectrum of Mn_1 was not curve
fitted due to the very low signal-to-noise ratio.

Table 3.3-3: Atomic surface concentrations and ratios as determined by XPS.
XPS surface atomic concentrations (%)?

Mn content (Mn ox. states relative abundance)

(Wt %, at%)  panganese| Mn?*  Mn¥*  Mn* nil':f::te Titanium  Oxygen Mn/Ti
1(0.49) 1.1+0.2 265116 724416 0.042+0.004
5(2.49) 2.610.3 10 40 34 16 263411 711414 0.10£0.01
10 (5.11) 3.540.5 8 43 37 12 24 £2 73 £2 0.15+0.02

10* (5.11) 10.5+0.5 11 49 30 10 175410 723#1.3 0.58+0.04

Raman spectroscopy and Energy Dispersive X-ray Spectroscopy
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Raman spectra, in the region of 80-1000 cm™, shown in Fig. 3.3-6, were
acquired on a Renishaw InVia Reflex micro-Raman spectrometer (Renishaw plc,
Wotton-under-Edge, UK) equipped with a cooled CCD camera. The Raman source
was a diode laser (Aex=514.5 nm), and the inspection occurred over pelletized
samples to ensure a “flat” surface, through a microscope objective (10X), in
backscattering light collection. The following conditions were employed to collect
each spectrum: SmW laser power for all sample except for TiO2 that was exited
with 0.1mW due to detector saturation, 5 s of exposure time and 4 accumulations.
Data for undoped TiO2 was afterward normalised by a factor of 50.

Anatase TiO2 shows strong Raman peaks at 143 (Eg), 399 (Big), 516 (A1gtBig)
and 638 cm™ (Eg) [96]. Some small brookite peeks are also visible around 121
(Alg), 132 (B3g), 170 (Blg), 197 (Alg), 246 (Alg) and 330 cm™' (mostly B modes)
[98] confirming the XRD results. Also the strongest Rutile peek is visible in the
undoped TiO2 (M-TiO2) at around 445 cm™ and 450 cm! for P25 [91]. Spectra of
Mn_10 IMP confirm the presence of nitrate precursor as the 1050 cm™! band can
be ascribed to vi NO3 vibration [185].
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Figure 3.3-6: Raman spectra (log scale) of TiO2 and Mn doped TiO: samples under 532nm laser
excitation. P25 spectra have arbitrary intensities.
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Figure 3.3-7: Eg position for TiO2 and Mn-doped TiO2 samples vs atomic concentrations obtained by
XPS.

In Fig. 3.3-7, the Eg Raman scattering peak shifting to higher wavenumbers
can be better appreciated as doping concentration increases. The shift can be
ascribed to the distortion of Ti—O band by Mn incorporation. Raman spectra were
acquired multiple times on different spots and Eg positions errors were estimated.
From the Eg vs XPS atomic surface concentration plot an idea of heterogeneity of
the material, that reaches higher value of uncertainty, can be highlighted. High
doped samples, especially the impregnated one have the highest surface
heterogeneity, both in Mn concentration and Raman Eg peak position as confirmed
by EDX maps analysis reported in Fig. 3.3-8.

10% IMP

Figure 3.3-8: EDX survey elemental mapping of doped TiO: samples (left) and Mn (violet), Ti (light blue)
and O (red) Ko signals for the 10 %w impregnated sample (right).

Moreover, by comparing the atomic ratio of dopant determined by the surface
technique XPS and the bulk one EDX it is clear that manganese is prone to localize
on surface as Mn/Ti ratio seen by XPS is higher than bulk values. Only for the 10%
and 10% impregnated sample the ratio is lower than the nominal one, probably due
to aggregation/loss of manganese.
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Figure 3.3-9: Atomic surface concentrations ration as determined by XPS, EDX and nominal ratio vs
nominal composition.

N: adsorption/desorption isotherms

Nz sorption/desorption isotherms in the case of Mn-doped samples were
acquired on a Micromeritics Tristar II instrument. Samples were outgassed at
200 °C for 2h prior the measurements at around liquid nitrogen temperature of
—196 °C. Nitrogen gases with super high purity (99.999%) was used for the
physisorption measurements. Samples specific surface area (SSA) was calculated
according to the Brunauer—Emmett-Teller (BET) method; pore total volume was
measured at p/p® = 0.99; pore size distribution (PSD) was calculated by applying
the BJH (Barrett-Joiner-Hallenda) method to isotherm desorption branch.
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Figure 3.3-10: N2 adsorption isotherms of undoped TiO2, Mn-doped (1, 5, 10) and impregnated TiO:
samples (Mn_10 IMP).

Data shows pronounced H2(b) type loop for Manganese doped samples that
can be associated with pore blocking with a larger size distribution of the necks
widths. The impregnated Mn_10_IMP sample has the lowest area and cumulative
pore volume (pore volume peak area in figure 3.3-11) as expected by impregnation
method which consist in the coverage of the external surface area and may occlude
some pores in the process. It is interesting to notice the mirror feature of BET area

52



and pore diameter (peak position) as at smaller pores corresponds higher surface
area (many small pores) and at larger pores a low surface area (few large pores).

50

—u— BET Surface Area 149 E <

90 1 S o 08
—=— BJH Pore diameter peak position 148 ¢ E

> 804 447 = o 074
T - J46 8 @

E 10 . T 7 a  E 06
© 145 x =
@ -1 4

£ o0 5 144 8 > 054
< PN 443 = o
o 50 / Y | ] 2 [}

g . a— 42 g o 044

a / - P8 9 g,
- / J40 © =
o 30 / e 2

o / 738 o B g2
20 4 L 138 ; 3

10 —437 a 0,1

] 136
0 38 e
TiO2 Mn_1 Mn_5 Mn_10  Mn_10_IMP 1 2 4 5 6 7 8 9 10
Sample Pore Diameter (nm)

Figure 3.3-11: Surface area and pore diameter for undoped and Mn-doped samples.

Table 3.3-4: Surface texture properties of prepared samples.

