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Abstract

In this dissertation, pristine ordered, metal- (Fe, Co, and Ni), and nonmetal- (N) doped
ordered mesoporous titania were synthesized via co-precipitation using the evaporation—
induced self-assembly method (EISA) combined with the liquid crystal templating pathway
(LCT). In addition, for un-doped mesoporous TiO,, various parameters were systematically
varied including solvent evaporation temperature, surfactant extraction conditions, molar
surfactant/titanium ratio, and titanium source. In order to investigate the doping effect on the
structural characteristics, different analysis and characterization techniques were employed to
characterize and describe structural, morphological and physicochemical properties of the
synthesized materials. These techniques involved SAXS, TEM, XRD, XPS, EPR, UV/Vis
DRS, ATR-IR, TG/DSC, and N, physisorption. Moreover, the photocatalytic activity of the
synthesized materials was evaluated in the photodegradation of phenol under various

irradiation sources.

Zusammenfassung

In der vorliegenden Arbeit wurde geordnetes mesopordses sowie geordnetes Metall-
(Fe, Co und Ni) und Nichtmetall-dotiertes (N) mesopordses Titandioxid durch eine
verdampfungs- induzierte Selbstanordnung in Kombination mit einem Fliissigkristalltemplat
hergestellt. Bei der Herstellung des undotierten Titandioxids wurden verschiedene
Herstellungsparameter wie z.B. die Losungsmittelverdampfungstemperatur, die Bedingungen
der Tensidextraktion, das molare Tensid/Titanverhéltnis und die eingesetzte Titanverbindung
systematisch variiert. Um den Einfluss der Préparationsparameter und der Dotierung auf die
strukturellen, morphologischen und physikalisch-chemischen Eigenschaften zu ermitteln,
wurden die hergestellten Proben mittels verschiedener, sich ergdnzender Methoden
charakterisiert. Folgende Methoden kamen dabei zum Einsatz: SAXS, TEM, XRD, XPS,
EPR, UV/Vis DRS, ATR-IR, TG/DSC, und N,-Physisorption. Die Testung der
photokatalytischen Aktivitdit der hergestellten Materialien erfolgte am Beispiel der

Phenolzersetzung unter Verwendung unterschiedlicher Bestrahlungsquellen.
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1 Introduction

1.1 Titanium dioxide

Titania or titanium dioxide (Ti0O,) is one of the most popular semiconductor materials
that attract great attention. Moreover, titania has been utilized over the past years as an
excellent photocatalyst in a wide range of energy and environmental applications such as the
photocatalytic degradation of air pollutants, air and water purification, water disinfection,
medical applications, printing, optics, sensors, batteries, photoelectrochemical cell, energy
conversion and water splitting [1-10]. This is because of its strong oxidizing power, photo-
stability, chemical and biological inertness, excellent electronic and optical properties,
environmentally friendly and low cost etc. [11-14]. It was first produced commercially in
1923 [15]. In 1972, it was first discovered by Fujishima and Honda as an active photocatalyst
[16].

Ti0, naturally exists in an amorphous or a crystalline phase. The crystalline titania have
three different major crystallographic phases in nature involving anatase (tetragonal), rutile
(tetragonal), and brookite (orthorhombic) [17]. Moreover, it has a special phase B-TiO,
(monoclinic), which is less known compared to the others [18]. These forms exhibit different
physical and chemical properties enabling different functionalities [19, 20]. Generally, in a
photo-catalytic study anatase appears to have the highest photoactivity compared to the others
due to the large surface area per unit mass and volume [21]. In addition, anatase exhibits an
indirect band gap, which is smaller than its direct band gap [22]. Recent study showed that the
high performance of photocatalytic reduction of CO, due to forming a heterojunction between
two crystal phases, anatase and phase B-TiO,. This could be promoted the separation of

electron-hole pairs and prolong its lifetime [23].

Regarding the nanostructure, TiO, forms different geometric structural design such as
spheres as a zero-dimensional structure (0D), fibers and tubes as one-dimensional structure
(1D), nanosheets as a two-dimensional structure (2D), and interconnected architectures as
three dimensional structures (3D) [9]. Moreover, it exhibits several morphologies such as
powders, nanoparticles and films [24]. Diverse morphologies could result in various
properties for different applications [25]. For photocatalytic and photovoltaic applications,
high specific surface area, controllable pore size and morphology, and good interparticle

connectivity for titania are desired properties [26, 27]. These vital properties could be



simultaneously achieved by using titania with an ordered crystalline mesoporous framework.

Most of reported works on ordered mesoporous TiO; are focused on films [26, 28-32].

1.2 Porous materials

Mainly, porous materials can interact with wide range of chemical systems including
atoms, ions, molecules, and nanoparticles at their surfaces and also though their bulk. This
interaction leads to much attention and interest for porous materials. Moreover, the presence
of pores in nanostructured materials can dramatically enhance their physical and chemical

properties [33, 34].

According to convention of the International Union of Pure and Applied Chemistry
(IUPAC), porous materials can be classified into three types based on their pore diameter.
These are microporous (pore diameter < 2 nm), mesoporous (2-50 nm) and macroporous (>
50 nm) materials [35]. Mesoporous transition metal oxides are of great interest because they
exhibit both intrinsic optical and electronic properties of transition metal oxides and the
advantages of mesopores [24]. The mesoporous TiO, is one of the most important
semiconductor materials (transition metal oxides) that shows a great potential in versatile
applications. In recent years, mesoporous TiO, has received special attention for
photocatalytic and photovoltaic application due to its high specific surface area, controllable

pore size and morphology, and high antiparticle connectivity [26].

1.2.1 Mesoporous titanium dioxide powder

Mesoporous TiO; as photocatalyst has been synthesized by different methods such as
sol-gel, hydrothermal, solvothermal, microwave, sonochemical, and electrodeposition
synthesis (for details, see Figure 1) [3, 36]. Sol-gel technology have been used for the first
time by Ebleman in 1846 [37]. This method is applied commercially in many applications,
such as forming coatings on window glass, powders and fibers [38]. It is also used to
synthesize photo-catalyst powders or thin films [17]. The chemistry involved in this method
is based on inorganic polymerization reactions. Two important reactions, hydrolysis and
condensation, are included here that lead to the formation of M-OH-M or M-O-M bridges.
The sol-gel technology has major advantages such as inexpensive, easy to operate, ambient
temperature of sol preparation and gel formation, better homogeneity, better control of the
structure, including porosity and particle size, and the highly pure resulting product [39]. In
contrast, the main disadvantage for this method is that the products are mostly amorphous and

need hydrothermal treatment or calcination for the crystallization process [40]. In addition



titania suffers fast hydrolysis and condensation reactions resulting in poorly structured and

even non-porous materials.

Solvothermal

Hydrothermal method Sonochemical
Synthesis of

mesoporous
TiO,

Microwave Electrodeposition

Sol-gel method

Figure 1. Schematic diagram showing the main methods for the synthesis of mesoporous TiO,.

