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Abstract

Some relevant physico-chemical and photocatalytic properties of ordered mesoporous
TiO, as obtained by template-assisted synthesis methods are reported. After a review of
the crucial aspects related to different synthesis procedures reported by the literature,
the focus is pointed on the (often) superior physico-chemical properties of ordered meso-
porous TiO, with respect to (commercial) bulk TiO,. Those are essentially higher specific
surface area and ordered mesoporosity; possibility to control the formation of different
crystalline phases by varying the synthesis conditions and possibility to obtain films,
nanoparticles with different morphologies and/or materials with hierarchical porosity.
Although mesoporous TiO, is extensively studied for many applications in the fields of
photocatalysis, energy and biomedicine, this chapter focuses on the use of mesoporous
TiO, in environmental photocatalysis, by putting in evidence how the physico-chemical
properties of the material may affect its photocatalytic behaviour and how mesoporous
TiO, behaves in comparison with commercial TiO, samples.

Keywords: template-assisted synthesis, ordered mesoporosity, TiO,, anatase,
photocatalysis, doping

1. Introduction

TiO, is one of the most studied metal oxides: this is mainly due to its intrinsic properties, i.e.
occurrence of different polymorphs and amorphous phases, low toxicity to humans, relatively
low cost, good chemical and thermal stability and good electronic and optical properties
[1]. Such characteristics make TiO, the oxide of choice for application in (photo)catalysis,
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120 Titanium Dioxide

adsorption/separation processes, sensing, energy storage/conversion and biotechnology/bio-
medicine [1].

Although several commercial products are available on the market, the intrinsic properties
of TiO, may be enhanced in the presence of porous samples that can be obtained by different
synthesis procedures [2-9].

Besides increasing the specific surface, porosity facilitates some physico-chemical phenomena
like adsorption and diffusion of chemical species, especially in the presence of mesopores
(@ = 2.0-50 nm). Conversely, micropores (J < 2.0 nm) may have a detrimental effect on the
diffusion of larger moieties.

For instance, mesoporous TiO, (M-TiO,) was found to be highly active in several photocata-
lytic processes, since mesopores promote the diffusion of chemical species, either reactants
or products [5, 6], and simultaneously enhance M-TiO, photocatalytic activity by facilitating
access to the reactive sites at the photocatalyst surface. Moreover, the possibility to synthesise
nanoparticles (NPs) allows obtaining a material that is highly dispersible in solution: conse-
quently, M-TiO, is not only considered for environmental photocatalytic processes (usually
carried out in aqueous phase) but is attracting increasing attention also for applications in
biomedicine [7], due to the possibility of controlling NP morphology and size during the
synthesis.

Moreover, highly organised films of M-TiO, may be obtained by evaporation-induced self-
assembly (EISA) process [8, 10, 11] in the presence of diblock and triblock copolymers [12-14].
The availability of both EISA process and Pluronic amphiphilic triblock copolymers allowed
overcoming the main issue related to the synthesis of M-TiO,, i.e. the high reactivity of Ti pre-
cursors, which are usually unstable when exposed to water or even to moisture [15].

Discovered and developed in the 1990s, the first type of ordered mesoporous oxide ever
obtained was SiO,, likely due to the high pliability of the Si-O-Si bond, which is a peculiar-
ity of silicon [16, 17]. The synthesis methods leading to the production of ordered mesopo-
rous SiO,-based materials have developed much faster [18] with respect to other mesoporous
oxides [19]. Reasons for that have been (i) the lack of suitable metal precursors for sol-gel syn-
thesis and (ii) their lower stability with respect to Si-precursors. Nonetheless, the low thermal
stability of some mesoporous oxides may induce formation of undesired crystalline phases
and/or grain growth. Such processes are likely at the high temperatures reached during calci-
nation, the process often adopted to remove organic moieties deriving from the template and/
or hydrolysis of the (metal alkoxide) precursor [20].

It is possible to obtain M-TiO, materials with either disordered or ordered mesoporosity.
Disordered mesostructures are obtained by template-free methods, whereas the use of a
structure-directing agent and/or a template is necessary to obtain ordered mesostructures.
Historically, the first attempts to obtain M-TiO, led to materials characterised by a disordered
porosity, which were mainly studied for photocatalytic applications [5]. Ordered mesopo-
rous frameworks are supposed to improve the photocatalytic performance of TiO,, since an
ordered porous structure favours diffusion of both reactants and products. The latter class
of materials is therefore more interesting for photocatalytic applications in environmental
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remediation and is addressed in this chapter. Other types of ordered TiO, structures, i.e.
hollow fibres, nanotubes (not addressed here), are instead obtained by other methods like
electrodeposition, electrospinning [21], etc.