Mn synthesis content BET SSA BJH Cumulative Pore BJH Pore diameter

Volume eak position
(Wt %) (m?/g) (em®/g) P (:m)
0 70 0.0900 3.8
57 0.0962 44
5 76 0.1092 4.1
10 68 0.1020 4.2
10* 40 0.0700 4.3

* impregnated

Thermal analysis (H2-TPR and TGA)

As a complementary technique of XRD, hydrogen TPR can detect the presence
of manganese oxides on atomic level on the opposite of XRD and Raman in terms
of hydrogen consumption due to reduction reactions on the surface. It is also
important to evaluate the reducibility of the TiO2 doped samples as it is known that
the ease of reduction of metals promote catalytic reactions such as the low-
temperature SCR activity [186].

H2-TPR (Temperature Programmed Reduction) analysis was carried out on a
TPD/R/O 1100 ThermoQuest instrument using 50 mg per sample. The powder was
held under constant flow (20 mL min ') of 5% H2/Ar mixture and heated from room
temperature to 900 ° with a ramp of 10 °C min'. H> uptake was then normalized
by sample weight, while TGA (Thermogravimetric analysis) has been performed
with a TA Instrument Q50. Samples were held at 50°C for 15 minutes to equilibrate,
followed by a thermal ramp of 10 °C min ™" till 1000 °C were reached under a purge
flow of 60 mL min 1 of Ar gas. Results of H2 consumption between ambient
temperature and 800 °C for prepared samples are illustrated in Fig 3.3-12 and
reported with the integral H> consumption for each sample in Table 3.3-5. The
consumption data has been related to the EDX manganese atomic percent content
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and is presented inf Fig. 3.3-11. The trend results almost linear in the whole range
with doping atomic content.

Table 3.3-5: Integral Hz consumption of H2-TPR analysis.

Sample  H: consumption (total)

(mmol/g)
10% IMP 2.01872
10% OP 0.73728
5% OP 0.36353
1% OP 0.12922
\ —a—H2 consumption\
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Figure 3.3-12: Hydrogen consumption as a function of EDX manganese atomic percent content detected
for 1, 5,10 and 10% manganese impregnated samples.

As basic assumptions we know that:

1) As general rule, high valence ions of transition metals are reduced at lower
temperature than low valence ions, so the reduction process of manganese oxides
takes place in the following order in accordance with [187][176]: MnOz -> MnsOs
> Mn03 -> Mn3Os4 -> MnO (Mn™ -> mixed Mn**/Mn"? -> Mn** -> mixed
Mn"3/Mn*? > Mn*?), in the ranges of 290-350 °C for MnO: reduction (up to 430
for B-MnO3), 350—420 °C for Mn203 and 450-500 °C for Mn3O4 [177][188][189].
Furthermore, MnO: exists in several shapes and crystallographic forms as different
polymorphs: a, B, y and 6-MnOz, whose prevalence depend strongly on temperature
condition of the synthesis route. Their reducibility is in the order J, a., y, B [190];

2) support oxide determines the reactivity of the bridging M—O-Support
functionalities [191] and so the sample preparation route, morphology (surface area,
porosity) and oxidation state can influence peak positions [192]. A strong
interaction with the support can cause a shift of the transition metal oxides to higher
temperatures;

3) bulk reactions occur at higher temperatures than surface reactions;

4) reduction temperature depends on Ha partial pressure and heating rate;
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5) particle size, lattice oxygen mobility and structural defects had been
established in the literature that cause shift in the peak position of the reduction
temperature [193].
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Figure 3.3-13: H>-TPR using 5% H: in Ar. Specific H2 consumptions vs time are reported for 1,5,10 wt%
Mn doped TiO:2 and 10 wt% impregnated TiO2 nanoparticles with peaks temperature values.

For all these reasons, literature comparisons are challenging, nevertheless from
the acquired data we can deduce that the low doped TiO: is characterized by a weak
reduction behaviour and a H2 consumption only after 500 °C as extensively reported
in literature [177][194] due to the hardly reducible support. For instance, the peak
at 590 °C can be ascribed to reduction of surface Ti*' [195]. The main peak located
at 266-326 can be attributed to the reduction of highly dispersed and/or easily
reducible MnO: that was not clearly detected by XRD, which need enough large
crystallites; peaks at 360-436 °C are related to Mn203 [189], bulk MnOx or f-MnO2
phases that are reduced to Mn30O4 and/or MnO, with lower temperatures for the 5%
and 10% one-pot synthetized samples. A small reduction peak located around 485
°C could be attributed to reduction of Mn30O4 to MnO. A very low temperature
reduction peak at 168 °C and a shoulder around under 266 °C can also be observed
for 5 and 10% OP samples. These features represents the reduction of Ti*" to Ti*"
and Mn*" (MnO2) to Mn®" respectively due to interaction between titania support
and manganese oxide species [177], facilitating the reduction of high valent ions
due respect to single phases taken alone. These reduction temperatures are lower
than those reported by Ettireddy et al on anatase Mn-TiO2 doped titania
(Hombikat!). It is interesting to notice a higher heterogeneity of manganese oxides
species for 10% sample, with a more pronounced shoulder around 200 °C and 485

! https://www.americanelements.com/hombikat-13463-67-7
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°C. The impregnated sample have instead a dominant MnO:2 reduction peak
followed by the Mn203 reduction at 436 °C that forms mainly MnO and only a
lower fraction of Mn3Oa4.

Likewise, TGA in inert argon flow has been done for all the samples (Fig. 3.3-
13) to get more insight into phases transitions and water and oxygen evolutions.
A first feature can be observed from 200 to 350 °C only for the impregnated sample
and is assigned to loss of structural water from MnO: [196][197]. Peaks located at
200-350 °C and the high temperature peaks in the 500 and 650-750 °C ranges are
caused by oxygen evolution due to MnO2 and Mn203 decomposition to Mn203 and
Mn304 respectively [198] (Equations 3.3-1 and 3.3-2).

Al 1

Mn0; =~ Mn,03 + 7.0, (33-1)
A1l 1

Mn203 _)EMn304+€02 (3.3_2)

In the H2-TPR profile, the peaks associated with these decompositions are located
at lower temperatures (436-486 °C) as hydrogen has been used instead of argon gas,
thus promoting the reduction reactions.
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Figure 3.3-14: TGA profiles in Ar flow of bare TiO2 and Mn-TiO: doped samples (1, 5, 10 w% one-pot
synthetized and 10% impregnated).