Furthermore, mesoporous TiO, has been synthesized by combining sol-gel chemistry
with surfactants [41]. In this process, the micelle formation and their organization is driven by
solvent evaporation that is known as evaporation induced self-assembly (EISA) [42]. EISA
process is one of the most essential synthetic methods, which has extensively been employed
for obtaining a wide variety of mesoporous morphologies (e.g., aerosol, monoliths, films, and
powders) [43]. This is due to the use of very dilute initial conditions that leads to a gradual
formation of the liquid crystalline mesophase upon the solvent evaporation [44]. During the
sol-gel synthesis, it is not easy to control the reactivity of the titanium precursors due to their
high tendency to hydrolyze and to form the TiO, precipitate without the mesopores formation
[24, 42]. Therefore, controlling the sol-gel procedures is the most critical issue for this
technique. The liquid crystal templating (LCT) mechanism clarifies this process with a
stabilized non-ionic surfactant mesophase which is representing as a template for the
condensation of the inorganic phase. The templates lead to spontaneous co-assembly of both
materials in a mesostructured phase. The templates play key roles in modulating the
mesostructure, surface area, pore size, and wall thickness and thermal stability of the

mesoporous TiO;[34]. Effects of the surfactant concentration on synthesis of the mesoporous



titania were studied by Benkacem and his colleagues [45]. They noted that increasing of
amount cetyl trimethyl ammonium bromide (CTAB) surfactant increased considerably titania
pore diameters while decreased its porous volume and specific surface area. Titanium oxo-
polymers can be obtained through hydrolysis and condensation of the titania molecular

precursors such as titanium alkoxides Ti(OR)4 [46].

Mainly, most works have been focusing on synthesis of the mesoporous TiO, The first
mesoporous TiO, powder with highly organized hexagonal pore structure has been
synthesized by Antonelli and Ying in 1995. They employed the modified sol-gel method with
the phosphate surfactant templating chemistry [47]. Mesoporous anatase with large pore size
of ~7-8 nm and very narrow pore size distribution has been synthesized by Kartini et al.[48].
This has been performed via a neutral route of hydrothermally templated anatase seeds. This
two-step process produces a material with a fully anatase crystalline domain. The block
copolymer restrains the pore formation as well as the crystal growth. Tuning the hydrothermal

temperature in the self-assembly process controls the pore size.

The roles of hydrochloric acid in the synthesis of mesoporous titania have been clarified
by Anpo's group [49]. They explained three important roles including a) enhancing the
interaction between inorganic framework and organic template, b) hindrance the gelatination
of titania oligomers, and ¢) promotion the growth of crystalline particles. Moreover, they also
explained the effects of H'/Ti molar ratio on the formation of mesoporous structure and the
phase transition. The high H'/Ti ratio improved the mesopores and promoted the formation of
rutile more than anatase after 623 K thermal treatment. Tanaskovic et al. [S0] have
synthesized the mesoporous titania with well-crystallized anatase phase by nonhydrolytic sol-
gel process combined with solvothermal gel. Titania powder was obtained by calcination of
the gel sample. They showed that increasing the gelation time does not increase the
crystallinity of the dry gels. Moreover, they determined a correlation between the crystallite
and the mesopore size: as the crystallite increase, intercrystallite voids increase. This explains
the possibility of controlling the porosity by changing the crystallite size through varying the

gelation temperature and time.

Swapana et al. [51] synthesized the mesoporous titania nanoparticles using simple and
cost-effective sol-gel technique by ultrasonic irradiation. Ultrasonic irradiation reduced the
sol-gel reaction time, led to uniform size distribution, and improved the phase purity. Their

XRD results showed the formation of high purity anatase titania nanoparticles with a size of



19.9 nm. Their SEM analysis revealed the agglomeration of the titania nanoparticles. The

synthesized titania showed an indirect bandgap of 3.25 eV for the anatase phase.

In 2016, Zi et al. [52] synthesized mesoporous titania by a new method of
photodegradation to remove the organic surfactant template (CTAB). Their results showed the
ability of UV light to degrade the surfactant template to form mesoporous titania with high
surface area (203 m?/g). Further calcination treatment was done to transform the amorphous

TiO; to the crystalline anatase phase.

Recently, Zhang and co-workers [40] fabricated mesoporous TiO, with high crystalline
form and large surface area. This has been done by using a fast sol-gel method combined with
two-step calcination process (powder was calcined at 500-700 °C in nitrogen, and then
recalcined at 500 °C in air). They used polyacrylamide (PAM) and polyethylene glycol (PEG)
as composite templates. Their results showed that PAM accelerated the gel rate. When
calcined in nitrogen, PEG was converted into amorphous carbon that prevented the
mesostructure from collapsing when titania heated to the temperature required to get high
crystallinity and high specific surface between 78.5 - 110.7 m?/g area. The average crystallite

sizes of samples is about 7-12 nm.

1.2.2 Doping mesoporous titanium dioxide powder
Doping technique refers to introducing the impurity atoms into the semiconductor
lattice to improve the conductivity [53]. It is one the most promising techniques to extend the
light-absorbing properties of TiO,. In addition, the doping process leads to reduced electron-
hole recombination rate, low band gap, improved TiO, morphology, high crystallinity, high
surface area, and improved photocatalytic activity [54, 55]. TiO, anatase has a wide band gap

of ca. 3.2 eV due to its activity only under the ultraviolet irradiation (UV) [56].

Considerable efforts have been employed towards different strategies to extend the
visible light activity of TiO; via modification of its electronic and optical properties, as well
as surface and interface modification, thereby enhancing its photocatalytic properties. These
strategies include the controlling of the morphology and particle size, composite or coupling
materials, transition metals doping, non-metals, noble metals deposition, and surface
sensitization, etc. [53, 57]. Among these strategies, doping has been the most promising

approach for modification the photo response of TiO».



1.2.2.1 Metal-doped mesoporous titanium dioxide powder

The doping of metal ions into TiO, matrix can be classified into three kinds, which
includes the doping with transition metal ions, rare-earth metal ions, and poor metal ions
(post-transition metals such as aluminum and bismuth) [57]. TiO, doped with various types of
suitable transition metals (such as iron, cobalt, nickel etc.) can produce impurity states
between the valance and conduction bands of TiO,. This decreases the band gap and thus
increases the photo efficiency of TiO; [58]. Generally, mesoporous TiO, doped with metal
has been synthesized by several methods including the sol-gel method, impregnation,
metallization, precipitation, hydrothermal process, solvothermal synthesis, flame spray
pyrolysis, ultra sound assisted methods, and addition of transition metal to the substrate

solution.