Concerning the use of templates, both soft-template methods and hard-template methods are
available [2]. The former imply the use of surfactants that form micelles (direct or inverse),
whereas hard-template methods imply the use of preformed mesoporous solids like SiO, or
carbon, as well as (natural and/or synthetic) polymers (Figure 1).

The physico-chemical properties of the final product depend on several factors, like the
chosen Ti precursor, which affects the hydrolysis and condensation reactions occurring dur-
ing formation of the mesoporous network, and the calcination temperature. Calcination,
usually necessary to remove the organic moieties, deriving by both the surfactants used in
soft-template methods and the hydrolysis of Ti alkoxides used as Ti precursors, markedly
affects the type of TiO, polymorph formed as well as the size of crystalline grains.

The physico-chemical properties of the final material are very important since they ultimately
affect the performance of M-TiO, in the target application and may be responsible of a better
(or worst) performance with respect to commercial products. Among the latter ones, so far,
Degussa P25 is the most used and studied commercial TiO,: due to its remarkable photocata-
lytic performance, it is used as benchmark material in most of the literature works.

Far from having the purpose of reviewing in detail the procedures for the preparation of
ordered M-TiO,, only some crucial aspects of the most acknowledged synthesis methods will
be addressed in this chapter. Afterwards, the chapter will show some correlations between
the peculiar physico-chemical properties of M-TiO, and its performance in environmental
photocatalysis, although the properties of M-TiO -based systems are attracting considerable
attention also for other applications, including H, production, fabrication of electrodes in
Li-ion batteries, dye-sensitised solar cells and biomedicine [22].
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Figure 1. Simplified scheme of the steps leading to the production of ordered M-TiO, by means of template-assisted
syntheses.
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2. Template-based methods for the synthesis of ordered mesoporous
titania: main features and critical issues

2.1. Hard-template methods: nanocasting

Nanocasting (Figure 1, lower part) consists of using preformed (natural or synthetic)
mesoporous solids to synthesise porous materials of different compositions: such method
has been extensively applied to produce porous carbons, metal oxides and metal sulphides as
negative replicas of preformed hard templates [23, 24].

Usually, nanocasting envisages three fundamental steps: (i) the precursor is infiltrated within
the mesoporous channels of a porous solid (i.e. preformed mesoporous SiO, or carbon); (ii)
the precursor reacts forming a composite of the negative replica and the hard template and
(iii) the hard template is removed (either chemically or thermally).

As a result, a negative replica is obtained of the hard template, which in the case of M-TiQO, is
mostly mesoporous SiO, (e.g. SBA-15, SBA-16, MCM-41, MCM-48, KIT-6, FDU-12), mesoporous
carbon (e.g. CMK-1, CMK-3), porous Al O, or polystyrene spheres [5].

Nanocasting allows obtaining M-TiO, characterised by crystallinity and thermal stability,
because it overcomes the problem of thermal collapse of the TiO, framework, which may occur
during phase transition. Some problems, however, may arise during the synthesis: for instance,
if the precursor infiltration is performed in aqueous phase, some undesired precipitation and
crystallisation of TiO, in solution may lead to an incomplete filling of the hard-template pores,
ultimately blocking the channels and avoiding any further precursor infiltration [15].

In order to avoid such undesired phenomenon, some parameters like precursor/template
ratio, calcination temperature and immersion time have to be strictly controlled [25].

A careful evaluation of the weight ratio between the Ti alkoxide and the solid template [25] is
crucial, as a too high amount of precursor would lead to formation of bulky material outside the
hard-template pores, with consequent loss of surface area and poor precursor infiltration [25].

Conversely, some positive confinement effects due to the hard template in contact with TiO,
allow obtaining anatase M-TiO, at temperatures that are unusual for bulk TiO,, for instance,
with mesoporous silica KIT-6 as hard template, anatase (instead of rutile) M-TiO, formed by
calcination at 750°C [25]. Such result is particularly sound since anatase, though characterised
by a larger band gap than rutile (E, = 3.2 eV and 3.0 eV for anatase and rutile, respectively),
has a large surface area that is very useful for (photo)catalytic applications.

As for the soft-template routes discussed in the following paragraph, the choice of Ti precur-
sor is the main issue. While metal nitrates and chlorides are successfully employed [26] for
producing replicas of other metal oxides, Ti nitrates and chlorides are mostly unstable in
water (or even when exposed to moisture).