Is also interesting to notice the higher hydration for Mn_10 and Mn_10 IMP
samples as shown from the relative mass loss till 350 °C, where also the structural
water is removed. As the BET surface area of the Mn_10 sample (68 m?/g) and
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Mn_10_IMP (40 m?/g) are lower than the bare TiO2 (90 m*/g), one can conclude
that the higher amount of water adsorbed can be caused by another factor apart from
surface area, like a more hydrophilic surface due to the presence of manganese
oxides, especially for the Mn_10 sample where no structural water peak is visible.

Zeta potential

To acquire insight of the surface acidity/basicity, samples were also characterized
to obtain the pHiep (or PZC with the assumption of no ion adsorbed on the powder
surface). The (-potential curves acquired with the same methodology and
instrumentation of undoped titania (chapter 3.2) and are reported in figure 3.3-14
along with the corresponding points of zero charge. As Manganese content
increases the surface became more basic as PZC overall increases from 3.5 of
undoped TiOz to the highest value of circa 6 for Mn_1 sample.
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Figure 3.3-15: {-potential curves at different pHs (left) and corresponding points of zero charge
(right) for TiO2 and Mn-doped TiO: samples.

Diffuse Reflectance UV-Vis spectroscopy
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Figure 3.3-16: DR-UV-Vis spectra in the range 200-1000 nm of TiO2 an Mn-doped samples.

The optical absorption at wavelengths shorter than 400 nm is mainly attributed
to the electron transitions from the valence band to conduction band (band-to-band
transition, O 2p — Ti 3d).With incorporation of dopant ions, the absorption edge is
extended to the broader visible region up to over 1000 nm for the impregnated
sample, and hence a red shift is observed in the doped TiOz attributed to different
causes: optical absorption at the wavelength range from 400 nm to 550 nm results
from sub-band transitions closely related to the surface oxygen vacancies (SOVs),
the impurity levels created by Mn***" ions within the band gap of TiOz. Due to the
different valence states of Mn ions due respect the host (Ti*"), oxygen deficiencies
are generated along with e extra energy levels which are responsible for the

apparent red shift [199].
3.3.3 Catalytic test application: SCR of NOx

SCR of NOx (NO and NOz) with NH3 to harmless N2 and H20 proceeds by the
overall reactions:

4NO +4NHs + O2 — 4N2 + 6H20  (3.3-1)
4NH3 + 6NO — 5N2 + 6H20 (3.3-2)
2NH3 + NO + NO2 — 2N2 + 3H20  (3.3-3)

Equation (3.3-1) is the so-called standard SCR reaction which implies a 1:1
stoichiometry between NH3 and NO. The reaction (3.3-2) where oxygen is not
involved is much slower and therefore can be neglected. On the other hand, the
reaction rate of (3.3-3) with equimolar amounts of NO and NO2, is much faster than
(3.3-1). As side reactions, commonly used catalysts tend to form nitrous oxide
(N20) at high temperatures (>400 °C). One of the possible reactions is described in
equation (4) where N20 can derive from direct reaction of NO (or NO:z using one
oxygen instead of three) [200][201] with adsorbed NH3. As temperatures increase
to 500 °C and above, the undesirable oxidizing behaviour of the SCR catalysts
become important and the oxidation of NH3 to NO tend to limit the maximum
NOx conversion (3.3-5), while at lower temperatures below 200 °C ammonium
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nitrate (NH4NO3) can be produced according to Eq. (3.3-6) [202]. N2O can also be
formed from direct oxidation of ammonia in the presence of oxygen (Eq. 3.3-7)
[203].

4NH3 + 4NO + 302 — 4N20 + 6H20 (3.3-4)
4NH3 + 502 — NO + 6H20 (3.3-5)
2NH3 + 2NO2 — NH4NOs + N2 + H20 (3.3-6)
2NH3 + 202 — N20 + 3H20 (3.3-7)

SCR of NOx was carried out by placing 500 mg catalyst powder in a fixed bed
tubular quartz reactor (inner diameter = 10 mm) under a total feed gas flow rate of
300 NmL min ! which translates to gas hourly space velocity (GHSV) to about
50000 h™! as values above 30000 h™! are typically used industrially. The gas mixture
had the following composition: 500 ppm NO, 500 ppm NH3s, 3% O3, and balance
N2. Catalytic tests were performed under isothermal conditions, by raising the
temperature from 50 to 350 °C with steps of 32 °C, and by waiting to reach stable
temperature and concentrations of the reactive species before each temperature
increase.

The NOx concentration was analysed by means of a NO/NO: UV Limas gas
analyser (ABB SpA), and the N2O and NH3 concentrations by a ND-IR Uras gas
analyser (ABB SpA). The NOx and NH3 conversions and the N2 selectivity were
calculated from gases concentration according to the following equations:

NO, (NO + NO;) conversion [%] = 100 X (NOyxin — NOy out)/NOyinn (3.3 —8)
N, selectivity [%] = 100 X N,/(N, + N,0) (33-9)
Yield [%] = N, selectivity X NO, conversion (3.3-10)

The results of catalytic activity in terms of NOx conversion and Nz selectivity
of all samples operating under identical experimental conditions are illustrated in
Fig. 3.3-17a and 3.3-17b, whereas the yield (Eq. 3.3-1) is reported in Fig. 3.3-18
with an error lower than 5% due to the Sppm limit of the instrument. As can be seen
from these results, the flat line represents the bare titania, while we can notice that
the 10% Mn doped material reaches higher conversion than the impregnated sample
and performs almost always higher selectivity. In fact, the highest conversions are
achieved for 10 and 5% Mn doped TiOz, but only the 5% sample reaches also high
selectivity, as can be more easily expressed by the yield plot, with the highest value
of around 80% at 205 °C. At this temperature the material provides peaks of 87%
NOx conversion and 98.7% Nz selectivity. At higher temperatures NO oxidation to
NO: is an exothermic reversible reaction and as such is less favoured
thermodynamically at higher temperature and limited by the thermodynamic
equilibrium. NO oxidation is thus kinetically controlled at low temperatures
whereas thermodynamically controlled at higher temperatures.
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Figure 3.3-17: (a) NOx conversion and selectivity (b) for samples 1, 5, 10 %w (Mn_1-10), and 10%w
impregnated (Mn_10_IMP) with references of: pristine TiO:, Mn impregnated on anatase
(Mn_10_A_IMP) and rutile (Mn_10_R _IMP) TiO: nanoparticles. NO2/NOx in thermodynamic
equilibrium is denoted with blue stars.
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Figure 3.3-18: Yield (equation 3.3-10) for all the samples and NO2/NOx in thermodynamic
equilibrium (blue star)
As preliminary catalytic test of NOx removal, results are promising with margins
of improvement as doping concentration can be finely tuned and co-doping can be
explored.