There are a lot of scientific research articles focusing on the transition metal doped
TiO,. Among these metals, Fe has attracted special attention due to its ionic radius of Fe’*
(0.64A) that is similar to that of Ti*" (0.68A). This leads to an easier incorporation of Fe’*
into the TiO, crystal structure lattice. In 2005, Fe-doped mesoporous TiO, nanocrystalline
powders and films were synthesized by Zhou et al. via the sol-gel method [59]. They
employed tetrabutyl titanate (TBOT) (Ti(OC4Hy)4) as titanium precursor and ferric nitrate
(Fe(NOs)3) as iron source. They showed that Fe-doping influenced the crystallization, specific
surface area, pore structures and photocatalytic activity of mesoporous TiO, powders.
Moreover, the sol-gel method and hydrothermal treatment have been employed to Fe-doped
mesoporous TiO, powder by Anpo's group [60]. XRD, EPR, AAS, and XPS characterization
demonstrated that Fe>* could substitute Ti*" in the TiO, lattice and its concentration decreased
from the surface to the center of the doped TiO,. They found that the actual bulk Fe’"content
determined by AAS is a little lower than the nominal one and far lower than surface Fe’*
content determined by XPS. They supposed that firstly Fe’" could be adsorbed mostly and
strongly on the surface of TiO, dried gels due to their very large surface area and strong
electrostatic interaction and then Fe’" may diffuse gradually into the bulk during

hydrothermal treatment.

Zhu et al. [61] have reported the synthesis of Fe-doped TiO, by using a facile
nonhydrolytic sol-gel route (NSG) and hydrolytic sol-gel method (HSG). They used titanium
chloride (TiCly) as titanium source and iron nitrate (Fe(NOs);) as iron source. They
demonstrated that the NGS method is superior the HSG owing to the controllable reaction rate

and lack of surface tension. This ensures the formation of mesoporous and well-crystallized



anatase in the Fe-TiO, form. In 2012, Shougqiang et al. [62] synthesized Fe-doped mesoporous
TiO, powder with specific surface area of 117.6 m*/g by the sol-gel method with Ti(SO,), as
a raw material. Their results showed that Fe’" and Fe** replaced Ti*" and entered into the TiO,

lattice.

Furthermore, effect of the titanium precursor type on the photocatalytic properties of the
Fe-doped mesoporous TiO, powder and its physical properties has been studied by Goswami
et al. [63]. They synthesized mesoporous Fe-doped TiO, nanoparticles with an anatase phase
by the sol-gel method using a stable precursor potassium hexafluorotitanate (K,TiF¢) as
titanium source for the first time. Ferrous sulphate heptahydrate (FeSO4.7H,0) and ferric
nitrate (Fe(NO3);-9H,0) have been used for doping TiO, with Fe (I1I).

Piumetti et al. [64] synthesized two metals (iron or vanadium)-doped mesoporous TiO,
powder by slightly modifying the hydrothermal assisted sol-gel method. They inferred that
inclusion of Fe’” in the Fe-doped mesoporous TiO, takes place. Therefore, Fe*" ions were
present in the bulk as well as at the surface. In contrast, V ions were present basically only at
the surface and did not enter the bulk of the V-doped mesoporous TiO,. Moreover, Cu-doped
mesoporous TiO, was prepared by Guo's group [65] via a hydrothermal method at relatively
low temperatures without any calcination. Triblock copolymer Pluronic P123 has been used
as a template, Tetrabutyl titanate (TBT) has been used a titanium precursor, and
Cu(NOs),-3H,0 has been used as a copper source. XRD and XPS results showed that the
copper species existed with oxidation state of Cu'", which was attributed to the reduction
effect of dihydroxylation during synthesis process. For doped sample with 1 Wt. % Cu-doped
mesoporous TiO», the Cu'" was dispersed in mesoporous TiO, lattice as Cu'". Whereas, for
doped sample with 3 Wt. % Cu, the Cu'” was dispersed in the form of micro-TiO, crystal with

Cu,0 small clusters. They concluded that the excess copper could not replace Ti*".

Recently, mesoporous anatase-brookite TiO, doped with different Fe/Ti molar ratios
have been synthesized by Soo et al [66]. The results showed that the addition of Fe dopant
into TiO; especially brookite phase has induced a red shift in the observed optical absorption
which reduced the band gap from 2.97 eV to 1.59 eV. The prepared Fe doped mesoporous
TiO, samples have an anatase-brookite and mesoporous structure with a large surface area.
XRD results indicated that Fe'™ ions have been successfully inserted via interstitial

substitution into the crystal structure of TiO, and thus occupied some of the TiO, lattice sites.



1.2.2.2 Nitrogen doped mesoporous titanium dioxide powder

Incorporation of non-metal atoms such as nitrogen, hydrogen, boron, carbon, fluorine,
iodine, sulfur, and phosphorus into the TiO; structure is still one of the most popular and
effective method to promote its photocatalytic efficiency. These atoms have orbitals of
suitable energy to mix with the TiO, oxygen orbitals. In particular, nitrogen attracts great
attention since nitrogen atoms can be introduced into the TiO; lattice due to its comparable
atomic size to oxygen atom, small ionization energy, and high stability [54]. The mixing
process includes mixing of N 2p states with O 2p states. The calculated densities of states
showed that the substitutional N doping is more efficient in reducing the bandgap of titania
compared to doping with other non-metal elements [67]. Generally, this incorporation leads to
decrease of the electron-hole recombination rate in addition to reduction in the band gap by
forming a mid-gap state (Figure 2). Moreover, this leads to better photocatalytic activity [68].
In 1986, Sato appeared to be the first researcher to synthesis a nitrogen-doped TiO, by
calcination of titanium hydroxide. He found that the enhanced spectral sensitization of
titanium dioxide was due to the presence of NOx impurities that were formed from the used

NH4OH in the preparation [69].

A large number of recent physical and chemical variety methods have been utilized to
incorporate nitrogen into the TiO, lattices. These methods are mainly based on two kinds of
processes. One process can be ascribed as one-step direct incorporation of N atoms into TiO,
lattice such as calcination, sol-gel method, ball milling, plasma or ion implantation,
solvothermal method, hydrothermal method, electrochemical method, microwave, direct
hydrolysis of organic /inorganic salts, and pulsed laser deposition (PLD) [70]. The second
important synthesis process can be described as two-step oxidation of titanium nitride. This
process could be done via different strategies such as sputtering method, thermal annealing,
and plasma-enhanced micro arc oxidation [71]. All strategies can be classified into two main
processes. The first one includes dry processes such as oxidation of titanium nitride powder in
an oxygen gas flow, nitrification of TiO, powder in an ammonia gas flow, and anatase TiO,
powder treated by plasma in N, gas or N,-H, mixed gases. The second one involves wet

processes such as sol-gel method, hydrothermal method, and solvothermal method [72].

The synthesis method plays a very important role to form nitrogen species. Various
types of nitrogen species introduced in TiO, lattice, which lead to N-doped TiO, with
different physical and chemical properties. Despite this, the mode of nitrogen doping in the

TiO; lattice is unclear. The nitrogen species can be assigned as substitutional (Ti-N-Ti) and/or



interstitial N (Ti-O-N or Ti-N-O) atoms, including oxidized NOy, hydrogen containing NHy
species, as well as carbon nitride-like fragments [73, 74]. The substitutional doping means
oxygen replacement while interstitial doping means the addition of nitrogen into the TiO,
lattice [70, 75]. Interstitial doping reduces the band gap of TiO, more than the substitutional
doping (Figure 2).