Such problem has been successfully overcome by Yue et al. [27]: they prepared M-TiO,-
negative replicas of both SBA-15 and KIT-6 mesoporous silica by pre-hydrolysing the Ti
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precursor (either Ti isopropoxide (TifOCH(CH,),],) or tetrabutyl titanate (Ti[OC,H,],) and
dissolving it in HNO, The so-obtained acidic solution of Ti nitrate complexes was used for
the infiltration step. Another interesting result was the formation of rutile M-TiO, at calcina-
tion temperatures as low as 100°C, ascribed to either the confinement effect [27] of KIT-6
mesoporous channels or the ability of nitrate ions to stabilise the rutile phase within the SiO,
walls. Indeed, when other Ti precursors are employed (like chloride, sulphate and isopropox-
ide), anatase M-TiO, preferentially forms and transition to rutile M-TiO, is not observed at
temperatures as high as 600°C [28].

Nanocasting is feasible also by using naturally occurring hard templates: a fascinating
work reports on a nanocrystalline rutile TiO, obtained by using the chitin scales present
on the wings of a Morpho butterfly, which were coated with a uniform oxide film by adopt-
ing a computer-controlled surface sol-gel process [29]. In addition, the calcination process
was a crucial step: when the composite was fired at 450°C, mostly anatase TiO, formed,
whereas firing at 900°C mainly led to rutile, though some anatase was still present in the
final product [29].

Hierarchical structures of TiO, films (Figure 2) were obtained by combining PMMA
(poly(methyl methacrylate)) microspheres and sol-gel chemistry, in the presence of an
amphiphilic diblock copolymer as a structure-directing agent [30]. Poly(dimethylsiloxane)-
block-methyl methacrylate poly(ethylene oxide) (PDMS-bMA(PEO)) was used as a
structure-directing agent for the preparation of the mesopore structure, whereas PMMA
microspheres acted as a template for the micrometre-scale structure (Figure 3). Both the hard
and the soft templates were then removed either by acetic acid or calcination, leading to
a macro/mesoporous network, where the macropores generated by the hard template are
supposed to favour mass transport phenomena and improve accessible surface area.

Figure 2. SEM image showing the occurrence of macro- and mesopores in a hierarchically structured TiO, film.
(Reprinted with permission from Ref. [30]. Copyright 2009 American Chemical Society).
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Figure 3. Scheme of the procedure adopted to produce hierarchically structured TiO, films. (Reprinted with permission
from Ref. [30]. Copyright 2009 American Chemical Society).

Similarly, a macro/mesoporous TiO, was obtained by using poly(styrene-co-acrylic acid) colloi-
dal spheres and triblock copolymer Pluronic P123 as macro- and mesoporous structure-directing
agents [31], leading to a material with enhanced photoelectrocatalytic activity towards the
removal of Rhodamine B.

2.2. Soft-template methods

The first report on an aqueous soft-templating route for the synthesis of M-TiO, dates back
to 1995 [32]: soft-template methods employ different types of structure-directing agent, like
charged surfactants (either anionic or cationic), neutral surfactants (e.g. alkylamines) and
block copolymers [12, 14, 20, 32-38].

The crucial issue is the control of hydrolysis and condensation rates of the Ti precursor dur-
ing the cooperative assembly between the structure-directing agent and the inorganic phase.

The second major problem is the thermal stability of the so-obtained M-TiO, framework,
especially during the high-temperature calcination step (required to remove the template),
since undesired structural collapse and/or crystallisation may occur, leading to the loss of
mesoporosity and/or the grain growth.

The Ti precursor stabilisation is particularly difficult when charged surfactants are used: in a
pioneering work, Antonelli et al. used acetylacetonate as a ligand to decrease the reactivity of
Ti isopropoxide through the formation of Ti acetylacetonate tris(isopropoxide) in the presence
of an alkyl phosphate surfactant [32]. The proposed method showed, however, some limits: on
the one side, it was not possible to completely remove phosphorous, likely due to the strong
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interaction between surfactant and M-TiO, framework; on the other side, the method was
unsuccessful when another charged surfactant (either anionic or cationic) was used.

In a subsequent work, Antonelli obtained a worm-like M-TiO, by using an amine as template
[39]: the material was characterised by short-range order and relatively low thermal stability,
as well as high specific surface area (2700 m? g™) and the possibility to tune pore dimen-
sions by changing the length of the amine carbon chain (12-18 C atoms). At variance with
the alkyl phosphate surfactant used in Ref. [32], where it was not possible to remove phos-
phorous completely by calcination, when an amine molecules is used, weaker H-bonding
interaction occurs between the template and Ti oligomers, finally stabilising the latter species.
The main drawback of this method was the longer ageing time required in order to obtain a
stable material.