3.4 Molybdenum doped Titania

3.4.1 Synthesis of Molybdenum doped Titania

As in the case of Manganese doped Titania, Mo-doped TiO2 NPs were prepared
by the same sol—gel reverse micelle microemulsion method [14] where the used Mo
precursor was the ammonium  heptamolybdate  tetrahydrate  salt
((NH4)sM07024-4H20, purum p.a. > = 99.9%) as this molybdate is often preferred
in catalyst preparations due to its greater solubility than the dimolybdate, allowing
higher concentrations of Mo to be used. Proper precursor amounts were used in
order to obtain different nominal contents from 0 to 10. % wt Mo/(Mo+TiOz),
together with similar process procedure of Mn doped TiO2 powders described in
the previous chapter.
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3.4.2 Textural, optical and surface properties of Manganese doped
Titania

X-Ray Powder Diffraction and Raman spectroscopy

Figure 3.4-1a reports the powders XRD patterns from 20 to 90 26 range of
TiO2, and Mn_1/5/10 samples. As already described in chapter 3.2, the TiO2
sample showed the main peaks of anatase (labelled by asterisks), along with the
additional broad peak of brookite (circle label). The presence of such phase can be
assigned to the adopted synthesis and the calcination temperature. The XRD
patterns of the Mo 1 sample did not differ much from those of TiO2, whereas with
both Mo 5 and Mo 10 samples two additional peaks (marked with a cross) at 27.2
and 54.4 20 values are respectively assigned to the (110) and (211) diffraction peaks
of rutile. From powder diffraction, no signals ascribable to MoOx phases were
detected or can be discerned using Rietveld refinement (main peaks in order of
intensities at 20 values of 27.3 (021), 23.3 (110) and 12.8 (020) ref. code 01-076-
1003 for MoO3; 25.7 (110), 36.7 (101) and 53.2 (211) ref. code JCPDS 01-074-
4517 for MoOz), even at the highest Mo content: Mo-containing phases, if present,
could be very well dispersed-amorphous and cannot be detected by XRD.
Crystallite sizes for all detected phases, volume and cell parameter ¢ for the
dominant phase (Anatase) and phases content are reported in table 3.4-1 and
graphically reported in figure 3.4-2a and b including two additional Mo
concentration samples to have a better trend estimation.
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Figure 3.4-1: XRD patterns (a) and Raman spectra (b) of undoped TiOz and 1, 5 and 10% Mo doped

powder samples.

Crystallites sizes of all phases tend to increase up to the 5-7.5% doping values.
Trends that is in contrast to the monotonic decrease of crystallites size of Mo-doped

TiO2 obtained by using the hydrothermal method of Malik et al [204].

Table 3.4-1: Crystallite sizes, volume and cell parameter c for the dominant phase (Anatase) and phases
content as calculated using Williamson-Hall method.

Cell Volume
GOF Anatase stdev Brookite stdev Rutile stdev (A)(Anatase) (f\s)(Anatase) Anatase Brookite Rutile
Mo_0 2,11 10,5 0,4 5,4 0,1 7,8 0,2 9,49 61,97 83,0 14,9 2,1
Mo_1 3,32 11,1 0,4 16,7 0,6 6,9 0,3 9,49 65,28 92,7 4,8 2,4
Mo_2.5 2,7 11,8 0,4 12,2 0,2 8,6 0,2 9,48 62,67 73,6 16,5 9,9
Mo_5 2,65 12,5 0,4 20,9 0,7 8 0,1 9,48 62,23 80,3 12,0 7,7
Mo_7.5 2,61 136 05 505 04 83 0,2 9,48 62,03 73,5 17,0 9,5
Mo_10 2,55 9,2 0,2 5,64 0,5 4,4 0,1 9,48 61,77 73,5 20,6 6,0

One eye-catching feature in figure 3.4-2a is the lattice and cell volume
parameters lowest value for Mo_5 sample.
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Figure 3.4-2: (a) Lattice parameter ¢ and cell volume for the dominant phase (Anatase) for Mo-dopes
TiO2 nanoparticles as calculated using Williamson-Hall method. (b) Phase contents of anatase, brookite
and rutile.

The Raman spectra in Figure 3.4-1b on the other hand confirm the XRD results
detecting the main two phases: with all the samples, the Raman modes of anatase
are observed at 147 (Eg), 199 (Eg), 399 (Big), 519 (Big) and 639 (E,) cm™, and with
the Mo_5 and Mo_ 10 samples, the band at 639 cm™ is slightly red-shifted (637 cm
1) with respect to undoped TiO2 where the most intense mode of rutile (A1g) occurs
indeed at 636 cm™ and so the observed shift could be ascribed to the simultaneous
presence of both rutile and anatase, in agreement with the corresponding XRD
patterns. Additional Raman signals (labelled by circles) are observed and their
intensities increasing with the Mo content: they are assigned to the Aig (246 cm™),
Big (327 cm™ and 448 cm™!) and B2¢ (362 cm™) modes of brookite. The most intense
band of brookite (Big mode) usually found at 152 cm! is likely superposed to that
of anatase. Indeed, the maximum of the main peak is blue-shifted with the Mo 10
sample, suggesting a strong interaction of Mo atoms with the TiO2 matrix.

Two additional components are observed in the Mo 5 and Mo_10 samples:
peaks at 944 cm™! for 5% doping and 956 cm™! for 10% (asterisk label), and a broad
signal occurring in the 760-880 cm™' range. The former signal is assigned to Mo=0
groups stretching [205][206], while the high wavenumber peak suggests the
presence of M07024% or MosOz6* species, where Mo is octahedrally coordinated as
with systems where comparable amount of MoOs was supported on TiO2 by
incipient wetness impregnation, a similar band was observed in the 934 — 954 cm’!
range, shifting to higher wavenumbers with the Mo content, and having a broad and
asymmetric shape, as here [207]. Tetrahedral hydrated MoO4> species (that should
give a band at 934 cm™) are not observed here, even at the lowest Mo content,
indicating that Molybdenum doping is mainly related to the TiO2 bulk, whereas for
higher Mo contents, formation of polymolibdate species takes place at the surface
of the NPs.