E,~3.2 eV E,~3.06 eV E,~2.46 eV

Substitutional _

Undoped TiO, N-doped TiO, Interstitial
N-doped TiO,

Figure 2. Schematic diagram showing the valence and conduction bands of un-doped and N-doped TiO, [70].

Over the past years, a number of studies have focused on influence of the experimental
parameters of the sol-gel N-doping method on the photocatalytic activity of N-doped TiO,.
Some studies have taken into account the TiO, precursors, nitrogen precursors, solvents, pH
values, and post N-doping treatments [76]. Fang et al. have successfully synthesized
mesoporous N-doped TiO, by the precipitation of titanyl oxalate complex ([TiO(C204)2]%) by
ammonium hydroxide (NH3-H,O) at low temperature followed by calcination at different
temperatures. The doped N species located at the interstitial sites in TiO; led to reduction of
the TiO, band gap. Moreover, they explored that N-doped TiO, calcinated at 400 °C has

Bronsted acid sites arising from covalently bonded dicarboxyl groups [77].

N-doped Mesoporous TiO, powders were synthesized by Gibaud and co-workers via
the sol-gel route either directly or by using the P123 templating agent and nitrogen doping
from thiourea. Their EPR results showed that several paramagnetic species were found in
these mesostructured samples mainly with oxygen radicals for calcinations at 400 °C. In
contrast, nitrogen centers appeared for calcination temperature as high as 500 °C during 12 h

[78].

Hui-Lei and his colleague synthesized N-doped mesoporous titania using PEG as

template and dimethyl formamide (DMF) as nitrogen source. They explained that PEG played



an important role in the preparation process within mesoporous titania. The N-doped
mesoporous titania possessed diameter of ca. 20 nm with anatase crystalline structure, and

had absorption in the visible region [79].

Recently, Zalas has reported synthesis of the N-doped mesoporous titania by template-
free solvothermal method that could be considered as a good and inexpensive method. The
main advantage of template-free methods of mesoporous TiO, synthesis was environmental
friendliness in connection with potentially cheaper way to obtain well defined mesostructure.
He employed titanium tetra isopropoxide as titanium source, urea and nitric acid as nitrogen
source. His results showed that the temperature treatment brought an increase in the crystallite

sizes and a significant decrease in the specific surface area after calcination at 400 °C [80].

More recently, Huang and his colleagues synthesized N-doped anatase mesoporous
TiO, through a sol-gel method, followed by cycle microwave-assisted hydrothermal method
using three different types of nitrogen sources (diaminohexane, methylamine, and urea). They
claimed that different sources lead to different degrees of doping. Moreover, at low doping
concentration, the N atoms were found in the interstitial sites while at high doping

concentration, the N atoms were incorporated into the TiO, lattice [81].

1.3 Ordered mesoporous materials

According to the arrangement of pores, mesoporous materials can be classified into two
kinds including ordered and disordered materials based on IUPAC classification. Ordered
mesoporous materials have uniform and regular arrangements of pore widths whereas, atomic
arrangements are not ordered. They are obtained by templating pathways. However,
disordered mesoporous materials have uniform channel width, but they are not regularly
arranged i.e. neither the pore arrangements nor the atomic arrangements are ordered. Those
are obtained by template-free methods [82]. The mesopores in mesoporous materials are
isolated or interconnected that may have similar or different shapes and sizes [83]. Ordered
mesoporous materials are important kind of functional materials. They have attracted
intensive interest in various research areas such as catalysis, sensor, energy conversion and
storage, environment remediation, and biomedical sciences [84]. In the fact for photocatalytic
applications, the presence of ordered mesoporous in nanostructured materials promotes
diffusion of the reactants and products throughout the channels. Moreover, it is offering more

active sites for pollutant adsorption and consequently increasing the reaction speed [85, 86].
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1.3.1 Ordered mesoporous titanium dioxide powder
Based on the nature of the templates and the spatial relationship between templates and
products, there are two templating strategies to synthesize the ordered mesoporous TiO,. They
include the soft-templating (endotemplate) and hard-templating (exotemplate) pathways. The
soft-templating pathway implies the use of surfactants that forms micelles such as block
copolymer. In contrast, the hard-templating pathway implies the use of porous solids such as

silica or carbon [82, 86].

A process often applied for synthesis of well-ordered mesoporous titania is the
evaporation-induced self-assembly (EISA) method [41]. This method is a simple and facile
method to synthesize inorganic-organic highly uniform mesoporous materials in the form of
powder and thin films using various surfactants [41]. It involves a cooperative assembly

process between sol-gel species and supramolecular templates [87].

Previous studies have shown the effect of various synthesis parameters on the formation
of ordered mesoporous titania using the EISA method. These parameters include nature and
concentration of the surfactant, titanium precursor, the molar surfactant/titanium source ratio,
the choice of solvent used, acid concentration, amount of water or hydrolysis ratio (H =
H,0/M, where M= metal such as Ti) and calcination temperature [41, 88-91]. The synthesis

of ordered mesoporous TiO; is mainly affected by any change in the experimental setup [41].

The role of amount of water in the formation of ordering mesophase has been studied by
Soler-Illia and his colleagues. They explained that low water content and strong chelation
between metal centers and the non-ionic polar heads lead to polymer unfolding and thus to
worm-like phases. However, larger quantities of water and acid added to the reaction bath
weaken the coordination bonds that compose the hybrid interface. These resulting weak
interactions (mainly hydrogen bonds) help in the folding of the templating agents, and yield

more ordered mesophases [92].

Recently, several studies have focused on synthesis of the ordered mesoporous titania
that was mostly synthesized by sol-gel chemistry using ionic or non-ionic surfactants as
templates [3, 86]. The role of surfactant has been explained; the template acts as structure
directing agent (SDA) in the synthesis of the porous materials. The presence of template is
very important to control the shape and structure of the pores. In other words, the templates
play key roles in modulating the mesostructure, surface area, pore size, wall thickness, and
thermal stability of mesoporous TiO,. As well known, the surfactant molecular system
consists of two regions including the hydrophilic (polar) and hydrophobic (non-polar) parts.
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In aqueous media, the polar part of the surfactant molecule favorably interacts with water,
while the non-polar part stays away from water molecules. The aggregates of surfactant
molecules are called micelles. A self-assembly of these micelles through weak coordination
bonds occur to form 3D or 2D nanostructure and helps in the pore generation [82]. Pluronic
block copolymers are important kind of the surfactants, which are more suitable for the
synthesis of the ordered mesoporous titanium oxides with large pore size, high surface area,
and well-crystalline materials. The reason is that the tailor-made amphiphilic block co-
polymers (ABCs) exhibit high glass transition temperature, thermal stability, and high content
of sp’ hybrid carbon atoms [43]. Hexagonal ordered mesoporous TiO, material with an
anatase phase and high surface area have been synthesized by Kao et al. This has been done
by using a cationic surfactant cetyltrimethyl ammonium bromide (C;TMABr) as a structure-
directing agent and soluble peroxytitanates as Ti precursor through a self-assembly between
the positive charged surfactant S* and the negatively charged inorganic framework I" (S'T
type) [93]. Recently, Cao et al. synthesized hexagonal ordered mesoporous titania with
thermal stability up to 700°C by combining the EISA method and template-carbonization
strategy through. They used PEO-b-PMA(Az) as a structure-directing agent, titanium
isopropoxide and titanium chloride (TiCly) as a titanium source, and tetrahydrofuran (THF) as
the solvent. They confirmed that the template carbonation in nitrogen after ageing is the key
step to obtain the ordered crystalline mesostructure [94]. In 2015, for the first time Veliscek-
Carolan et al. reported synthesis of the ordered mesoporous titania powders using the block
copolymer F127 as a template without the use of stabilizing agents via evaporation induced
self-assembly (EISA). They demonstrated that the choice of template affects the growth and
structure of Ti oligomers in the precursor solution due to the size of the EO blocks in the
block copolymer templates. Moreover, the optimal evaporation temperature during EISA was

dependent on the choice of template [95].