Other attempts with an amine as soft template were made, for instance, with hexadecylam-
ine [40]: the basic molecule seemed to positively affect both hydrolysis and condensation of
the Ti precursor, allowing an effective cooperative assembly between the organic and inor-
ganic phase.

However, an effective development of M-TiO, was reached only with the advent of block
copolymers and EISA method [20, 41]. Block copolymers are non-ionic surfactant (Figure 4a)
consisting of distinct homopolymer subunits (blocks) linked by covalent bonds like the tri-
block copolymer known under the commercial name of Pluronic P123 (nominal chemical for-
mula HO(CH,CH,0O), (CH,CH(CH,)O), (CH,CH,0), H).

Such molecules have a high self-assembly capability and may form different mesostructures,
depending on their concentration in an alcohol-rich solution [8, 42, 43]: at concentrations
below the CMC (critical micelle concentration), each copolymer behaves as a free molecule.
At the CMC, copolymer molecules tend to form spherical micelles, with the hydrophobic
part in contact with the alcoholic solution and the hydrophilic part shielded within the
micelle, in order to minimise the free energy. At concentration above the CMC, coalescence
of spherical micelles into cylindrical ones occurs. If the copolymer concentration increases,
phase separation may occur, with micelles self-assembling in hexagonal, cubic or lamellar
mesophases.

Other types of synthesis imply the use of hydrophobic solvents like cyclohexane and diblock
copolymers, known under the commercial name of Brij-n (Figure 4c): in those cases, inverse
micelles form, with a hydrophilic core that acts as a nanoreactor for the polymerisation of
TiO,. The surfactant is then removed by extractions/centrifugation/washing, and then a final
calcination step brings about the total removal of the organic part as well as M-TiO, crys-
tallisation [44]. After calcination, M-TiO, NPs form aggregates with interparticle porosity
(Figure 4c).

Concerning the morphology of the final material, it is possible to obtain films in a rather sim-
ple way, through the so-called EISA method coupled to the sol-gel technique [20, 43] in etha-
nol/water mixtures (Figure 2). An acid (i.e. HCl) is added to control the sol-gel chemistry of
the Ti precursor, which forms Ti hydroxides and/or oligomers. The sol is then deposited on a
solid substrate, and solvent evaporation is induced by regulating the relative humidity (RH).
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As the solvent evaporates, the concentration of both Ti species and the copolymer increases,
and, simultaneously, the assembly of the inorganic and the organic phases is favoured.
Induced evaporation also helps the removal of HCI (and other volatile species), improving
the long-range order of the obtained film. Indeed, in a previous work where TiCl, was used
as Ti precursor, the molecules of HCl likely induced some hydrolysis in the oxide framework,
and rather disordered films were obtained [41].

The order of the final M-TiO, films obtained by the EISA method (Figure 5) depends on
the amount of H,O, HCl and RH and crystallisation process, as extensively discussed by
Crepaldi et al. [20]. In particular, RH results to be a key parameter during the self-assem-
bly step, as it both affects hydrolysis/condensation of Ti species and polarity of the PEO
chain [20]. Moreover, RH was found to affect the order, thickness and transparency of the
obtained film.

To further control the hydrolysis and condensation of the Ti precursor during the assembly
process, addition of ligands like acetic acid [45] and acetylacetonate [46] usually leads to more
ordered and/or more stable materials.

In the EISA method, the initial solution is prepared by dissolving anhydrous TiCl, into an
alcohol-rich solution where the block copolymer has been pre-dissolved. The occurring
reaction is

TiCl, + xEtOH +y E,O — TiCl, _ (OEH) (OH), + (x-y)HCl (1)

Concerning the Ti precursor, as TiCl, leads to the formation of HCI through reaction (1) with
consequent pH lowering and disordering of the obtained solid [30], stabilised alkoxides are
used either as such or mixed with TiCl, itself [47, 48].
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Figure 5. Scheme of the steps leading to the formation of M-TiO, by means of the EISA method. (Adapted from Ref. [20].
Copyright 2003 American Chemical Society).
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Ti alkoxides are more easy to handle with respect to TiCl,, but they need some acid as a stabi-
liser to control the hydrolysis: besides providing acidic conditions, HCI also forms complexes
with the Ti alkoxide. For instance, when Ti(OEt), is used, the following reaction occurs:

Ti (OED), + (4-x-y)HCl+yH,0 — TiCl, _ (OED) (OH) +(4-x)EtOH )

Starting from different precursors, the same (partially hydrolysed) species TiCl, _ (OEt) (OH),
form in the initial sol [49]. Such species are low-molecular-weight oligomers that, being resis-
tant to hydrolysis, act as nanobuilding blocks (NBB) and cooperate with the hydrophilic por-
tion of the copolymer micelles (for instance, by forming H-bonding with the PEO segment in
the Pluronic surfactants).