N2 adsorption/desorption isotherms, SEM, EDX and XPS
N2 adsorption/desorption isotherms at -196 °C are shown in Figure 3.4-3 of

undoped and Mo-doped samples (a), and the corresponding pore size distribution
(PSD) as calculated by applying the BJH method to the isotherm desorption branch
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(b). All the samples are characterized by a Type IV isotherms with Type H2
hysteresis loop, due to N2 condensation within intra-particles porosity. The BET
SSA value (Table 3.4-2) is almost unaffected for Mo loading up to 5 wt.%, while it
increases with the Mo 10 sample. PSD is quite sharp for undoped TiO2 with peak
in the 3 — 6 nm range, suggesting a small distribution of particles size which is
confirmed by statistical analysis of FESEM micrography images (Fig. 3.4-6)
obtained using ImageJ software. The intra-particle pore size is compatible with the
particle size measured by the FESEM analysis (vide infra). Instead, by doping with
Molybdenum, the PSD becomes broader for Mo-doped samples, with Mo_5 sample
characterized by the broadest PSD in the 3 -14 nm range. Actually, both the size
and shape of the particles could affect the BET SSA and the PSDs, and, probably,
less homogeneous (in both size and shape) particles are obtained in the presence of
Mo.
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Figure 3.4-3: a) Adsorption/desorption isotherms of N2 at -196°C and b) pore size distributions of selected
undoped and Mo-doped TiO: nanoparticles.

Fig. 3.4-4 and 3.4-5 report the FESEM back-scattering electrons and secondary
electrons images respectively of pristine and Mo-doped samples of four selected
samples. The BSE images black/white contrast emphasizes the Mo rich regions
(white spots/clusters), showing a non-uniform distribution of Molybdenum in the
whole powder for all samples.

From secondary electron (SE) images, NPs with quasi-round shape are
observed, but the addition of Molybdenum seems to lead to a slight size increase
due to induced structural changes (Fig. 3.4-6 and Table 3.4-2).
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Figure 3.4-4: Back Scattering Electron images of selected undoped and doped TiO: powders.
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Figure 3.4-5: FESEM secondary electron micrography images of four selected TiO2 and Mo-doped TiO2
powders.
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Figure 3.4-6: Statistical distribution of nanoparticles sizes as measured from SE FESEM images.
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The EDX analysis allowed us determining the semi-quantitative composition
of the samples (Table 3.4-2), showing that in the explored composition range, the

actual Mo content was very close to the

nominal value as better visible in figure

3.4-7, where the data is graphically represented. As can be seen, the XPS Mo/Ti
atomic ratio is quite higher (as surface measure) than bulk/nominal ratio (more than
in the case of Manganese doping), suggesting also in this case that Molybdenum
prefer the outer nanoparticles shell region instead of a uniform distribution. On the
other hand, the similarity of nominal and EDX measured ratios confirm that all the

doping material during the synthesis is present in the final product.

Table 3.4-2: Textural and surface properties of the studied samples as determined by N: isotherms at -

196 °C; FESEM; EDX and XPS analyses.

BET Total pore Average EDX determined XPS determined
Sample  SSA volume particle size Mo/Ti (nominal surface Mo/Ti
(m?2 g) (cm® g?) (3 nm) Mo/Ti) atomic ratios atomic ratio
TiO:2 71 0.091 12 - -
Mo_1 76 0.112 21 0.007 (0.0084) 0.042
Mo_5 74 0.141 22 0.05 (0.044) 0.150
Mo_10 96 0.137 18 0.090 (0.092) 0.194
0,20 | | —=— Nominal Mo/Ti %a &
048] | —=— EDX Mo/Ti %at -
—m— XPS Mo/Ti %at =
0,16 -
0,14 1
® 0,12
§ 0,10 .
S 0,08
2 el / /./
0,04 - 5 :
002 / /
000 "
-0,02 : : . . . .

Nominal Mo %w

Figure 3.4-7: Distributions of Mo to Ti atomic ratios as measured from XPS (red curve), EDX (violet
curve) due respect to nominal synthesis (blu curve) value.

Complementary, XPS shows an almost linear shift of the Ti2ps2 peak
component binding energy caused by Mo doping (Fig. 3.4-9). That is an indication
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N
I/ \
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Binding Energy (eV)

Figure 3.4-8: Mo3d binding energy region of
Mo_S5 sample.

534

that molybdenum atoms indeed are
substituting titanium atoms. The curve
fitting of Mo3d spectral region (Fig. 3.4-
8) shows the typical splitting spin-orbit
3ds2 and 3d32, resulting in four peaks due
to the presence of two different Mo
oxidation states: Mo>* (231.4+0.3 eV and
234.1+0.2 eV) and Mo®" (232.7+0.2 eV
and 235.9+£0.2 eV). Presence of Mo’*
ions implied that doped samples are in
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oxygen deficiency state (as one titanium atom need two O atoms, but one
molybdenum atom need three). This is also evident in the Ols XP spectrum (fig.
3.4-10), where the curve fitting procedure resulted in three peaks: the lower binding
energy peak is due to lattice oxygen bonded to Ti and/or Mo (529.7+0.2 eV, cyan
curve); the higher BE one (around 531.5 +£0.2¢eV, yellow curve) is attributed to non-
lattice oxygen/OH due to adsorption of OH™ on the surface. Lastly, the green curve
at 530.6+0.2¢eV is due to the oxygen in oxygen-deficient. The surface deficiency of
O could be complemented by adsorbing more oxygen, which can be beneficial to
catalytic properties.
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Figure 3.4-9: Ti2ps: peak position versus Molybdenum doping content as measured by XPS. In red the
linear best fit of data.

It is worth noting that the relative abundance of Mo>* is almost independent of the
molybdenum loading, with a minimum for the 5% Mo sample (Table 3.4-3).