Moreover, Hung et al. have reported that titanium alkoxides have been utilized as
titanium precursor for the synthesis of mesoporous TiO, because of their higher chemical
stability and they are safe to handle [96]. As well as it gives a very good compositional and
morphological control over the product properties, such as specific surface area and degree of

aggregation [42].

The solvent was also an important parameter in changing the morphology and
performance of the sol-gel-derived porous TiO; [96]. Ethanol has been chosen as a good

solvent due to its surface wetting properties and the good solubility of all organic and
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inorganic precursors [97]. HCI was preferred due to its volatility, which is required during the

evaporation-assisted deposition [87].

Figure 3 summarizes the sol-gel technique used in the synthesis of ordered mesoporous

Ti0, via different strategies.

Synthesis of
ordered
mesoporous
TiO,

Sol-gel method

Evaporation Induced Liquid Crystal
Self Assembly (EISA) Templating (LCT)

Soft-templating Hard-templating
pathway pathway

Figure 3. Schematic diagram showing common the sol-gel technique used in synthesis ordered mesoporous TiO,.

Generally, the control of the titanium precursor hydrolysis and condensation was
considered as one important key parameter for the formation of ordered mesoporous TiO;
[89]. The hydrolysis reaction depends on the acidity of the medium, which can be defined as
follows (Eq. (1)) [98]:

[Ti(OHy)]s" «> [Ti-OH]@4.1y +H < [Ti=0]uo +2H" (1)

Inorganic titania species in water were found in a balance between Ti-aquo, Ti-hydroxo,
and Ti-oxo complexes. The dominating complex is determined mainly by acidity, where the
balance is shifted from oxo complexes at low acidity to hydroxo complexes at intermediate
and aquo complexes at high acidity. The interchange between water and hydrochloric acid
increases the condensation rate necessary for the formation of a stable inorganic framework.

Previous study showed that Ti-OH, " groups are formed instead of Ti-OH at high hydrochloric
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acid concentration. Because of charge repulsion between the groups, dehydration hardly
occurs, and the Ti-Og octahedral prefers to share corners with each other [99]. Aquo-ligands
are excellent leaving groups but poor nucleophiles, thus the condensation of titania will be
severely hampered due to the lack of good nucleophiles, allowing the system longer time to
self-assemble into an ordered mesophase [100]. For the reaction under acidic conditions, more
hydrophilic groups (EO) head towards water. This leads to inhibition of the hydrolysis rate
and balance of the condensation. The regulation of the hydrolysis and condensation is very

useful in the synthesis of the ordered mesoporous TiO,.

Chen et al. reported a method for the synthesis of well-ordered mesoporous bulk titania
by the nonhydrolytic EISA method using TiCls and Ti(OBu)4 as a titanium precursor and the
polymer P123 as surfactant [101]. Their results explained that the molar ratio of
TiCly/Ti(OBu)4 was paramount importance in tuning the sample's pore structure and the phase

composition of anatase and rutile.

Although synthesis of ordered mesoporous TiO, films has been achievable, synthesis of
ordered mesoporous TiO, powders in large quantities via evaporation induced self-assembly
through EISA method remains challenging [95]. Rare cases of prepared ordered mesoporous
TiO, powder were found stable. This is due to the main challenge to preserve the ordered
mesostructure and high surface area after the surfactant removal during the framework
crystallization processes at high temperature. This is mostly accompanied by porosity
deterioration or structure collapse, because of the intrinsic crystallization of anatase phase
[34]. Therefore, most of the reported work on mesoporous titania are focused on films [102],
[103] because it is not easy to obtain ordered mesoporous TiO, powder. Figure 4 shows a
simple schematic of sol-gel technique employed to synthesize ordered mesoporous structure

TiOs.

Liu et al. synthesized ordered mesoporous titania by the EISA technique using liquid
crystal as template LCT [104]. Moreover, they synthesized TiO, nanoparticles by sol-gel
method without LCT. The polymer CTAB has been used as a template and tetrabutyl

orthotitanate as a titanium source.

Zimny et al. presented a synthesis process where the EISA method was combined with
the liquid crystal templating pathway (LCT) [89]. Advantages of this method in comparison
to other methods [105, 106] are their relatively short preparation period (3 days), a simple and
an effective route for synthesizing mesoporous titania with a high mesoporous ordering and
thermal stability. The synthesis process consists of various chemical steps are summarized in
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Figure 4. The first step includes dissolving a surfactant and a titanium precursor in ethanol in
the presence of acid. This step is very important because it is the key to obtain ordered
mesoporous structure. The copolymer P123 consists of two parts hydrophilic (polar) and
hydrophobic (non-polar). After that, HCI will be added. In this step, the micelles are formed
[107]. The high concentration of HCI allows to the control of hydrolysis-condensation
reactions and avoids the precipitation of a titanium oxide phase, and the micelle will
agglomerate. Upon dissolution in the presence of alcohol and HCI, the Ti precursor undergoes
fast exchange reactions with alcohol and/or chloride ions, which make hydrolysis processes to
proceed practically instantaneously [92]. These reactions can be schematically represented as

follows (Eq. (2))*:

Ti(OCH(CHs),)s + HoO/HCI EEHOM T4(OCH(CH3),)nx(OCH,CHj )y or TiCly(OCH,CHz)y
or mixture Ti(OCH(CHj3),)nx(OCH,CH3)x + TiCl,x(OCH,CHj3) (2)

* The equation above is not stoichiometry.

Subsequently, starting of a polycondensation reaction between the formed Ti-species
leads to the formation of discrete Ti-oxo-oligomers of general formula [TiX(OH)yOa-(x+y)2]
X: OR or Cl, clusters or small polymers [92]. The co-condensation of these subunits around
the micelles is hindered by the presence of acid [49, 92]. The degree of condensation depends
on the [H,O]:[Ti] and [H ]:[Ti] ratio [87]. The second step is the evaporation of solvent; the
mixture has been placed under vacuum to evaporate the alcohols in order to form the
hexagonal hybrid mesophase structure gel by agglomeration of micelles (more of
polycondensation reactions). The third step is the treatment of the obtained gel with ammonia
vapor to precipitate amorphous TiO; by induce more of polycondensation reaction. The fourth
step is removal of surfactant by ethanol. Finally, the fifth step is the calcination of amorphous

Ti0, at high temperature to obtain crystalline TiO5.