Concerning NBB, their surface is pH-dependent, due to the protonation of =Ti—OH groups
to =Ti—OH.,’, and in the presence of ionic surfactants, they can be stabilised by the charge
of ions present in the solution [50, 51], as depicted in Figure 4b, where the ionic template
may be hexadecyltrimethylammonium bromide (CTAB). Formation of the hybrid composite
depends on the CTAB/Ti ratio and pH of the solution [50, 51]. After self-assembly and con-
densation, NBB are likely located between the micelle and the inorganic framework: the sub-
sequent hydrothermal treatment can promote the condensation of such NBB, finally leading
to a robust inorganic mesostructure.

In order to obtain larger mesopores, it is possible to use a swelling agent, like, for instance,
an n-alkyl alcohol (nBuOH), which solubilises the hydrophobic/hydrophilic interface of the
micelle, thereby causing it to swell (Figure 4a) [52]. The degree of swelling is proportional to
the amount of alcohol, which not only acts as a swelling agent but, being likely located at the
hydrophilic/hydrophobic interface, also stabilises the liquid crystal phase and determines its
curvature at the interface with the inorganic mesostructure [52].

Calcination is the most effective process for the organic template removal, but it is also a cru-
cial step, since the mesoporous network may collapse at high temperature, with consequent
loss of specific surface area. Nonetheless, the thermal treatment also induces crystallisation of
the initially amorphous material: the degree of crystallinity is of paramount importance for
applications like photocatalysis; therefore, the temperature and time of the calcination have
to be carefully controlled. A high degree of crystallinity is desirable, as it implies less surface
defects, and therefore a better photocatalytic performance, as defects may act as recombina-
tion centres, lowering the photocatalyst performance. An opposite concomitant effect is the
grain growth, favoured at high temperatures [5].

In order to obtain thermally stable materials, with suitable grain size and few surface defects,
different post-synthesis thermal treatments have been proposed in the literature. For instance,
it is possible to obtain cubic M-TiO, with anatase phase stable up to 400°C obtained after 4 h
calcination at 400°C (heating rate 1°C/min) [53]. This material was considered as a promising
one for photocatalytic (and optoelectronic) applications, whereas the hexagonal M-TiO, was
not stable above 250°C.

M-TiO, thin films stable up to 600°C [54] due to the presence of rather thick walls (9.0-13 nm),
where synthesised by using Pluronic F127 (a triblock polymer with chemical composition:
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PEO, ,PPO, PEO

106 106"
agent and tetrabutyl titanate as the precursor, in the presence of acetylacetonate [54].

According to the authors, the use of Pluronic F127 as the structure-directing agent favoured

EO = ethylene oxide, PO = propylene oxide) as the structure-directing

the formation of thick TiO, framework.

Another work reported [55] on the preparation of a M-TiO, stable up to 650°C obtained by a
carbonisation step of the organic template with H,SO, followed by thermal treatment at 350°C
in inert atmosphere (N,). Such process led to the formation of tubular C deposits that acted as
stabilisers of TiO, during the calcination at a high temperature carried out through different
steps (first at 550 and 650°C in N, and then at 450°C in air to burn out the carbon). The final
material was a highly ordered 2D hexagonal mesostructure, with a crystalline framework
arising by the connection of anatase nanocrystals. The ordered M-TiO, obtained had high
surface area (~193 cm? g™'), large pore volume (~0.23 cm® g™') high thermal stability (~650°C)
and uniform mesopore size (4.6-5.1 nm).

Stabilisation of M-TiO, with larger mesopores (J > 5.0 nm) is still a challenge and requires
some post-treatment methods. For instance, a modified EISA approach envisages the use of
ethylene diamine molecules [56], which effectively protect the M-TiO, primary particles from
collapsing finally delaying the phase transition of anatase to rutile. According to this method
[56], a M-TiO, with large pore size (10 nm), high surface area (122 m* g™') and thermal stability
up to 700 °C was obtained.

Other factors controlling the phenomena occurring during the synthesis of M-TiO, materials
(not be addressed here) have been extensively reviewed in the literature [2, 5, 8].

3. Photocatalytic applications of M-TiO,

Photocatalytic processes involving TiO, are among the most common advanced oxidation
processes (AOPs) proposed for the degradation of several inorganic and organic environmen-
tal pollutants [57, 58]. Ordered mesoporous structures are highly desirable for photocatalytic
applications, since sufficiently large mesopores facilitate diffusion of reactants/products and
high specific surface area improves adsorption, especially when bulky organic moieties are
implied, like in wastewater and groundwater remediation.