242 240 238 236 234 232 230 228 226 224
Binding Energy (eV)

Figure 3.4-10: Typical XP Mo3d and Ols spectra, along with curve fitting results. The attribution of each
component to the Mo chemical oxidation state is indicated.
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Table 3.4-3: Ratio of Mo V and VI oxidation states for Mo-doped TiO: powder samples as calculated
from XPS Mo3d peak area.
Mo/(Mo+TiOz2) Yowsw
1.0% 2.5% 5.0% 7.5% 10.0%

% Mos* 84+3 80+3 89+3 85+3 84+3
% Mo 16+3 20+3 11+3 1543 16+3

Diffuse Reflectance UV-Vis spectroscopy

Figure 3.4-11 reports the DR UV-Vis spectra of the all produced doped
samples. As expected, the TiO2 sample absorbs only below 400 nm, whereas
introduction of Mo heteroatoms brings about two main effects: the slight red-shift
of the absorption edge and the appearance of a broad absorption band at ca. 545 nm,
due to the d-d transitions of Mo atoms. Thus, Mo doping is modifying the band gap
(Eg) which value had been calculated by the Tauc’s plot method and reported, along
with XPS valence band edge data, in figure 3.4-12. The two experimentally
obtained data allow us to calculate the conductive band edge position (CB) as sum
of these two terms previous terms (Eg + VB). Interestingly, the Mo 5 and 7.5
samples showed the lowest Eg values: likely, at higher contents, Mo tends to form
surface species, rather than being dispersed in the bulk, as also confirmed by Raman
and XPS (vide supra), in addition, no localized adsorption peaks are visible in the
UV-Vis spectra but only a broad peak is present due to Mo centres, that can be a
sign of substitutional doping of Mo in the titania network.

15 - —TiO.
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Figure 3.4-11: DR-UV-Vis spectra of TiO2 and Mo-doped powder samples in the 200-1000nm range.
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Figure 3.4-12: Diagram of valence (red curve) and conductive energy levels (blu curve) as measured and
calculated from DR-UV-Vis and XPS data.

Zeta potential

The C-potential measurements (Fig. 3.4-13) show that the undoped TiO2 sample

has a PZC of 3.6, i.e. a value lower than usual for TiO2: for instance, Degussa P25
(with particle size between 20 and 40 nm) has a PZC around 6.2-6.9 [157][208], or
for pure TiO2 NPs (with diameter in the range of 14 - 33 nm) a PZC of 6.8 [164]
was reported; Allard et al found a PZC of 6.1 with commercial anatase NPs (with a
diameter of ca. 20 nm) [165]; Al-Hetlani et al found a PZC of 5.98 for smaller
anatase NPs (around 7.2 nm [166]); Huijun et al reported a PZC of 6.2 for anatase
NPs (5-10 nm) [167].
The much lower value of PZC measured here may be ascribed, rather than to the
size of NPs, to the type of synthesis [168,169] that probably favours the formation
of a very acidic surface, in agreement with previous work [157]. Addition of Mo
leads to a further and progressive decrease of the PZC (Fig. 3.4-13 right), even at
the lowest Mo content (sample Mo 1). Such result confirms that the type of
synthesis allows distribution of the heteroatoms not only in the bulk, but also at the
NPs surface, with some superficial molybdenum ions lowering the PZC, as they are
strong Lewis sites.
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Figure 3.4-13: {-potential measurement on undoped and doped TiO:2 samples (left) and point of zero
charge vs XPS surface Mo concentration (right).

The € potential measurements allowed us to figure out that even at low Mo
content the surface of the NPs is affected by the presence of Mo as also highlighted
by the XPS measurements (Fig. 3.4-7) which shows that the NPs surface is enriched
in Mo atoms with respect to the bulk, in agreement with the type of synthesis
adopted.

FTIR — CO probe molecule analysis

Acidity and basicity are tightly related concepts often used to explain the
catalytic properties of materials such as metal oxides. To estimate proton-accepting
(basic) properties of the surface, infrared spectroscopy for the study of adsorbates,
is commonly used. As the coordination of the surface sites is lower than for the bulk
ones, they are available for the interaction with probe molecules. Among different
molecules, CO adsorption can be exploited to characterize both acidic and basic
sites of metal oxides [209][210].

Samples were then characterized by infrared spectroscopy with carbon
monoxide probe molecule. IR spectra where recorded at 2 cm™! resolution by means
of a Bruker Equinox 55 FT-IR spectrophotometer, equipped with an MCT (Mercury
Cadmium Telluride) cryodetector (Perkin Elmer).

To acquire infrared spectroscopy data in transmission mode using probe
molecules, special cells are used as shown in Scheme 3.4-1. Spectra have been
recorded at equilibrium conditions (equilibrium pressure and temperature) by
closing the line valve and waiting some minutes to let the pressure stabilise as
measured by means of an absolute pressure gauge (PIEZOVAC PV 20 Oerlikon
Leybold). Moreover, as the interaction with CO molecules is too weak to be
observed at room temperature, the sample needs to be cooled down by liquid N2 by
means of a “cold finger” on which a gold frame that encapsulate the sample is
placed. The sample is fixed in place inside the cell between two KBr windows and
the cell is then connected to the vacuum line where balloons of different probe gases
can be connected.
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Scheme 3.4-1: Schematic representation of FTIR probe molecule cell setup

Solid samples to be analyzed in transmission mode needs to be carefully prepared
in form of pellets with a surface density lower than 20mg/cm? as IR signal would
be entirely absorbed by the solid material with higher density. Besides, also lower
limits exist, both for physical and signal problems. The former, which is the main
issue, is due to mechanical limits (pellet could break), the latter due to interferences
caused by thickness in the range of IR wavelength that causes fringes in the FTIR
signal. This kind of preparation is exceptionally difficult and time consuming for
titania nanomaterial due to its high hardness.
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Scheme 3.4-2: FTIR spectra of undoped TiO2, 5 and 10% Molybdenum doped nanopowders pellets
during exposure to CO probe molecules from 10 to 18 mbar of pressure at liquid N2 temperature.
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Data is summarized and graphically explained in scheme 3.4-2 which shows
the vOH (4000-2600 cm™) and vCO (2250-2050 cm™) regions for TiO2, Mo_5 and
Mo 10 samples previously outgassed at 400°C to remove any trace of water.
Whereas in scheme 3.4-3 are reported a) the representation of main possible surface
groups configurations, b) the groups removals/addition due to heath treatment
(water removal) and CO interaction and c) the typical IR adsorption regions.
Spectra are presented as difference due respect to the first unprobed IR spectra, so
only the changes in intensities due to adsorption of CO are visible.