It was shown that mesoporous ordering and pore size of the formed amorphous titania
framework obtained after surfactant extraction can be controlled by the molar

surfactant/titanium precursor ratio and the surfactant concentration [90].

Different methods were reported to transform the amorphous titania framework into
crystalline titania domains while the mesostructure is preserved intact, such as conventional
calcination conditions (under Ar or N, then O,) and flash induction calcination (induction

furnace) [90, 108-110].
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Figure 4. Schematic diagram showing procedures synthesis of ordering mesoporous titania (the draws in step 3 and 4
were taken from [89]).

1.3.2 Doping ordered mesoporous titanium dioxide powder
The term doping has been defined and introduced in the previous sections. Very little
work about doping ordered mesoporous titanium dioxide powder in comparison with

mesoporous titanium dioxide. This work will be summarized in the following.

1.3.2.1 Metal-doped ordered mesoporous titanium dioxide powder

Metal doped mesoporous TiO, powder is an important area of research, however
relatively very little is known about metal doped ordered mesoporous TiO,. In 1999, cobalt
doping into the mesoporous structure was reported for the first time in this system, and its
structure was determined by Yin and Wang via template-assisted self-assembly techniques.
They employed polystyrene (PS) particles as template, titanium butoxide as titanium
precursor and heptane solution of cobalt carbonyl as cobalt source. They found that cobalt
titanium oxide may be formed on the internal surface of the ordered pore structure. They
suggested that transition metal elements could be incorporated into porous titania without

blocking the interconnected pores [111].

In 2006, Wang et al. prepared Fe-doped ordered mesoporous titania through a
hydrothermal process by using CTAB as a template and tetrabutyl orthotitanate (TBOT) as
precursor. They concluded that ordering of the pore channels and the thermal stability of the
mesostructure at 350°C were improved after the incorporation of iron into TiO, [112]. In
another study [113], Fe-doped ordered mesoporous TiO; has been synthesized via the EISA
using P123 as soft template, TBOT as a titanium precursor and ferric nitrate (Fe(NO3);-9H,0)
as an iron source. The results indicated that the 0.5 mol ratio of doped Fe'* ions had an
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ordered mesoporous structure. They explained that the Fe** ions introduced into the lattice of
mesoporous TiO; could reduce the growth of the anatase during the calcination and preserved
the mesoporous structure with large surface area. Further, cobalt-doped ordered mesoporous
titanium dioxide also has been successfully synthesized by Ye and co-workers via a
multicomponent self-assembly process. They used triblock copolymer Pluronic F127 as a
template, tetrabutyl titanate as a titanium source and cobalt acetate as a cobalt source. The
doped Co species have changed the construction of the conduction band and valence band of

TiO; leading to visible-light absorption by TiO, [114].

Moreover, the highly ordered 2D hexagonal mesoporous Bi-doped TiO, with changing
Bi ratios (from 0 to 4 mol%) has been synthesized by Sajjad et al. [115] through an ethanolic
EISA process. They employed triblock copolymer Pluronic P127 as a template, titanium
isopropoxide as a titanium precursor and bismuth nitrate as a bismuth source. They used
variable Bi ratios (1, 2, or 4% Bi-doped ordered mesoporous TiO,). Here, no effect of using
different Bi ratios on the ordered hexagonal mesostructure has been investigated. Moreover
they studied the thermal stability at three different temperatures (350, 400, and 450 °C). They
concluded that increasing the calcination temperature leads to a gradual decrease of

diffractional strength due to the degree of ordering of the mesoporous structure.

Recently, Assaker et al. [116] have examined the effect of the zinc ion addition on the
structure and photocatalytic properties of the ordered mesoporous titania. They observed that
the hexagonal array was lost upon increasing the zinc content to higher than 7 mol%. The
decrease in the activity of methyl orange photo-degradation under UV irradiation at high Zn
content was related to the decrease of the crystallinity as well as to the shift of the band gap.
In the same context, Co-doped ordered mesoporous TiO, has been fabricated by Li et al. [117]
via multicomponent self-assembly procedure. They used triblock copolymer Pluronic F127 as
templates, tetrabutyl titanate (C,cH3604Ti) and cobalt acetate (CsHsCoO4-4H,0) as cobalt
source. They showed that low cobalt contents up to 3 mol% did not destroy the mesoporous
structure and hence the response of the sensors increased with increasing the cobalt contents.
Above this content (e.g. 5 mol%), the cobalt started to appear in oxides form and the

mesoporous structure was mainly destroyed.
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1.3.2.2 Non-metal doped ordered mesoporous titanium dioxide powder

N-doped ordered mesoporous structure TiO, powder has been synthesized by Ikuma
and his group [118]. Their results showed stronger absorption in the visible region above 400
nm, owing to the substitution of the lattice oxygen by nitrogen. Their XPS results proved the
doping of nitrogen in to oxygen in TiO, lattice. More recently, Li et al. [119] have reported
nitrogen doped ordered mesoporous TiO, powder via EISA method combined with the post—
annealing treatment in NH; atmosphere. The BET surface area of ordered mesoporous TiO;
and N-doped ordered mesoporous TiO, were 139.6 and 138.7 m*/g. in addition, their XPS
results suggested existence of N-Ti-O and Ti-O-N bonding.

1.4 Principles of photocatalysis

The development of water treatment technologies has included conventional
technologies such as activated carbon adsorption and solvent extraction, and advanced
technologies such as electro-Fenton method, membrane-based separation method, and
photocatalysis. All these methods have been successfully used for removal of phenolic
compounds from water [120]. However, well-known conventional methods for wastewater
treatment are not efficient enough to destroy the refractory organic pollutants. Moreover, their
applications are limited because of the high cost and the required sophisticated equipment
(Panda et al., 2011). Based on IUPAC, the term photocatalysis means that the reactions are
carried out in the presence of a semiconductor and light [121]. The photocatalysis technology
has received enormous attention in recent years. It is rapidly developing as one of the most
active areas of chemical research. It can be applied in different scientific areas such as
electrochemistry, medicine, and environmental chemistry. Photocatalysis can be classified
into two main branches including homogeneous and heterogeneous photocatalysis. This
classification is mainly based on the phase of the reactant as well as the photocatalyst.
Moreover, the main difference between a conventional thermal catalyst and a photocatalyst is
that the former one is activated by heat whereas the latter is activated by photons of
appropriate energy [53]. Currently, heterogeneous photocatalytic techniques are using a
semiconductor (such as TiO;) as photocatalyst to degrade various pollutants (such as phenol
and its derivation) from water [122]. Furthermore, the photocatalytic activity of ordered
mesoporous TiO, was obviously enhanced compared to that of disordered mesoporous
structures. The increase in activity was attributed to their uniformly distributed porosity
leading to high specific surface areas, which could enhance both the diffusion of reactants and

products and the access to active sites [2, 86].
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However, it has to be mentioned that the ability of titania to undergo a charge transfer
from the semiconductor to the surface adsorbed species depends on the position of the CB and
VB edges and the redox potential of the adsorbed molecule (Figure 5). The energetic level of
an electron accepting species that will be reduced has to be lower than the lower edge of the
titania CB. In contrast the energetic level of a hole accepting species that will be oxidized has

to be higher than the upper edge of the titania VB.