3.1. Photocatalytic properties of pure M-TiO,

Positive effects ascribable to the occurrence of an ordered mesoporous structure were
observed in the photocatalytic degradation of methylene blue (MB), a dye commonly used in
this type of studies as a model molecule of recalcitrant organic pollutants that are resistant to
biodegradation and for which a photocatalytic treatment is necessary.

For instance, a M-TiO, occurring as pure anatase phase showed good photocatalytic activity
towards MB removal [59]. The best photocatalyst was a hexagonal M-TiO, obtained by sol-gel
synthesis using CTAB as template and Ti isopropoxide as precursor. The material obtained
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through a 6-days sol-gel synthesis showed mesopores with 6.86 nm diameter and a specific
surface area of 284 m? g”'. Longer synthesis time led to a decrease of both values and to the
simultaneous disappearance of the hexagonal mesophase. The sample showed indeed a size-
able MB degradation with respect to Degussa P25, especially after M-TiO, was recycled and
contacted with a fresh MB solution. Such superior photocatalytic behaviour was assigned
to both higher surface area and higher anatase content of M-TiO, with respect to Degussa
P25 [60].

Satisfactory results concerning the photobleaching of MB were obtained with a M-TiO, using
SBA-15 silica as hard template, the activity of the sample being again ascribed to a compro-
mise between its high surface area and the percentage of anatase. The former parameter was
likely responsible for a very efficient dye adsorption at the surface of M-TiO,, the latter likely
reduced the electron/hole (e/h*) recombination, which is slow in crystalline and defect-free
materials [28].

A M-TiO, photocatalyst obtained through the EISA method by employing ethylene diamine
as a stabiliser showed better photocatalytic activity than Degussa P25 towards the degrada-
tion of 2,4-dichlorophenol, a toxic chlorinated compound produced by environmental trans-
formations of some chlorinated herbicides and/or antimicrobial agents [56]. Several M-TiO,
were studied and compared to Degussa P25: the most efficient degradation was obtained
in the presence of a M-TiO, calcined at 700°C, whereas the performance of M-TiO, calcined
at higher temperatures decreased. Moreover, the performance of the M-TiO, photocatalyst
resulted stable after recycling. The photocatalytic behaviour of the studied materials was
explained not only on the basis of a higher surface area (122 m? g™*) with respect to Degussa
P25 (ca. 50 m? g™'): according to the authors, a trade-off exists between the occurrence of pure
anatase phase and a well-ordered mesoporous structure facilitating diffusion of reactants/
products. At higher calcination temperatures, i.e. 900°C rutile M-TiO,, formed, with a lower
activity. Nonetheless, the sample calcined at 800°C, though occurring as pure anatase, showed
both a partial collapse of mesoporous walls and the formation of larger particles, leading to a
worst photocatalytic performance.

A performance comparable with Degussa P25 towards the degradation of dimethyl phthal-
ate (a persistent antiparasite) was obtained with M-TiO, prepared by using Pluronic P123 in
weak acidic solution of acetic acid [60]. Similarly to what mentioned before, both the high
surface area and the crystallinity of the anatase phase contribute to the catalytic activity of
the sample.

As a whole, although different experimental conditions are adopted during photocatalytic
tests carried out in different laboratories, the occurrence of pure anatase M-TiO, usually
favours better photocatalytic performances under UV radiation. However, this is just a gen-
eral rule, but several exceptions are observed. For instance, another M-TiO, obtained by
soft-template route under high-intensity ultrasound irradiation showed better photocata-
lytic performance than P25 in the UV-assisted degradation of n-pentane in air (Figure 6).
The studied M-TiO, was not pure anatase, but a bi-crystalline material, containing ca.
20% brookite and 80% anatase, the formation of brookite being ascribed to the ultrasound
treatment adopted during the synthesis [61]. The M-TiO, samples after calcination were
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characterised by high surface area (112-128 m* g™') and the occurrence of both anatase and
brookite phase (Figure 7).

The band gap of the as-prepared M-TiO, materials (SM-1 and SM-2) was estimated through
Tauc’s plot since the band gap of brookite should be ca. 0.16 eV higher than that of anatase
and could contribute to a more efficient UV light absorption, indicating that brookite could be
a more powerful photocatalyst. According to the authors, composite materials of brookite and
anatase can also suppress e /h* recombination, similarly to what widely accepted for Degussa
P25 (i.e. that its high photocatalytic activity is partially due the coexistence of 80% anatase and
20% rutile, which can inhibit the recombination of excited e /h* [62]).