Unfortunately, producing low surface density pellets (under 10 mg/cm?) is really
difficult, especially for titania, and so OH region is quite noisy.
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Scheme 3.4-3: a) Schematic representation of possible surface groups configurations for undoped and
doped TiOz2; b) reactions due to CO interaction and/or after heat treatment; c) typical IR adsorption
regions of relevant groups vibrations.

To understand the consequences of CO interaction, a brief overview should be
given: when the CO molecules linearly coordinate to surface cations via C atom,
three different interactions can be established: 1) Electrostatic (no electron transfer)
due to interaction of CO charge distribution and the cation field. 2) ¢ bond between
the HOMO (50) of CO and LUMO of metal ion, favoured for metal ions with
unoccupied d orbitals. 3) m bond between the LUMO (2n*) of CO and the HOMO
(dxy, dxz) of metal ion. 4) m back-donation, when the electron density is transferred
from the metal ion to the CO ligand.

Returning to the results in scheme 3.4-2, bands at wavenumbers >3680 cm™ (red
highlighted region) were assigned to linear hydroxy groups vOH, while the ones at
v <3680 (bluregion) to bridged —OH (Scheme 3.4-3) resulting from the dissociation
of H20 on acid-base pairs of coordinatively unsaturated Ti** and O surface sites.
Two/tree kind of oxydriles are visible that upon CO exposure shift to lower
frequencies of about 400-500 cm’'. This is an indication of quite acidic sites already
present in undoped TiOx.

In the linear CO stretching region we can observe the main peek shift starting from
2176 cm™ of CO adsorbed on Ti*" penta-coordinated (yellow highlighted region)
beta and gamma sites (010 and 001 planes respectively that differs of ~10 cm™).
An increase of CO pressure/coverage produce an increased interaction among
parallel and close oscillators that brings a shift to lower wavenumber of the peak
(from 2176 to 2159 cm™). Additionally, small peaks at wavenumbers >2190 cm!

72



(green highlighted region) can be ascribed to surface coordinative defect sites (o
Lewis sites) that are more acidic than p and y (e.g 2214 cm™ Ti*" tetra-coordinated
unsaturated Lewis sites at steps-corners-kinks and consequently scarcely available)
[211].

As Molybdenum doping increases, two new peaks became visible: at 2194 cm™! due
to CO on Mo”*" (red line) and at 2124 cm™! (orange line) due to CO over oxygen
sites that gives pi-backdonation as the frequency increases with covering, trend that
is opposed to the CO over Ti*" sites [212]. This peek seems already present in the
bare TiO:2 but covered by the broad intense peak that now is sharper, probably due
to the disappearance of some Ti*" surface site now occupied by Mo>*".

As a final consideration, as we are dealing with nanometric materials, the broad
features of all these peaks, along with small shift compared to crystalline materials,
could be caused by surface defects (stressed bonds) and by the presence of
secondary phases (brookite and rutile) that have small differences in bond lengths
and so different vibrational frequencies that contribute to the broadening of all
feature of the IR spectra.

3.4.3 Catalytic test application: degradation of model dye in water
solution

In classical heterogeneous catalysis, the overall process can be broken down
into five independent steps:

transfer of the reactants in the fluid phase to the surface
adsorption of at least one of the reactants

reaction in the adsorbed phase

desorption of the product(s)

removal of the products from the interface region

M e
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Figure 3.4-14: Main reaction mechanisms of TiO: photocatalysis with valence and conductive bands
schematic. Main process are: 1) electron—hole charge pair creation; 2) charge pair recombination; 3) electron
transfer to acceptor A; 4) electron transfer to oxygen molecule; 5) formation of hydroxy peroxyl radical via a
reductive pathway and consecutive formation of hydrogen peroxide (6) and hydroxyl radical (7); 8) hole
transfer to electron donor D (e.g organic pollutants); 9) hole transfer to surface hydroxyl group to generate
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OH radical; 10) hydroxyl radical mediated oxidation of organic substrate. Energy levels are referred to pH 7
but shift with pH according to the Nernst equation: E(VNHE)=Eo(@pH0)-0.059pH. [213]

In the case of photocatalysis, the mode of thermal activation of the catalyst is
replaced by a photonic activation which act in step 3 that contains all the
photoelectronic processes: absorption of the photons if the photon energy is equal
to or greater to the band-gap energy (hv>Eq), creation of electron-hole pairs, which
dissociate into free photoelectrons in the conduction band and positive photo-holes
in the valence band and finally the electron transfer reactions (charge neutralization,
radical formation, surface reactions, etc).

Although, in recent years, photosensitization of dyes has also been reported as
possible mechanism in which the dye molecules is the one excited by photons and
transfer electrons into the conduction band of TiOz, resulting in the cationic radicals
of the dyes whereas the injected electrons react with Oz adsorbed on the surface of
TiO2 to generate a series of oxygen radicals as in step 4-7 of figure 3.4-14. The
subsequent radical chain reactions lead to the degradation and mineralization of the
dye pollutants (step 10)
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Figure 3.4-15: Schematic diagram of dye sensitization with the dye (yellow sphere) adsorbed onto
the TiOz2 surface (blue sphere). [214]
As the {-potential measurements suggests that obtained samples are negatively
charged in a wide pH range, they should preferably interact with positively charged
species, such as the Rhodamine B (RhB) dye [215] (Fig. 3.4-16).

Figure 3.4-16: Scheme of Rhodamine B (RhB) molecule.
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Figure 3.4-17: Diagram of test chamber.