Potential V vs SHE (pH =7) Potential V vs SHE (pH = 7)
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Figure 5. Comparison of energetic level of titania VB and CB band with the redox potential of different processes
[123].

1.5 Photoactivity of mesoporous titanium dioxide powder

1.5.1 Photoactivity of undoped-mesoporous titanium dioxide powder

In recent years, great efforts have been devoted to study the photodegradation of
organic and inorganic pollutants of water and air by employed mesoporous TiO, [58].
Generally, previous studies showed that the photoactivity of TiO; depends on its structural
and morphological characteristic. These are related to the method of synthesis used in the
preparation of nanoparticles. To be photoactive, the photocatalysis process favoring, being
mainly consisting of anatase crystalline phase, high surface area, good porosity, with high
sized pores [124]. In the fact, the relation between the physical properties and the

photocatalytic activities is complicated. A large surface area with a constant surface density of
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adsorbents led to faster surface photocatalytic reaction rates. However, the surface is a
defective site; therefore the larger surface area is the faster recombination. The higher the
crystallinity means the fewer the bulk defects, which leads to high photoactivity [1]. Other
reports showed that the photocatalytic activity of TiO, is influenced by the crystal phase, pore
diameter, and surface hydroxyl group density. All these structural factors are dramatically
dependent on the TiO, synthesis procedure [125, 126].

Moreover, many studies suggest that the photocatalytic activity depends on the number
of electrons and holes at the photocatalyst surface. In addition to many other factors, the small
grain size leads to a shorter distance for the electrons and holes to transfer to the
photocatalytic reaction sites. So efforts should be made to increase the specific surface area

and decrease the grain size that would improve photocatalytic activity [40].

Further, mesoporous TiO, has been employed as photocatalyst for chloro-phenol
degradation. Its degradation efficiency increased with increasing the PEG molecular weights.
The remarkably high catalytic activity of the mesoporous TiO, was derived from its high
crystallinity and mesostructure as compared to Degussa P-25 [115]. Moreover, it was
observed by Zhang's group [40] that the absorption intensity, in the visible region, for the
prepared samples by the two-step calcining process (powder was calcined at 500-700 °C in
nitrogen, and then recalcined at 500 °C in air) is higher than that for the prepared samples by

the one-step calcining process (calcined at 500 °C in air).

1.5.2 Photoactivity of doped-titanium dioxide powder
Generally, the photocatalytic activity of pure mesoporous materials could be enhanced
by dispersing metals on surfaces of these materials [83]. This will increase the reaction
efficiency by introducing more active sites. Both metal- and non-metal-doped mesoporous
Ti0O, could extend the absorption edge into the visible-light region and improve the separation
efficiency of the photogenerated electron [36]. Photoactivity of doped-TiO, substantially
depends on several factors such as the nature and concentration of dopants, thermal treatment,

and thus on the synthesis method [127].

1.5.2.1 Photoactivity of metal-doped mesoporous titanium dioxide powder

The photocatalytic performance of titania can be further improved by doping of the
material with transition metal ions [17, 34, 36, 57, 128]. The activity of the doped material is
influenced by the preparation method, specific metal and its concentration, the location and
distribution of the metal ions in the titania phase, and the oxidation state of the metal and its

local environment.
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Zhu et al. [61] studied effect of the synthesis method and iron doping on the
photocatalytic activity of TiO,. They investigated activity of their samples by photolytic
degradation of methylene blue under visible light irradiation. They showed that Fe-TiO,
obtained via NSG route exhibited a higher photoactivity compared to the undoped TiO, and
the Fe-TiO, obtained via HSG route. The NSG route was superior to the HSG route due to its
controlled reaction rate and lack of the surface tension. This could be explained by the
formation of mesoporous, well-crystallized anatase, the strong absorbance for visible light,
and more surface oxygen vacancies and/or defects that could reduce the recombination
process between the photoelectrons and holes. This will lead to the enhanced quantum
efficiency of photocatalysis. Moreover, the enhancing of the Fe-doping on the photocatalytic
activity could be attributed to the producing of intermediate energy levels that allow Fe-TiO,

to be activated easily in the visible light.

In the same context, the photocatalytic property of the prepared samples by Shougiang
et al. [62] was evaluated by degradation of the methylene blue (MB) solution. The appropriate
content of iron can effectively enhance the absorption in the visible light region and the

photocatalytic activity of TiO,. The optimum content of the doped Fe was 2 mol%.

Here, the effect of titanium source on the photocatalytic properties of TiO, doped with
iron will be briefly introduced. Goswami and his colleague [63] demonstrated that the Fe-
doped mesoporous TiO, prepared from (K,TiFs) was much more effective in the
photocatalytic decomposition of bromocresol green than undoped mesoporous TiO, as well as

commercial titania.

The effects of copper doping and mesoporous structure on the photocatalytic properties
of TiO, have been reported by Guo's group [65]. The results confirmed that copper doping
greatly promoted the absorption in the visible light region and played a significant role for
enhancing the photocatalytic activity of the catalysts. The observed high photoactivity of the
catalysts for degradation of methyl orange (MO) strongly depends on the stabilization of Cu
(I) that was well dispersed in TiO,. Moreover, mesoporous structures with larger specific
surface area, pore size, and the relatively regular channel structure had better adsorption
capacity. Yusop and his colleagues [66] have reported a significantly high photocatalytic
activity for the Fe-doped mesoporous TiO; in the photodegradation of RB5 under solar light
irradiation. This is due to the high surface area for the anatase-brookite phase and mesoporous

structure.
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1.5.2.2 Photoactivity of non-metal-doped mesoporous titanium dioxide powder

Previous studies have explained the synergistic effects of many factors on photo-
catalytic activity of N-doped TiO, such as synthetic methods, morphology, crystal phase,
particle size, optical response, surface area, and nitrogen doping [70, 129]. Moreover,
localized nitrogen state in N-doped TiO, lattice has a significant influence on the
photocatalytic degradation of pollutants [72]. Wang et al. [130] synthesized N-doped
mesoporous TiO, polycrystalline powders by calcination of the hydrolysis product of tetra
butyl titania with ammonia. Their results showed that the photocatalytic activity of N-doped
TiO, was higher than that of P25 for the phenol degradation under visible light irradiation,
while P25 showed higher photocatalytic activity under sunlight irradiation.