Other authors found a positive effect of the incorporation of Degussa P25 particles in M-TiO,
thin films [63]: the films were tested in the photocatalytic degradation of Acid Black Dye, used
as a model molecule of textile water pollutants. As expected, Degussa P25 incorporation led to
a decrease of surface area in the composite with respect to M-TiO, films: however, a 5.0 wt.%
Degussa P25 content led to an increase in the dye degradation efficiency. The positive role of
Degussa P25 was ascribed both to an increase of the M-TiO, film thickness and to the presence
of rutile in Degussa P25 leading to a band-gap change in the composite.

Another major use of TiO, is in disinfection processes: to this respect, wormhole like anatase
M-TiO, was studied for the photocatalytic disinfection of Escherichia coli, showing better per-
formances with respect to Degussa P25 [64].

3.2. Photocatalytic properties of metals doped M-TiO,

Processes like doping and modification of TiO, are usually required in order to decrease the
recombination rate of e /h* pairs and to extend the absorption range towards the Vis [65]. The
latter effect is particularly important in the perspective of exploiting solar light, especially for
photocatalytic processes of environmental remediation that have to be carried out under solar
illumination in view of actual large-scale applications [66, 67].

T 553 SM-1
[IT113 SM-2
P25

Degradation rate (ppm.g .min ")

As-prepared samples Calcined samples

Figure 6. Rates of UV-assisted degradation of n-pentane as catalysed by two M-TiO, (SM-1 and SM-2) obtained under
high-intensity ultrasound irradiation are compared to the rate obtained by using Degussa P25 (after Ref. [61]). (Copyright
2002 American Chemical Society).

131



132 Titanium Dioxide

A(101)+B(120,111)
- B(121) Calcined SM-2
3
o
% As-prepared SM-2
7
8=
()
2
% Calcined SM-1
14
As-prepared SM-1
20 I 3I0 . 4I0 l SID ' 60

2 theta (deg.)

Figure 7. XRD patterns of the as-prepared and calcined M-TiO, (SM-1 and SM-2) obtained under high-intensity
ultrasound irradiation: A denotes anatase; B denotes brookite [61]. (Copyright 2002 American Chemical Society).

As expected, the photocatalytic activity of M-TiO, is significantly improved after doping
with metals and non-metals. Besides doping, other methods are used to modify the pho-
tocatalytic properties of M-TiO,, like, for instance, the synthesis of solid solutions or of
different TiO, composites with noble metals, other metal oxides and quantum dots (not
addressed here) [5].

Fe is one of the most used metals for doping: on the one side, it extends the absorption of TiO,
in the Vis range; on the other side, Fe species present at the surface may give rise to Fenton-
like reactions [68], finally enhancing the reactivity merely due to the photocatalytic process
(vide infra).

A Fe-doped M-TiO, was used to obtain composites with hollow glass microbeads: the lat-
ter were able to prevent aggregation of M-TiO, NPs [69]. As expected, Fe doping induced
a red shift of the absorption band. Consequently, an effective photodegradation of methyl
orange (a model molecule of azo dyes) in aqueous solution was achieved under visible light
(A >420 nm) irradiation, revealing the potential applicability of such nanocomposites in some
industry fields, like water purification.

A Fe-doped M-TiO, (with 2.5 wt.% Fe content) obtained by direct synthesis resulted very
active towards the catalytic degradation of Acid Orange 7 (a model molecule of azo dyes)
not only under UV irradiation but also in dark conditions in the presence of H,O, [70, 71].
The dark process was studied in detail, showing that since not all Fe species entered the
M-TiO, framework, surface Fe’* species were very active in Fenton-like reaction. Though lim-
ited Fe leaching was observed, the Fe-doped M-TiO, was still active after reactivation in air.
Preliminary results concerning the test reaction under UV-Vis illumination provided further
support to this picture. The authors used the same synthesis protocol for V-doping, but in that
case, it was not possible to obtain an actual doping, since all the V species resulted present at
the surface of the catalyst. In any case, the studied M-TiO, materials showed remarkable high
specific surface area (150-120 m? g™') and pure anatase NPs.
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The effect of other metals used for doping is more complex. For instance, when Ce was
used to produce doped thin films of M-TiO, [72], Ce species were likely located at the sur-
faces/grain boundaries of M-TiO, crystallites, due to the larger size of Ce*/Ce* ions with
respect to Ti*" ions. High levels of Ce doping, instead, adversely affected the crystallisation
of nanocrystalline anatase since Ce-O-Ti bonds at the grain boundaries inhibited crystallite
growth.