RhB is a cationic Xanthene type dye, characterized by the presence of both
diethylamine and carboxylic groups, which is commonly used as a model dye
pollutant [216,217]. For these reasons, the photocatalytic RhB degradation was
studied in water dispersions of Mo-doped samples and of bare TiO: as reference.
40 mg of photocatalyst was added to 50 ml of dye solution of Rh—B at Smg/liter
concentration. To test the feasibility of sun-driven photocatalytic reaction,
fluorescent white lamp of 25 watts (spectrum range from 400 nm to 700 nm) was
used as light source [218] and positioned as in figure 3.4-17. Each sample was
initially left at rest for 60 minutes in dark, then irradiated under lamp. The visible
light irradiation with a low irradiance value of 33 W/m? was measured at the bottle
surface position. Every 60 seconds, suspension was sampled by UV-Vis
spectrophotometer (Agilent Cary 60 UV-Vis) in the range 200-700 nm. Figure 3.4-
18 shows the Mo 5 UV-Vis spectra case as example. The obtained RhB
degradation curves obtained from ethylated rhodamine peak integration (Figure
3.4-19), along with two blank experiments carried out without any catalyst (mere
photolysis) and in the presence of a commercial TiO2 sample (Degussa P25),
revealed that, under visible light, photolysis is the slowest process, while the bare
titania samples (commercial P25 and our sample) showed indeed promising
photodegradation activity towards RhB under Vis light as other mixed phases TiO2
[219], with the higher activity in the case of our synthetized sample (black filled
triangle symbol curve).
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Figure 3.4-18: UV-Vis spectra at different times of RhB in Mo_5 water dispersion under solar light
lamp exposure.

76



@ (Y S e

0,8

o 0,6_

C/C

Adsorption
0,4

——TiO,
Mo_1
—s—Mo 5
0,2+ —+—Mo_10
--a--- Photolysis
Dark | " P2
0,0 T T T T T T T T T T
-60 0 60 120 180 240 300
Time (min)
——TiO,
Mo_1
—s—Mo_5
024 —°— Mo_10
’ --m~ Photolysis
—a— P25 norm
010 T T T T T T T T T T T
0 50 100 150 200 250 300

Time (min)

catalyst powders. B) Normalised C/Cy values after dark

As compared to the bare TiO2, the Mo 10 sample showed similar behaviour
during the dark time frame, whereas under illumination, degradation efficiency was
even lower than that of the bare TiO2 at a longer reaction time. Considering its
smaller band gap (Eg =2.69¢V) and lower PZC, which should favour, respectively,
photocatalytic activity and the interaction with diethylamine groups (protonated in
the adopted reaction conditions), the (high) Mo content of the Mo 10 sample likely
had a detrimental effect on RhB degradation. At a higher content, Mo tends to form
surface species, as shown by both Raman and XPS spectroscopies (the Mo 10
sample has indeed a slightly larger band gap (Eg =2.69 eV) than Mo 5 (Eg =2.58
eV)). Nonetheless, the formation of surface polymolibdates (as detected by Raman
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Figure 3.4-19: A) Relative concentration profiles of RhB degradation under visible light for different




spectroscopy) could enhance surface -electron/hole recombination, finally
decreasing photocatalytic activity. Interestingly, an improved kinetic rate was
achieved using Mo_5 sample, characterized by the smallest Eg value (Eg = 2.58
eV). Such results suggest that Mo 5 may have an optimum dopant concentration
allowing the best compromise for a better exploitation of the light (due to the lowest
band gap) and surface charge characteristics, notwithstanding the adsorption
properties of the sample in dark conditions were worse than both TiO2 and Mo 10,
likely due also to the larger particles size of Mo_5 (22 nm). Similar considerations
can be drawn for the adsorption behaviour of the Mo 1 sample, where the lower
Mo content was instead responsible of its lower activity with respect to Mo 5.
Concerning the kind of dye—surface interaction, complex phenomena may occur,
such as electrostatic attraction between the protonated diethylamine groups of the
dye and the surface negative charge of the samples, or, as RhB also contains
carboxylate groups and some positive surface charges that may occur on TiO2
nanoparticles, especially when Mo ions are at the surface of the NPs. Such
combination of interactions could nonetheless improve the degradation rate by
cleavage of the Xantene group. This result could be further confirmed from the shift
of the main RhB peak from 554 nm to 535 nm observed in the dye UV—Vis
spectrum (Figure 3.4-18): such shifts mainly occur when the dye undergoes
photocatalytic degradation through a de-ethylation process/route and formation of
triethylrhodamine, diethylrhodamine and ethylrhodamine, with different Amax at
555, 539, 522 nm, respectively [216,217].
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Conclusions

The ome-pot synthesis of high surface area nanoparticles synthetized by
templated assisted sol-gel (TASG) method, have proved an extremely flexible
technique in terms of doping materials that can be used, nanoparticles size control,
as well as the “green” and technological advantages such as the low temperatures
required.

Both pure and doped TiO2 NPs (with a size of ca. 10-20 nm), obtained by the
reverse micelle sol-gel synthesis method, allowed the dispersion of dopant both in
the bulk and at the surface of the NPs with different concentration profile, while
substantially avoiding segregation of crystalline Molybdenum or Manganese
oxides, even at highest concentration.

The doping of Mn and Mo into TiO:z lattice shifts the position of its fundamental
optical absorption edge toward the longer wavelength lowering its band gap energy
so that it can absorb energy from a major portion of visible light, which is extremely
important for photocatalytic applications. The 5 wt.% Mo content was found to
provide an optimal lowering of the band gap (from 3.07 V for the bare TiO2 to 2.58
eV), which resulted in the fastest kinetics during the photocatalytic degradation of
the model dye Rhodamine B. The synthesis also led to a very acidic (polar) surface,
characteristic already present in the undoped TiO2 sample but enhanced by doping
with Mo: the resulting NPs were indeed negatively charged in a wide pH range.
This surface negative charge, however, did not enhance the degradation of the dye
studied here, especially at the highest Mo content, because the surface
polymolibdate species likely acted as recombination centres of electron/hole pair.
Despite all this, the high acidity of the NPs surface could be exploited in
applications requiring a very polar surface, due to the possibility to polarize some
organic pollutant, finally promoting its adsorption and consequent degradation.

Manganese doping, on the other hand, produce a more basic shift of the surface
charge, along with the production of oxygen vacancies that increases with doping
concentration. Only the 5% and 10% Mn doped TiO2 by TASG method shows in
the H2-TPR peaks of reduction of Ti*" to Ti** and Mn*" to Mn>" ascribed to the
interaction between titania support and manganese species which facilitate the
reduction of high valent ions due respect to the single material phases taken alone
(bulk titania and bulk manganese oxides), suggesting a synergy of the two materials
in terms of performance for catalytic reduction of NOx gases as suggested by the
SCR catalytic test results. The Mn-doped TiOz, tested at high gas flow rates,
outperform the undoped and the 10% Mn-impregnated samples with performance
peak at the low temperature of 205 °C.
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