Over the past years, a number of studies have focused on study influence of the
experimental parameters of sol-gel N-doping method on the photocatalytic activity of N-
doped TiO,. These parameters included TiO, precursors, nitrogen precursors, solvents, pH
values, and post N-doping treatments [76]. Huang and co-workers [77] investigated that N-
doped TiO, calcined at 400 °C has Brensted acid sites arising from covalently bonded
dicarboxyl groups. This greatly promoted the adsorption capacity for methyl orange. N-doped
mesoporous titania samples demonstrated excellent photoactivity for methyl orange (MO)
degradation under visible light irradiation, which could be attributed to synergistic effect
between the retained alkoxyls and the nitrogen doping [79]. Moreover, Zalas observed that N-
doped mesoporous TiO, materials are more active than the undoped mesoporous TiO, and
P25 [80]. He concluded that the improvement in the photocatalytic efficiency of N-doped
TiO, is due to their visible light sensitization caused by incorporation of nitrogen atoms into
the TiO; structure. His results also indicated that the relatively low specific surface areas of

N-doped mesoporous TiO, materials have not influenced their activity.

Zhang et al. studied the influence of different chemical bonds for the nitrogen element
in each particular nitrogen source on the photocatalytic properties of N-doped TiO,. They
tested the photoactivity of materials in carbon dioxide photocatalytic reduction under visible
light illumination. CH4 was the main product with N,Hs-doped N-TiO,, while CO was the
main product with NH3-doped N-TiO, [131]. Rayalu and his group [132] explored the photo-
oxidation properties of N-doped mesoporous titania in photodegradation of phenols under
visible light. Their study showed the effect of various operating parameters including catalyst
loading, pH, initial concentration, and the effect of coexisting ions (such as chloride,

carbonate and bicarbonate) on the rate of photocatalytic degradation of both phenol and o-
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chlorophenol. It was found that the catalyst showed significant activity in the solar radiation
as compared to artificial light. Their results indicated that initial pH and coexisting ions have
a significant influence on the photocatalytic degradation rates. Maximum photodegradation
was observed at neutral pH while the presence of co-ions has a detrimental effect on the
degradation rates in case of both phenol and o-chlorophenol. Further improvement in the
photoactivity of N-doped mesoporous titania was envisaged by co-doping with nonmetal or

metal ions.
1.6 Photoactivity of ordered mesoporous titanium dioxide powder

1.6.1 Photoactivity of pristine mesoporous titanium dioxide powder

In reference [101], the photocatalytic activity of powders prepared for phenol
degradation under UV irradiation showed that the well-ordered open pore structure and
biphase composition (anatase and rutile) played significant roles in determining the sample’s
photoactivity. In another reference [93], ordered mesoporous anatase TiO, demonstrated a
remarkable photocatalytic efficiency for degradation of methylene blue (MB) under UV
irradiation. The researchers attributed the reason to the associated effects of high specific

surface area, pure anatase crystalline framework, and structural ordering of the mesopores.

Zhou et al. showed that the mesoporous anatase TiO, exhibited better photocatalytic
activity than that of Degussa P25 TiO, under UV irradiation due to the integrated ordered
large-pore mesoporous structure and the high crystallinity in favor of the separation of
photogenerated electron-hole pairs [133]. The photocatalytic degradation of methyl orange
also has been performed by Zimny’s sample [90]. Here the influence of calcination
temperature on photocatalytic activity was studied. They showed that the crystallinity played
a significant role in the photoactivity. The material calcined at temperatures between 400 and

450 °C showed the fastest degradation rate under UV irradiation.

Ordered mesoporous titania has been synthesized by Zeng’s group [104], it has shown
higher photocatalytic efficiency for methylene blue (MB) degradation under UV irradiation
than TiO, nanoparticles, due to the 2D hexagonal mesostructure with small particle size and
high surface area. Cao et al. have investigated that ordered mesoporous titania demonstrated
good photocatalytic activity for degradation of rhodamine B in aqueous suspension due to its

highly crystalline material and large surface area [94].

Silvam’s group [134] referred that the ordered mesoporous titania showed much higher

activity than P25 due to synergistic effect of stable mesoporous structure and mixed
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crystalline phases of titania (anatase, brookite and rutile). The presence of ternary phase
compositions promoted the photoinduced e/h” pair life time by facilitating carrier migration
across the phase junctions. Higher life time of the charge carriers led to higher OH radical

concentration and a faster degradation rate of 4-chlorophenol.

Moreover, in other study, the effect of some physicochemical parameters such as time
of adsorption prior to UV irradiation, initial methyl orange concentration, photonic flux, pH
and amount of photocatalyst has been studied by Blin and his colleagues in ordered to
optimize the experimental parameters. They tested order mesoporous TiO; efficiency on the
photodegradation of methyl orange (MO) under UV irradiation. Their results explained that
the efficiency of the process depended on the experimental conditions, which were including
the time of adsorption prior to UV irradiation, initial methyl orange concentration, incident

light intensity, pH and amount of photocatalyst [110].
1.6.2 Photoactivity of doped ordered mesoporous titanium dioxide powder

1.6.2.1 Photoactivity of metal-doped ordered mesoporous titanium dioxide powder
In the reference [113], the results indicated that the 0.5 mol ratio of Fe-doped had an
ordered mesoporous structure and the highest photoactivity to degrade the methyl orange
under visible light irradiation compared with other catalysts. The Bi-doped mesoporous TiO;
samples by Sajjad et al. [115] enhanced photocatalytic activities for simultaneous phenol
oxidation and chromium reduction in aqueous suspension under visible and UV light over the
pure mesoporous TiO,, Bi-doped titania, and P25. The reason was attributed to both the

unique structural characteristics and the Bi doping.

The ordered mesoporous Co-doped TiO, synthesized by Wang et al. [114] exhibited a
much higher photocatalytic activity for CO, reduction under visible light owing to its regular
porous structure and suitable band structure. In addition, the selectivity of the reduction
products was improved by optimizing the energy-band configurations of cobalt-doped
titanium dioxide through varying the molar ratio of Co/Ti. The optimal molar ratio of Co/Ti
was 0.025, which showed the best photoactivity. When the doping content of cobalt species
increases to some extent, Co304/Co-doped TiO, nanocomposites with oxygen vacancies were
obtained, which markedly improve the generation rate of CH,4. In the same context, Assaker et
al. explained [116] that the photocatalytic efficiency was significantly affected by the zinc
content. The high content of zinc inhibited the photodegradation rate of methyl orange under

UV irradiation.
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1.6.2.2 Photoactivity of non-metal-doped ordered mesoporous titanium dioxide
powder

The efficiency of photocatalyst prepared by Ikuma’s group [118] was evaluated via the
degradation of Rhodamine-B and antibacterial activity against E. coli under visible-light
irradiation. N-doped mesoporous TiO, showed superior photocatalytic and anti-bacterial
activity compared to pure TiO, under visible-light irradiation. The enhanced photocatalytic
activity after N-doping was attributed to synergistic effect of nitrogen and well-ordered
crystalline mesoporous structure with high surface area. Huang and his colleague [81]
claimed that different sources of nitrogen doping led to different degrees of doping, which

enhanced the photodegradation of methylene blue in the visible light region.

1.7 Photocatalytic mechanism

The photocatalytic mechanism of pristine TiO, under UV light irradiation (as shown in
Figure 6) can be described during two steps. The first step of photoreaction is producing an
electron-hole pair on the surface of TiO, nanoparticle. This step needs energy to overcome the
band gap between the valence band (VB) and conduction band (CB). When the photon energy
is equal to or exceeded the band gap 