The optimal amount of Ce doping corresponded to a ratio Ce/Ti= 0.3 mol%: the corresponding
Ce-doped M-TiO, showed a remarkable photocatalytic activity towards the degradation of MB
(Figure 8). The enhanced photocatalytic activity of the Ce-doped M-TiO, with Ce/Ti=0.3 mol%
was assigned to enhanced electron transport and oxygen storage capabilities in the presence of
Ce, along with the highly nanocrystalline nature of the TiO, framework.

3.3. Photocatalytic properties of non-metal doped M-TiO,

Doping with non-metals (mainly C, N, S, F and I, [5]) is also supposed to extend TiO, absorp-
tion towards the Vis range. The mechanisms responsible of such phenomenon are complex
and usually related to either the narrowing of TiO, band gap or the creation of intermediate
steps within the band gap [66], due to the non-metal atoms substituting oxygen atoms in the
framework.
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Figure 8. Changes in absorption maximum of MB as a function of exposure time during photocatalytic tests carried out
with Ce-doped M-TiO, thin films. The best results are obtained with a Ce/Ti = 0.3 mol% composition (after Ref. [72]).
(Copyright 2009 American Chemical Society).
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N is one of the most used non-metals, as doping may be carried out rather simply by thermally
treating M-TiO, under NH, flow or by heating a M-TiO, produced in solutions containing a
N source (NH,, urea, etc.).

The ultimate effect of N of the light absorption capacity of the sample is however complex and
may be due to different processes:

(i) Band-gap narrowing due to N, states close in energy to O, states
(if) Formation of impurity energy levels above the valence band

(iii) Partial doping in oxygen vacancies

All this notwithstanding, literature reports on N-doped M-TiO, materials with improved
photocatalytic properties. For instance, by a template-free combustion method, a wormhole
M-TiO, was obtained, where N doping was due to the presence of urea during combustion
[73]. The so-obtained N-doped M-TiO, occurred as nanocrystalline anatase phase, showing
high surface area (234 m? g™') and type-IV H3-mesoporosity.

Two photocatalytic reactions were studied, namely, Rhodamine B degradation and
p-anisyl alcohol oxidation to p-anisaldehyde in aqueous solution under direct sunlight.
Notwithstanding the high band gap (3.24 eV) of the N-doped sample, the good activity was
assigned to a better utilisation of holes due to the low-charge diffusion barrier associated with
wormbhole mesoporosity along with the occurrence of crystalline NPs, finally confirming the
importance of having an ordered mesoporous photocatalyst.

N-doped anatase M-TiO, was prepared via soft-template route by using CTAB as template
and by treating in NH, (70%)/N, atmosphere the calcined samples. The material was char-
acterised by small crystallite size, large surface area (420-126 m* g™* for calcination tempera-
tures in the 400-800°C range), high crystallinity and Vis light response. The N-doped anatase
M-TiO, photocatalysts showed much higher photocatalytic activity than N-doped Degussa
P25 for the degradation of phenol under both UV and Vis light irradiation, owing to more
oxidising hydroxyl radicals, which were the oxidative species mainly responsible for the deg-
radation of phenol [74]. The authors concluded that the materials might be beneficial to solar-
driven applications in the photodegradation of organic pollutants.

However, the effect of doping on the photocatalytic performance is not straightforward, as it
has been observed that N-doped TiO, shows visible light-responsive photocatalytic activity
but lower UV light-responsive photocatalytic activity. The visible light photocatalytic activity
originates from new N 2p levels near the valence band. The oxygen vacancies and the associ-
ated Ti** species act as the recombination centres for the photoinduced e /h’, finally reducing
photocatalytic activity although contributing to Vis light absorbance [75].

4. Conclusions

The production of mesoporous titania by template-assisted methods allows obtaining mate-
rials characterised by ordered mesoporous structure, controllable crystallinity, high surface
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area and tuneable pore size. Moreover, powder nanoparticles or films may be obtained, as
well as hierarchical porosity materials.

From the point of view of photocatalytic applications, the type of crystalline phase and
ordered mesopores are crucial factors: the former may be responsible of more efficient UV
light absorption and slower electron-hole recombination rate; the latter positively affect diffu-
sion processes and mass transfer phenomena. Nonetheless, the possibility of obtaining high
surface area materials, also after calcination, positively affects any kind of heterogeneous cata-
lytic process, besides photocatalytic ones, as mesoporous titania may be an efficient support
for other types of catalytically active phases.

Several mesoporous titania materials reported by the literature have remarkable photocata-
lytic properties and are competitive, at least on a lab scale, with commercial samples. It must
be considered, however, that template-assisted syntheses require high-cost reagents and/or
energy-intensive steps, like calcination.

However, for applications requiring tailored photocatalysts, the progresses made on the side
of synthesis procedures will surely allow the development of promising (photo)catalysts
based on mesoporous titania.
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